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Abstract
This paper presents the decentralised active control of vibration on a plate subjected to broadband excitation,
by means of two velocity feedback control units, consisting of a velocity sensor and a collocated inertial
actuator. The proposed multi-channel solution outperforms the single control unit both in terms of reduction
of vibration and efficiency. The performance of the control system is first investigated with respect to the two
feedback gains, in terms of total kinetic energy, mechanical power absorbed by the control units from the
structure, and electrical power supplied. Secondly, the single powers absorbed and required by each single
unit are analysed, in order to explore a local tuning solution. Finally, the efficiency of the different solutions
is compared in terms of reduction of vibration with respect to the electrical power supplied. It is found that
the multi-channel solution is more efficient than the single-channel one, since it provides a larger reduction
of vibration with the same amount of electrical power provided.

1 Introduction

Active damping is an effective solution to reduce low-frequency flexural vibration of thin panels subjected to
unknown broadband disturbance, which may lead to fatigue problems [1] as well as comfort issues [2, 3, 4]
and noise radiation [5].
Active control systems often provides a larger reduction of vibration with less added mass to the structure,
when compared to classic passive solutions. Furthermore, different factors can be easily included and tuned
in the design of the controller, such as human sensitivity and changes into the structure dynamics.

Early studies [6, 7] showed that the optimal control of a fully centralised control system, by solving the
Linear Quadratic Gaussian (LQG) problem associated, can be well approximated by a set of independent
control units implementing a local velocity feedback, in a decentralised fashion.
A decentralised control system with local velocity feedback greatly simplifies the implementation of the
control system, both in terms of cabling and scalability. Moreover, the design of an optimal controller
reduces to the tuning of the velocity feedback gains. A preliminary study by Elliott et al. [8] showed that,
when a decentralised control system consisting of local velocity feedback loops with the same feedback gain
is considered, the global level of vibration of the plate, estimated through its kinetic energy, has a minimum.
By increasing the feedback gain above the optimal value, the control system approaches a pinning condition,
in which a new set of lightly damped resonances occurs at higher frequencies, and the global level of vibration
is magnified.

Although the minimisation of the kinetic energy as cost function guarantees the convergence of the feedback
gain tuning to a globally optimal solution, a set of monitoring sensors are required. An appealing alternative
consists of defining a local cost function, which enables the tuning to be performed locally by the control
unit, without any prior knowledge of the dynamic behaviour of the structure to be controlled. Following-up
on this idea, the power absorbed by the control system from the structure has been investigated as alternative
cost function [9, 10]. It was found [10, 11] that, when reactive actuators are used, the mechanical power
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absorbed has a maximum, which almost corresponds to the optimal solution obtained by minimising the
kinetic energy. This is because the mechanical power absorbed is the product of the control force and the
plate velocity at the control position. Therefore, for small values of feedback gains, the power tends to zero
because the control force is almost null; and similarly, for large values of feedback gains, the velocity at the
control position tends to zero because of the pinning condition.

In this paper, the tuning of a two-channel control system with inertial actuators is investigated experimentally,
with respect to the two independent feedback gains, in terms of kinetic energy and power flow. The power
absorbed by each unit is measured with respect to the feedback gain pair implemented, and compared with
the reduction of global level of vibration, estimated through nine sensors scattered on the plate.

In contrast with previous studies, inertial actuators are used in this work, as they do not need any external
support and are suitable for the design of a self-contained control unit, which can be easily mounted on the
structure.
Furthermore, the electrical power required by the control system is measured. This enables to overcome
some limitations related to the analysis of the vibration reduction as function of the feedback gains only,
such as the assessment of the control effort of a certain configuration, and the comparison of the results with
other arrangements. Examples of these arrangements are control systems with different control positions,
actuators, number of control units, or control laws.
The proposed solution consists of analysing the vibration reduction with respect to the control effort, ex-
pressed as electrical power. Through this approach, the two-channel control system is found to outperform
the a single control unit system not only in terms of vibration reduction, but also in terms of required power.
In particular, it is shown that the optimally tuned two-channel control system requires an amount of electrical
power which almost corresponds to the one required by a less effective single unit.

The paper is organised in three sections. In the first section the experimental setup is presented, and the
estimation of the power flow by mean of a digital twin of the inertial actuators is introduced, which enables
the power flow to be estimated directly from the velocity signals used in the feedback loops. In the second
section, the experimental results obtained for more than 400 pairs of feedback gains are shown. The tuning
of the control units by maximising the mechanical power absorbed is discussed, and the reduction of kinetic
energy is analysed as function of the control effort. Finally, in the last section, the main results obtained are
summarised and discussed.

