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This paper compares various decentralised control strategies, including structural and
acoustic actuator–sensor configuration designs, to reduce noise transmission through a
double panel structure. The comparison is based on identical control stability indexes. The
double panel structure consists of two panels with air in between and offers the

low weight. The double panel structure is widely used, such as in the aerospace and
automotive industries. Nevertheless, the resonance of the cavity and the poor sound
transmission loss at low frequencies limit the double panel's noise control performance.
Applying active structural acoustic control to the panels or active noise control to the
cavity has been discussed in many papers. In this paper, the resonances of the panels and
the cavity are considered simultaneously to further reduce the transmitted noise through
an existing double panel structure. A structural–acoustic coupled model is developed to
investigate and compare various structural control and cavity control methods. Numerical
analysis and real-time control results show that structural control should be applied to
both panels. Three types of cavity control sources are presented and compared. The results
indicate that the largest noise reduction is obtained with cavity control by loudspeakers
modified to operate as incident pressure sources.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Traditionally, noise control methods are based on passive noise control, which means applying high damping materials,
adding mass, adding resilient elements or installing absorbing resonators in the system. Passive noise control can effectively
reduce noise at high frequencies [1,2]. However, there is typically much less noise reduction at low frequencies, and reduction
requires a substantial implementation cost because the acoustic wavelengths are much longer than the damping structure
[3,4]. Conversely, active noise control offers the potential advantages of decreased weight and better performance at low
frequencies. With the development of smart materials and computational power, active noise control has received increasing
attention in the past few decades. Traditional active noise control (ANC) for reducing broadband noise has been successfully
applied in relatively small spaces [5,6]. However, for a larger control volume, the 3D wave propagation problem causes the
control implementation to become too complicated and inefficient. Therefore, active structural acoustic control (ASAC) was
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proposed to simplify the control computation. ASAC can simplify a 3D problem to a 2D problem by directly controlling the
vibrating structure to reduce the structure's radiating sound pressure instead of addressing 3D acoustic wave propagation
[6,7]. Furthermore, for a large configuration, decentralised control or distributed control can make the controller suitable for
practical implementations [8–12]. Moreover, the remarkable performance of the decentralised feedback control strategy for
the broadband objective has been observed [13]. A double panel structure, which consists of two panels with air in the gap, is
another common implementation for noise reduction. The double panel structure offers the advantages of low sound
transmission at high frequencies, low heat transmission, and low weight [1,14–16]. Piezoelectric materials have been
investigated and applied frequently for vibration control of smart structures because of the compact dimensions and rapid
response of these materials [5,11,17]. In this paper, a double panel structure with multiple decentralised feedback control is
investigated. Various structural and cavity control strategies are applied to this system to reduce the amount of noise
transmitted. A structural–acoustic coupled model is developed, and the dominant structural/acoustic modes of the double
panel structure at resonance frequencies are analysed. The panel control principles in the double panel structure are
incorporated in the structural–acoustic model and are validated with a real-time control implementation. Several control
strategies based on identical control stability indexes are compared to find the optimal control method, which leads us to
further investigate various cavity control strategies. The principal contributions of the present paper are the detailed
investigation and comparison of the various decentralised structural and cavity feedback control strategies in double panel
structures, all of which are based on identical control stability indexes.

This paper has four main sections. Section 2 describes a multichannel decentralised feedback control system for a fully
coupled plant matrix and a method for control stability analysis. Section 3 describes our numerical model and the
experiment measurement set-up. Section 4 presents and discusses the detailed investigations of the structural control,
cavity control, combination control and comparisons. Section 5 provides a control performance comparison of various cavity
control sources.

2. Control method

2.1. Multiple decentralised feedback control

Fig. 1 illustrates the signal block diagram of a feedback control system. e(jω) is the error signal matrix, where ω is the
angular frequency [rad s�1] and j¼

ffiffiffiffiffiffiffiffi
�1

p
. G(jω) is the plant transfer matrix; u(jω) is the control signal matrix; d(jω) is the

noise source matrix, which is the error signal without the input control signal; and H(jω) is the control matrix, which is a
constant H in this paper. The time-dependent signals are the real part of the complex vectors (i.e., the time-dependent error
signal eðtÞ ¼ RefeðjωÞejωtg).