2 Experimental setup

The objective of the experiment is to implement and analyse a decentralised velocity feedback control system
on a plate with inertial actuators. The experimental setup for this study consists of a fully clamped, 2 mm
thick, aluminium plate with two independent control units, as shown in Fig. 1.
The decentralised feedback control system can be described as two independent control units, consisting
of an accelerometer and a current driven inertial actuator. The velocity feedback law for a two-channel
decentralised feedback control system is

{
i1
i2

}
=

[
g1 0
0 g2

]{
ẇ1

ẇ2

}
, (1)

in which the current in in the n−th control unit is proportional to the local velocity of the plate ẇn.
In this experiment, the kinetic energy and the power flow are investigated with respect to 441 different pairs
of feedback gains (g1, g2), generated by 21 different values of g1 and g2.
The primary disturbance is generated by an additional inertial actuator, which is driven with a white noise
up to 1 kHz. In addition, an array of seven additional accelerometers is mounted on the plate to monitor
the global level of vibration up to 1 kHz, through an estimation of the kinetic energy as sum of the squared
velocities measured at nine accelerometers positions, i.e. the seven monitoring accelerometers and the two
used for the feedback control by the control units. The physical and geometric properties of the experimental
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(a)

(b)

Figure 1: (a) Experimental setup and (b) schematic representation of a velocity feedback control unit with
inertial actuator.

setup are summarised in Table 1.
Although the experimental setup considered may represent a too academic example for vibration control, the
positions of the primary and the control unit has been chosen without any particular criterion, except that of
avoiding nodal lines. In this way, the results obtained do not depend on the particular configuration adopted,
and they are more significant to general applications for vibration reduction on thin panels.

Figure 2: Schematic representation of the digital control and acquisition system.

The digital control system is an extension to the two-channel case of the single-channel control system
presented in [12, 13], in which the measure of the kinetic energy, and of the power flow, is performed
with a dSPACE R© DS1103 PPC Control Board, running with a sampling frequency fs of 16 kHz, which is
configured through the dSPACE ControlDesk R© and Matlab Simulink R© software, and summarised in Fig. 2.
In each control unit, the measured local acceleration of the structure is read by the dSPACE R© Control Board,
and digitally integrated to obtain the local velocity. Two independent current signals are then generated,
proportional to the respective velocities by means of two feedback gains. The current signals are then filtered
with a low-pass filter KEMO VBF/8 to avoid aliasing, and sent to a custom designed 4-channel Micromega
current amplifier, which drives the Micromega IA01 inertial actuator.
The stability margin of each unit can be assessed, according to the Nyquist Criterion, measuring the open-
loop transfer function between an independent input signal of the actuator and the collocated measured
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velocity. The gain margin for both units is equivalent to 220 As/m, when the other unit is switched off. It is
important to notice that the gain margin of each unit reduces as the feedback gain of the other unit increases
[14], and this can be observed if a sequential loop closing approach is adopted, in which the stability of a
control unit is determined with respect to the gain implemented in the other unit.
The power flow into the control system is measured in terms of power absorbed by the control units from the
structure, and electrical power required by the control units to generate the control action. On each unit, the
mechanical power absorbed can be written, for a stationary and ergodic process, as the product between the
control force fc and the local plate velocity ẇ as [13, 12]

P̄m = −E
[
<
{
fHc ẇ

}]
, (2)

where E is the expectation operator, H indicates the complex conjugated, and < the real part.
Similarly, the electrical power is the product of the voltage e and the current i

P̄el = −E
[
<
{
eHi
}]
. (3)

These powers can be directly estimated from the velocity signal used for the feedback control, if the dynamic
behaviour of the actuator is known. The actuator dynamics can be identified independently from the structure
to control [15], and expressed as a two-port network model [16]

{
fc = Tii− Zmoẇ

e = Zebi− Tiẇ
, (4)

where Zmo is the open-loop mechanical impedance of the inertial actuator for a base excitation, Zeb is the
blocked electrical impedance seen by the electrical system when a current excitation is present, and Ti is the
transduction coefficient of the force transmitted to the ground generated by a current flowing, or, equivalently,
an induced voltage generated by the base movement.
Substituting the two-port model from Eq. (4) into Eq. (2) and Eq. (3), the power flow on each unit can be
rewritten as

P̄m = lim
T→∞

E
[
<{Zmo + gTi}|ẇ|2

]
, (5)

P̄el = lim
T→∞

E
[
<{Zebg

2 + gTi}|ẇ|2
]
. (6)

3 Results

In this section, the effect of the two control units acting simultaneously on a decentralised arrangement is
investigated, with respect to the two feedback gains g1 and g2.
The analysis is divided into three parts:

• Global performance. The reduction of kinetic energy and the total mechanical power absorbed by the
two control units from the plate.