From the block diagram in Fig. 1, e(jω) can be derived as

eðjωÞ ¼ ½IþGðjωÞHðjωÞ��1dðjωÞ; (1)

where I is an identity matrix. To present the physical interactions between each control unit in a multiple-input and
multiple-output (MIMO) control system, a fully coupled multiple channel plant transfer matrix G(jω) is applied:

GðjωÞ ¼
G11ðjωÞ ⋯ G1mðjωÞ

⋮ ⋱ ⋮
Gl1ðjωÞ ⋯ GlmðjωÞ

2
64

3
75; (2)

where Glm(jω) is the transfer matrix from the m-th actuator to the l-th sensor.

2.2. Control stability

In theory, the stability of a feedback control system can be unconditionally guaranteed when the sensors and actuators
are dual and collocated [18]. Therefore, the control gain can be increased infinitely to decrease the error signals of Eq. (1) to
Fig. 1. Direct velocity feedback systems.
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zero. To determine the stability of practical MIMO decentralised control systems, the generalised Nyquist criterion can be
applied [13]. The system is stable if and only if the locus of det[IþG(jω)H(jω)] does not cross or encircle the origin (0, 0).
However, a stable system can become unstable in the presence of perturbations. The ability of the system to withstand
perturbations is defined by stability margins in a single-input and single-output (SISO) control system. On the other hand, in
an MIMO system, even a simultaneous change in the gain or phase in all of the loops may change the shape of the locus of
det[IþG(jω)H(jω)]. Therefore, the margins of the locus of det[IþG(jω)H(jω)] give different meanings to the classical
definitions. One method to access the classical stability margins in an MIMO system is to use the eigenvalue loci. The
eigenvalue loci are the eigenvalues of the frequency response of GðjωÞHðjωÞ, which can provide Nyquist plots with the
classically defined margins. Nevertheless, these margins are not practically useful since the system is assumed to have a
simultaneous and identical change in the gain or phase in all of the loops [19]. Another method is to first analyse each
individual control loop to govern the stability margins of each single channel. The stability margins of the single channel
present the physics and intrinsic limitations of the sensor–actuator feedback loop. And the maximum control gain of each
individual control unit can be found. However, the margins from this analysis cannot guarantee the mutual stability of the
multiple control units. Therefore, the next step is to apply the generalised Nyquist stability criterion to prove the stability of
the multiple feedback control system with the maximum mutual control gain, which is smaller than the maximum single
channel control gains from each individual control units [15,20]. Since the main purpose of this paper is to compare the
noise reduction of various control strategies, simple but relatively fair stability criteria are applied in this paper. The gain
stability index, phase stability index, and modulus stability index in an MIMO system are defined as the stability margins of
the locus of det[IþG(jω)H(jω)]. Although these indexes are different to the classical margins in an SISO system, they can
provide us the approximations of control stability margins.

3. Numerical model and experiment set-up

This section describes our noise reduction analysis method. First, the numerical model, including both acoustic and
structural characteristics, is introduced. Then, the experiment set-up and the method for estimating radiated sound based
on vibration measurements are described. The final part provides the model validation.

3.1. Structural–acoustic interaction FEM model

We use the finite element method (FEM) with the COMSOL Multiphysics 4.2 (COMSOL, Inc., Burlington, MA 01803, USA)
to model and analyse the characteristics of our system. To accurately model the system, the acoustic and structural
properties must be considered simultaneously. Moreover, the interactions between the properties should be applied to both
sides to achieve a more accurate result. Therefore, there are two domains in our model: the fluid domain and the solid
domain. The relationship of the acoustic pressure in the fluid domain to the structural deformation in the solid domain is
linked as described below. In the solid domain, the normal force to the structure Fp [N] produced by the fluid pressure p [Pa]
on the fluid–solid interacting boundaries is given by

Fp ¼ �nUp; (3)

where n is the normal vector of the solid boundaries. In the acoustic fluid domain, the normal acceleration to the acoustic
pressure an [m s�2] on the fluid–solid interacting boundaries can be derived from the second derivatives of the structural
displacements with respect to time utt [m s�2]:

an ¼ nUutt : (4)

By applying Eqs. (3) and (4), the interaction between the acoustic field and solid structure can be investigated.
Fig. 2. Structural–acoustic interaction model.
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3.2. Model configuration and experiment set-up

The resonant behaviour and sound transmission of a double panel structure are investigated based on the model shown
in Fig. 2. A spherical incident pressure wave acts as the primary noise source. To produce an asymmetrical incident noise
wave, this wave is generated from the bottom corner of the source cavity. This primary noise source from the source cavity
first enters an aluminium panel (the incident panel), then a 35 mm-thick layer of air (the middle cavity), followed by a
honeycomb panel (the radiating panel). These two panels are simply supported. Furthermore, high absorbing materials are
applied to the surface of the source cavity to reduce the resonant energy from the source cavity. The detailed model
parameters are provided in Table 1.

The energy of the near field sound pressure wave is related to the kinetic energy of the radiating panel at lower modes
[21]. Fig. 3 shows the near field sound pressure wave from the radiating panel of the double panel structure. Directly
calculating the near field sound pressure requires more computation than calculating the kinetic energy of the radiating
panel. Therefore, to analyse the control performance of various control strategies, we use the kinetic energy of the radiating
panel to represent the near field sound. Although the surface mass density affects the ratio of the kinetic energy of the
radiating panel to the radiating sound pressure above the radiating panel, all the kinetic energy frequency responses in this
paper are obtained from the same honeycomb material, which means the ratio is fixed. Moreover, this paper presents the
transmitted noise reduction comparison of various control strategies applied to the same double panel structure. We
Table 1
Model parameters.

Parameters Values Unit

Aluminium panel (incident panel)

Dimensions
1. Validation model 420n297n1 [mm3]
2. Controlled analysis model 420n297n2 [mm3]
Density 2700 [kg m�3]
Young's modulus 70 [GPa]
Poisson's ratio 0.33
Loss factor 0.03

Honeycomb panel(radiating panel)

Dimensions 420n297n5.8 [mm3]
Density 409 [kg m�3]
Young's modulus 3.7 [GPa]
Poisson's ratio 0.33
Loss factor 0.03

Piezoelectric patches

Dimensions 72.4n72.4n0.264 [mm3]
Density 7800 [kg m�3]
Young's modulus 52 [GPa]
Poisson's ratio 0.33
Strain coefficient d31 �190 [m V�1]

Source cavity
Inner dimensions 420n297n350 [mm3]
High absorbing surface, acoustic impedance 1000 [Pa s m�1]

Middle cavity
Inner dimensions 420n297n35 [mm3]
Rigid boundary

Fig. 3. Near field sound pressure wave from the radiating panel.
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compared the structure's near-field sound pressure, which can be represented by the kinetic energy of the radiating panel.
Therefore, the far-field radiation efficiency of the radiating panel does not affect the comparison results in this paper.
However, to fully present the controlled results of various control methods, the sound pressure level at 10 cm above the
radiating panel surface and the radiated sound power level of the radiating panel are given in Sections 4.4 and 5.4.

Fig. 4(a) shows our experiment set-up. The double panel is mounted on a rectangular box, which is referred to as the
source cavity. A loudspeaker at the bottom of the rectangular box generated the primary noise. The kinetic energy of the
radiating panel can be derived by measuring the velocity of this panel. The structural control sets on the radiating panel (five
piezoelectric actuators and five acceleration sensors) are shown in Fig. 4(b). Furthermore, this box was constructed with
40 mm-thick walls of acrylic plates to prevent the sound from leaking through the side walls. Although we provide only the
kinetic energy results in this paper, the transmitted sound was also measured by locating a microphone above the top panel.

3.3. Kinetic energy estimation

As mentioned above, we used the kinetic energy of the radiating panel to represent the near field sound pressure from
the panel. The measured kinetic energy of the panel was derived from the sensors on the panel. These sensors were equally
distributed on the panel. We used the average velocity of these sensor points to calculate the kinetic energy of the panel.
Therefore, more sensor points can improve the accuracy of the kinetic energy estimate, particularly for the higher vibration
modes. However, in practice, the number of detecting sensors is limited. The required number of sensors depends on the
mode shape complexity of the panel. To guarantee the accuracy of our kinetic energy estimate and to avoid estimation
errors because of an insufficient number of sensors, we first compared the accuracy of various sensor numbers using the
FEM model. A panel was excited by an incident acoustic wave, and the kinetic energy estimates for this panel from 1, 2, 4, 5,
9, 16, and 25 velocity sensor points were compared with the integral kinetic energy of the entire panel. To provide an
accurate approximation of the panel response, the distance between two adjacent monitoring positions should be smaller
than half a bending wavelength of the panel. The bending wave speed of the radiating panel was 259 m s�1 and the half
bending wavelength of the panel was 6.5 cm at the maximum frequency 2 kHz. The panel model was divided up into 1718
elements and the distance between two adjacent positions was less than 15 mm, which is smaller than half bending
wavelength of the panel. Fig. 5 shows the kinetic energy frequency response of the panel from 10 Hz to 2000 Hz.