• Local performance. The local mechanical power absorbed by each control unit from the plate and the
electrical power.

• Control effort. The reduction of kinetic energy with respect to the total electrical power.

The objective of the first part is to validate the maximisation of the mechanical power absorbed for the tuning
of the control units, as an alternative solution to the kinetic energy minimisation for the two-channel control
system. In the second part, the local power flow on each unit is investigated to assess the cross-interaction
between different control units. Finally, in the third part, the performance of the two-channel decentralised
control system is assessed with respect to the control effort required.
The results are obtained implementing 441 different pairs of feedback gains (g1, g2), in which 21 different
values of g1 and g2 are considered ranging from 0 to 220 As/m.
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Parameter Value
Aluminium plate Dimensions (mm2) 800 x 500

Thickness (mm) 2
Density (kg/m3) 2720
Young’s modulus (N/m2) 7× 1010

Poisson ratio 0.33
Internal damping ratio 1%

Sensors positions Pos. #1 (x, y)(mm) - primary (229,100)
Pos. #2 (x, y)(mm) (571,100)
Pos. #3 (x, y)(mm) (343,200)
Pos. #4 (x, y)(mm) (457,200)
Pos. #5 (x, y)(mm) (400,250)
Pos. #6 (x, y)(mm) (457,300)
Pos. #7 (x, y)(mm) - channel 2 (343,300)
Pos. #8 (x, y)(mm) (229,400)
Pos. #9 (x, y)(mm) - channel 1 (571,400)

Micromega IA01 Moving mass (g) 36
Base mass (g) 53
Natural frequency (Hz) 8.7
Damping ratio 0.3
Voice coil coefficient (N/A) 1.6
Electrical resistance (Ω) 3
Electrical inductance (µH) 100

Table 1: Geometry and physical properties of the experimental setup shown in Fig. 1.

3.1 Global performance

(a) (b)

Figure 3: Measured (a) kinetic energy of the plate and (b) total mechanical power absorbed by the control
units from the structure, with respect to the feedback gains g1 and g2.

The measured reduction of kinetic energy and the total mechanical power absorbed by the two control units
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from the plate with respect to two feedback gains, g1 and g2, are shown respectively in Fig. 3a and Fig. 3b.
The kinetic energy has a global minimum, where a reduction of vibration of more than 8 dB is achieved. The
optimal gain pair (g1, g2), minimising the kinetic energy, consists of two optimal gains, g1 and g2, which do
not depend on each other, as shown in Fig. 3a. This means that when the optimal feedback gain on channel
1, for instance, is implemented, the optimal gain does not depend on the feedback gain implemented on
channel 2, and vice-versa. Therefore, this system is proven to be robust against possible unit failures, since
the other unit would still be optimally tuned, and its stability enhanced. Moreover, feedback gains values
larger than the optimal ones increase the global level of vibration, since they do not introduce active damping
but progressively generate new boundary conditions, approaching a pinning configuration with a new set of
lightly damped structural resonances.
Secondly, the total mechanical power absorbed by the two control units from the plate has a global maxi-
mum, which corresponds to the minimum in the kinetic energy. This is a rather important result, as it shows
that not only the control system can be tuned through the power absorption maximisation, but also that a
sequential loop closing can be implemented, in which the global synchronisation between different units
suggested by Zilletti et al. [17, 11] is greatly simplified. In a sequential loop closing arrangement, the tuning
of each channel can be performed in series since the tuning of one channel does not detune other channels,
and the convergence of the algorithm to the global minimum is guaranteed.