At each frequency, the error is the absolute difference in dB between the estimated kinetic energy and real kinetic
energy. We average all of these errors to obtain the estimation error, which is shown in Table 2 for the various sensor results.
These results show that using only one sensor on the panel is insufficient for obtaining a correct estimate because a single
sensor cannot present the characteristics of any mode shape that is higher than the first mode, such as (2, 1), (1, 2), and
(2, 2). However, below 1000 Hz, the estimated kinetic energy from 5 and 9 velocity sensor points can precisely match the
integral kinetic energy. Therefore, we can use the average velocity from 5 or 9 sensors to estimate the kinetic energy of the
entire panel. In our model validation, the measured kinetic energy was derived from 9 sensors on the panel. In our real-time
Fig. 4. (a) Experiment set-up for real-time control; (b) five actuator–sensor pairs on the radiating panel.

Fig. 5. Kinetic energy numerical analysis of the radiating panel derived from different numbers of sensor points.



Table 2
Kinetic energy difference.

Average difference of kinetic energy [dB] (Average(abs(10nlog 10(ΣKE_sensors/ΣKE_panel integral))))

Sensor number(s) 1 2 4 5 9 16 25
10–500 Hz 6.622 3.982 0.989 1.739 0.145 0.017 0.030
10–1000 Hz 6.064 4.810 1.500 2.037 1.073 0.200 0.059
10–2000 Hz 7.121 5.512 2.157 2.277 1.879 0.884 0.513

Fig. 6. Four line moments representing the equivalent piezoelectric load for a laminar piezoelectric actuator.
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control, we used 5 sensors, which were the error sensors in the feedback control loop, to derive the kinetic energy of
the panel.

3.4. Equivalent piezoelectric load

In this paper, piezoelectric patches are applied for the structural control. Piezoelectric materials offer the advantages of
rapid response and compact dimensions. The equivalent piezoelectric load equation for laminar piezoelectric actuators is
adopted to simplify the model, where the piezoelectric force can be represented as line moments on the edges of the
piezoelectric patch shown in Fig. 6 [22]. The line moment is given by

Mp ¼ �Epd31hV ; (5)

where Mp [N] is the moment per unit length, Ep [GPa] is the Young's modulus of the piezoelectric patch, d31 [m V�1] is the
piezoelectric strain coefficient, h [m] is the distance between the mid-plane of the piezoelectric patch and the mid-plane of
the panel, and V [V] is the control voltage applied to the patch. In our numerical analysis, the control force from each
piezoelectric patch is applied as four line moments on the panel.

3.5. Model validation

To validate our numerical model, a kinetic energy response comparison between the simulation and experiment was
performed. We used the kinetic energy response of the radiating panel, whereas there was an excitation force on the
radiating panel (the honeycomb panel). Fig. 7 shows the experiment set-up for our model validation. One piezoelectric
patch was attached to the honeycomb panel to apply the excitation force.

Then, we measured the acceleration of the panel from nine positions to derive the panel's kinetic energy, which is based on the
panel integration of the acceleration, and compared the result with that from the numerical simulation, as shown in Fig. 8(a).
The figure shows that the numerical model can accurately predict the practical sensor–actuator response in a single panel structure.
To further validate the double panel interaction result, we added another panel below the radiating panel with a 35 mm air gap to
change the structure into a double panel structure. This second panel was a 1mm-thick aluminium panel, which has a high
resonance density. The excitation force was only applied on the radiating panel. Fig. 8(b) shows that the number of resonant peaks
of the double panel structure increases because of the resonance contributions from the incident panel and cavity. However, the
numerical model can estimate the practical sensor–actuator response in a double panel structure with reasonable error. The 1 mm-
thick aluminium panel with a high resonance density was chosen to obtain a more complex response object to compare with our
numerical model. However, because of the concern for control stability, instead of the 1 mm-thick aluminium panel, a 2 mm-thick
aluminium panel was attached to the double panel structure for subsequent analysis and experiments.

4. Control performance and discussion

In this section, we present the results of applying structural control, cavity control, and structural-cavity combination
control to the double panel structure. First, we used piezoelectric patches on the incident panel and radiating panel to
control the structure. The limitation of the structural control was analysed, and the real-time structural control was
measured to prove our conclusion from the numerical analysis. Next, we analysed the cavity control using traditional



Fig. 8. Experimental and simulated kinetic energy response of the radiating panel: (a) the single panel structure; (b) the double panel structure.

Fig. 7. Validation experiment set-up.
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loudspeakers as the cavity sources. Finally, we combined the two methods, which is referred to as the structural-cavity
combination control, and compared the various control methods to find the most effective strategy to reduce the
transmitted noise.
4.1. Control configurations

Two simply supported panels with a 35 mm-thick air gap comprised the double panel structure. The incident panel was a
2 mm-thick aluminium panel, and the radiating panel was a 5.8 mm-thick honeycomb panel. The parameter details are
listed in Table 1. In the structural control case, as described in Section 4.2, an analysis is given of five piezoelectric patches
attached to each panel (Fig. 9). On each piezoelectric patch, there is one collocated acceleration sensor that functions as the
error sensor for the velocity feedback control system.

In the cavity control case, as described in Section 4.3, an analysis is given of six loudspeakers installed in the cavity
between these double panels (Fig. 10). In front of each loudspeaker, there is one microphone that functions as the error
sensor for the feedback control system. The microphone positions are the circles marked with red in Fig. 10.
4.2. Structural control

First, we numerically analysed the stability, frequency response and resonant modes of the structure-controlled system.
Then, the real-time control was performed to support the conclusions from the numerical analysis.



Fig. 9. Control sets on the panels.

Fig. 10. Distribution of control sets for cavity control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

J. Ho, A. Berkhoff / Journal of Sound and Vibration 333 (2014) 1857–18731864
4.2.1. Numerical structural control analysis
Table 3 lists the Nyquist plots for the following structure-controlled cases. Since the accelerometer and the piezoelectric

patch were neither dual nor collocated, the feedback loop was not unconditionally stable. The system therefore included a
low-pass filter with a cut-off frequency of 1000 Hz to prevent instability at higher frequencies. Zoomed figures around the
origin are listed in the table to confirm the system stability. In the first and second plots, only the incident panel was
controlled with control gain 800. In the third and fourth plots, only the radiating panel was controlled with control gain 330.
The plots show that with the low-pass filter, the stability was improved at higher frequencies. Moreover, because these plots
do not encircle or cross the origins, the stability of the system is guaranteed.

The control performance of these two cases without and with the low-pass filter is shown in Figs. 11 and 12. Fig. 12.
shows that the low-pass filter does not weaken the control performance. Moreover, although controlling the radiating panel
can effectively reduce the near field sound in a single panel structure, it cannot reduce all of the resonant peaks in a double
panel structure. For instance, for the first few resonant peaks, only the second and fourth peaks can be reduced by
controlling the radiating panel. However, the first and third peaks were barely reduced. In contrast, the first and third peaks
can be significantly reduced by controlling the incident panel, but the second and fourth peaks were barely reduced.

Furthermore, in the double panel structure, there is a major drop of the sound transmission-loss, where the sound
transmission-loss can even be less than that of a single panel structure. This particular frequency is referred to as the mass–
air–mass frequency, where the two panels have anti-phase motion and the air acts as a spring [4]. The calculated mass–air–
mass resonant frequency for unbounded panels is 256 Hz in this case, while the resonant frequency at 250 Hz is shown in
our FEM simulation result. To further describe the difference, the uncontrolled resonant mode shapes of the panels and the
uncontrolled acoustic pressure distribution in the cavity are shown in Table 4. The mode shapes show that the first and third
resonance frequencies are dominated by the resonant modes of the incident panel. Conversely, the second and fourth
resonance frequencies mainly result from the radiating panel. Furthermore, the fifth resonant peak at 500 Hz is dominated
by the acoustic resonance of the cavity. Table 5 shows the mode shapes of the radiating panel with various structural control
methods. From these results, we can observe that the peaks that are dominated by the incident panel resonant modes
(120 Hz and 300 Hz) can be effectively reduced by applying the incident-panel piezoelectric actuators. In contrast, the peaks
that are dominated by the radiating panel resonant modes (250 Hz and 460 Hz) can be effectively reduced by applying the
radiating-panel piezoelectric actuators. Thus, all the structure-dominated resonant peaks can be reduced when the radiating
panel and incident panel are controlled, as shown in the last row of Table 5. The control gain for both controlled-panel cases
should be readjusted to ensure the stability of the system. The Nyquist plot is shown in Table 6, where the control gains for
the incident panel and radiating were 500 and 300, respectively. In the second plot, the low-pass filter was applied. Fig. 13
shows the control performance when both panels were controlled and shows the low-pass filter does not weaken the
control performance. Although all of the structure-dominated resonant peaks can be reduced, the size of this reduction
decreased. Because of the interference between these two panels, the control gain of both panels was limited. Therefore, the
reduction of these resonant peaks was limited. Furthermore, the result shows that although controlling the two panels can
reduce most of the resonant peaks, which also include the mass–air–mass resonant frequency, it can barely reduce the
resonant peak at the cavity-dominated resonant frequency (500 Hz).