3.2 Local performance

The sequential loop closing discussed in the previous subsection requires the measure of the total mechanical
power absorbed by both control units, which means that communication between the single units has to occur.
In this subsection, the local power of each control unit is considered independently to investigate the tuning
of a fully decentralised control system.
The local powers absorbed by the first and second unit, with respect to the feedback gains g1 and g2, are
shown respectively in Fig. 4a and Fig. 4c. The powers are normalised with respect to the maximum total
mechanical power absorbed, and their sum corresponds to the total mechanical power absorbed previously
shown in Fig. 3b.
In order to analyse the effect of the two feedback gains, the mechanical power absorbed by the first unit is
first investigated, from Fig. 4a. For each value of g2, the mechanical power absorbed by the first channel
with respect to g1 has a maximum, which correspond to the optimal gain minimising the kinetic energy, and
for further increase of the feedback gain, the mechanical power absorbed reduces, since a pinning condition
is approached.
Nevertheless, if the feedback gain on the second unit, g2, increases, the mechanical power absorbed by
the first unit reduces, as part of the damping action is now performed by the second unit. Similarly, the
mechanical power absorbed by the second unit shows a dual trend with respect to g2. This shows that the
tuning of each control unit can be performed locally in a sequential loop closing arrangement.

The electrical power required by the first and second control unit is shown, respectively, in Fig.4b and Fig.
4d. In this case, the electrical power required by each unit depends almost completely on the respective
feedback gain, and it is quite insensitive to the changes in the other feedback gain. However, it can be no-
ticed that the electrical power required by one unit slightly decreases as the feedback gain of the other unit
increases. This depends on the cross-interaction between the two units, in which the control effort of a single
unit decreases as the one on the other unit increases.

3.3 Control effort

The tuning of the control system can be carried out maximising the local mechanical powers absorbed on
each unit. However, in an active control system, the control effort required to perform the control needs to
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(a) (b)

(c) (d)

Figure 4: Measured mechanical and electrical power absorbed by each unit as function of the feedback
gains g1 and g2: (a) mechanical power absorbed by the first unit; (b) electrical power of the first unit; (c)
mechanical power absorbed by the second unit; (d) electrical power of the second unit.

be taken into account for a number of reasons. First, it gives an overview on the service costs of the control
system. Secondly, it provides a general way of assessing the performance of the control system, which can
be extended and transferred to other control systems enabling a quick and meaningful comparison. Examples
of different control systems are those with a different number of control units, different type of actuators or
different control laws and strategies.
The solution proposed here, is to re-map the reduction of kinetic energy shown in Fig. 3a to the total electrical
power required by the two control units, which corresponds to the sum of the single electrical powers show
in Fig.4b and Fig. 4d. The result is shown in Fig. 5, where each point has a size and colour proportional to
the percentage of electrical power required by the first channel: this enables to analyse the distribution of the
electrical power between the two different units.
It is significant to compare the results with the performance of the two single-channel arrangements from
the first channel (solid blue) and the second channel (dashed blue), i.e. when only one channel is active and
the feedback gain on the other unit is zero. Although the two-channel arrangement outperforms the single-
channel ones in terms of reduction of the kinetic energy, the control effort does not increases. This means
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Figure 5: Measured kinetic energy of the plate as function of the total electrical power supplied to the control
system, normalised with respect to the external power. The size and color of each point is proportional to the
percentage of electrical power provided to the channel 1.

that the two-channel control system reduces the vibration on the plate more efficiently, requiring the same
electrical power to operate, but simply redistributed on two different units.

4 Conclusions

This paper presents the experimental tuning of a decentralised velocity feedback control system with inertial
actuators for plate vibration. The study is enriched with an analysis on the power requirements of the active
control, with respect to the reduction of vibration.
A straightforward formulation of the mechanical power absorbed from the structure and of the electrical
power is provided, which depends exclusively on the dynamic properties of the inertial actuator and the local
velocity of the structure, which is also used for the feedback control. This enables the design of a smart and
self-contained control unit, which can be tuned without identifying the structure to be controlled.
The tuning of each control unit can be performed locally with respect to the mechanical power absorbed
by the single unit, for one channel at the time, in a sequential loop closing fashion. The maximisation of
the single powers absorbed by each unit converges to the global maximum of the total mechanical power
absorbed by the control system from the structure, which corresponds to the minimum in the kinetic energy
of the plate.
In addition, the electrical power required by the inertial actuator to perform the control is introduced as a
measure of the control effort. This enables to overcome some limitations of the analysis of the feedback
control system just in terms of feedback gains. First, the electrical power provides a meaningful tool for a
feasibility analysis of an active control system, as it enables to estimate the service costs. Second, it provides
a valuable measure of comparison between different solutions in terms of number of control units used, type
of actuators, control locations and control laws.
With reference to the study presented in this paper, the two-channel control system is proved not only to
outperform the single-channel case providing more than 8 dB of global reduction of vibration, but is also
competitive in terms of electrical power required. It is shown, indeed, that the optimal tuning corresponds to
a configuration in which the amount of electrical power is comparable with the one of a single-channel case,
but having a better distribution among the control units.
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