Table 3
Numerical analysis of panel control positions, locus of det[IþG(jω)H(jω)] from 10 to 20,000 Hz: from 10 to 1000 Hz (blue solid lines) and from 1000 to
20,000 Hz (green dotted lines).

Control position Locus of + ω ωdet[ ( ) ( )]j jI G H Zoomed around (0, 0)

Incident panel

Incident panel with the
low-pass filter

Radiating panel

Radiating panel with the
low-pass filter

Fig. 11. Simulated kinetic energy response of the radiating panel with panel control.
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4.2.2. Real-time structural control
To further support the conclusions of the numerical analysis, a real-time structural control measurement was performed.

First, we applied the structural control to a single panel structure, whereby five piezoelectric actuators were attached to the
panel. The excitation noise source was the acoustic pressure produced by a loudspeaker. The control result indicated that the
structural control could effectively reduce the resonant energy in the single panel structure (Fig. 14(a)). Next, we added a
second panel (the incident panel) under the first panel (the radiating panel) with an air layer between the panels to change
the system into a double panel structure. The structural control was only applied to the radiating panel, and the control



Fig. 12. Simulated kinetic energy response of the radiating panel with low-pass filtered panel control.

Table 4
Simulated mode shapes of the uncontrolled system.

Frequency [Hz] 120 250 300 460 500

Displacement
mode shapes

Absolute pressure
distribution 

Table 5
Simulated mode shapes of the radiating panel with various structural control methods.

Frequency [Hz] 120 250 300 460

Uncontrolled

Incident panel controlled

Radiating panel
controlled

Both panels controlled
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result is shown in Fig. 14(b). The figure shows that controlling only the radiating panel in a double panel structure can only
reduce certain peaks instead of all the resonant peaks because these resonant peaks were not only determined by the
resonant modes of the incident panel. This result agreed with our numerical analysis.

The resonance frequencies of a double panel structure result from not only the radiating panel but also the incident
panel. Therefore, both panels should be controlled simultaneously in a double panel structure. Nevertheless, resonant
energy also emerges from the cavity, such as the frequency at 500 Hz. This resonant energy can be barely reduced by adding
active damping to the structure. This limitation of the structural control should be considered in the system design.

4.3. Cavity control

The previous section has shown that applying direct velocity feedback control to the structure cannot effectively control
the cavity-dominated resonance in a double panel structure. To solve this problem, six decentralised cavity controllers were
modelled in the middle cavity between the double panels. In each controller, one pressure sensor was assumed in the cavity



Table 6
Numerical analysis of both panels controlled, locus of det[IþG(jω)H(jω)] from 10 to 20,000 Hz: from 10 to 1000 Hz (blue solid lines) and from 1000 to
20,000 Hz (green dotted lines).

Zoomed around (0, 0)

Both panels
controlled

Both panels
controlled with the
low-pass filter 

Locus of det[ ( j ) ( j )]I G H+ ω ω

Fig. 13. Simulated kinetic energy response of the radiating panel with both panels controlled.

Fig. 14. Experimental kinetic energy response of the radiating panel: (a) single panel control result; (b) double panel control result.

J. Ho, A. Berkhoff / Journal of Sound and Vibration 333 (2014) 1857–1873 1867
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and one loudspeaker to produce the secondary control source. The loudspeaker was a dynamic loudspeaker and thus
assumed to operate as an acceleration source above the resonance frequency. The Nyquist plot of this MIMO decentralised
control systemwith a control gain of 0.0003 is shown in Table 7. In the second plot, a low-pass filter with a cut-off frequency
of 1000 Hz to prevent instability at higher frequencies was applied to the control system. The locus of det[IþG(jω)H(jω)]
does not encircle or cross the origin, which guarantees the stability of the control system.

Fig. 15 shows the control performance without and with the low-pass filter and shows the low-pass filter does not
weaken the control performance. With the cavity control, the kinetic energy can be reduced not only at the structure
resonance-dominated frequencies but also at the cavity resonance-dominated frequencies. The result shows that cavity
control can provide significant transmitted noise. Therefore, cavity control strategies were further investigated, as discussed
in Section 5.
4.4. Combined control and comparisons

To improve the control performance, we applied structural control and cavity control to the system simultaneously,
which is referred to as structural-cavity combination control. The stability was guaranteed with a fully coupled plant
transfer matrix, in which 16 actuators and 16 sensors were simultaneously considered. All the open loop frequency response
functions are computed above the crossover frequency, and every Nyquist plot does not cross or encircle the origin (0,0). In
addition, we compared the control performance of the structural control, cavity control, and combination control based on
identical stability indexes. The gain stability index, phase stability index, and modulus stability index in Table 8 are defined
as the stability margins of the locus of det[IþG(jω)H(jω)] from 10 Hz to 1000 Hz. An infinity gain margin index means the
smallest value at the x-axis of the locus of det[IþG(jω)H(jω)] from 10 Hz to 1000 Hz is large than 1. Although the margin
indexes from the full frequency spectrum should be considered, since the instability is caused at higher frequencies in
Table 7
Numerical analysis of cavity control, locus of det[IþG(jω)H(jω)] from 10 to 20,000 Hz: from 10 to 1000 Hz (blue solid lines) and from 1000 to 20,000 Hz
(green dotted lines).

Zoomed around (0, 0)

Cavity controlled

Cavity controlled with the
low-pass filter

Locus of det[ ( j ) ( j )]I G H+ ω ω

Fig. 15. Simulated kinetic energy response of the radiating panel with cavity control.
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practical applications, the stability at higher frequencies can be improved. For example, decreasing the distance between the
loudspeaker and the microphone can improve the stability because the phase lag caused by the distance between the sensor
and the actuator is decreased substantially, particularly at higher frequencies. Furthermore, the phase crossover frequency,
which happens above 1000 Hz, of the system is given to provide a complete view of the system. The controlled results are
presented in three plots: the kinetic energy of the radiating panel, the sound pressure level (SPL) at 10 cm above the
radiating panel and the radiating sound power level (SWL) of the radiating panel (Figs. 16–18). Moreover, we calculated the
total kinetic energy reduction and the total radiated sound power reduction of each control method from 10 Hz to 1000 Hz
to provide a clearer index of the noise reduction (Table 8). The table shows that applying cavity control can reduce more of
the radiating panel's kinetic energy and the total radiated sound power than the other two methods. Although the
combination control method controls both the structure and cavity, the control gain is limited because of the stability
constraint. Therefore, the combination control method cannot provide more noise reduction than the cavity control method.
Table 8
Numerical analysis of stabilities, kinetic energy reduction and radiated sound power reduction from 10 to 1000 Hz.

Combinations 6 loudspeakers
(acc. sourcen)

10 pzt (inc. & rad. paneln) 6 Loudspeakers (acc. source) &
10 pzt (inc. & rad. panel)

Control gain 0.00042 350 (inc.); 150 (rad.) 0.00021 (lsp); 300 (inc.); 125 (rad)
Gain stability index Inf. Inf. Inf.
Phase stability index 58.7 60.7 �61.0
Modulus stability index 0.87 0.98 0.96

Phase crossover frequency [10–20,000 Hz] 10,033 8841 7818

Total kinetic energy reduction (10nlog 10(ΣKE_uncontrolled/ΣKE_controlled)) [dB]
4.9 2.9 4.6

Total radiated sound power reduction (10nlog 10(Σradiated_power_uncontrolled/Σradiated_power_controlled)) [dB]
4.8 2.8 4.6

Abbreviations: acc., acceleration; inc., incident; rad., radiating; lsp., loudspeaker, and inf., infinity.

Fig. 16. Simulated kinetic energy response of the radiating panel with various control methods.

Fig. 17. Simulated SPL response above the radiating panel with various control methods.



Fig. 18. Simulated SWL response of the radiating panel with various control methods.

Fig. 19. Cavity control source configuration.

J. Ho, A. Berkhoff / Journal of Sound and Vibration 333 (2014) 1857–18731870
5. Comparison of cavity control strategies

From the previous comparison, we find that cavity control can provide significant noise reduction. Therefore, we present
further investigations of various cavity sources in this section. Three types of cavity control sources are introduced, and the
control performances are compared. The first type is a dynamic loudspeaker source, which operates as an acceleration
source above the resonance frequency. The second type is an incident pressure source. The third type is controlling the
pressure at the cavity boundaries. These three cavity control methods are applied at the boundaries of the cavity. The
location of a cavity control source, which can be modelled as an acceleration source, incident pressure source, or pressure-
controlled boundary, is marked in blue in Fig. 19. There are six cavity control sources along the cavity sides. To detect the
error signal, there is one microphone in front of each control source.

In our model, sound wave radiation and propagation is governed in the frequency domain by

∇pþ jωρv¼ 0; (6)

∇Uvþ jωκp¼ 0; (7)

where ∇ is the gradient in Eq. (6); ∇ is the divergence in Eq. (7); p [Pa] is the pressure; ρ [kg m�3] is the density of air; v
[m s�1] is the particle velocity and κ [Pa�1] is the compressibility of air. Eq. (6) is the equation of Newton's Law, and Eq. (7) is
based on mass conservation. The principles of these various cavity sources are provided in the following sections.

5.1. Acceleration source loudspeaker

A dynamic loudspeaker is the most common type of loudspeaker. It can be assumed to operate as an acceleration source
above the resonance frequency [23]. To model this type of loudspeaker, we control the acceleration of the loudspeaker
surface. According to Eq. (6), the acceleration can produce an acoustic pressure p to the system as follows:

�nU∇p¼ ρnUa; (8)

in which n is the normal vector to the loudspeaker surface and a¼ jωv [m s�2] is the acceleration of the loudspeaker
surface. The acoustic source impedance of the loudspeaker is assumed to be infinite.

5.2. Incident pressure source loudspeaker

The incident pressure source loudspeaker is used to produce a pressure source with a non-reflecting source boundary.
A non-reflecting boundary condition (NRBC) equation, derived by Givoli and Neta, is applied to the model to introduce an
incident pressure source into the system without reflections at the system's boundary [24]. This equation is based on a
reformulation of the Higdon Non-Reflecting Boundary Condition [25,26]. The Higdon NRBC relies on a series of linear partial
differential equations. By adjusting the parameters of the boundary condition, the reflection coefficient can be reduced to
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zero for a certain incident angle. A higher order of the Higdon NRBC provides more incident angles that can be perfectly
absorbed. Thus, less reflection is produced by the boundary. However, the order of the Higdon NRBC is limited in practical
application because of computational difficulty. The Higdon NRBC orders and angles must be chosen based on experience to
optimise the overall performance. The NRBC derived by Givoli and Neta uses additional auxiliary variables on the boundary
to enable using the original Higdon NRBC up to any order. The second-order Givoli and Neta NRBC in the frequency domain
is defined by

nU∇pþ jkpþ j∇2p
2k

¼ nU∇piþ jkpiþ
j∇2pi
2k

; (9)

where ∇2 is the Laplacian and k is the wave number. The pressure p at the boundary can be derived if the incident pressure
source pi [Pa] is known. Furthermore, this equation can present the interactions in near-real conditions without any
derivatives beyond the second order. An example of this incident pressure source is shown in Fig. 20. The right side of
Fig. 20(a) acts as an incident pressure source loudspeaker with pi. In addition, a point source is present in the centre.
With these two sources, the pressure at the boundary (the right side of Fig. 20(a)) varies as the sum of these two pressure
waves. Fig. 20(b) is the pressure distribution along the right side of Fig. 20(a), where the x-axis is the pressure value and the
y-axis is the position along this boundary. It can be observed that the pressure varies along the boundary.

5.3. Pressure-controlled source loudspeaker

The third cavity control source is referred to as a pressure-controlled source loudspeaker. This cavity source controls the
pressure at the boundary, which is the surface of the loudspeaker. The pressure p at the boundary is controlled as our
control pressure value pc [Pa]:

p¼ pc: (10)

An example of this pressure-controlled source loudspeaker is shown in Fig. 21. The right side of Fig. 21(a) acts as a
pressure-controlled source loudspeaker with p¼ p0. In addition, a point source is present in the centre. With the pressure-
controlled source loudspeaker, the pressure at the controlled boundary (the right side of Fig. 21(a)) is maintained as the
design value p0, as shown in Fig. 21(b), where the x-axis is the pressure value and the y-axis is the position along this
boundary.

5.4. Control performance comparisons

The noise reductions of these three cavity control sources are presented in three plots: the kinetic energy of the radiating
panel, the sound pressure level at 10 cm above the radiating panel and the radiating sound power level of the structure
(Figs. 22–24). The comparison is based on identical stability indexes (Table 9). The result shows that the pressure-controlled
source loudspeaker can effectively reduce the broadband kinetic energy, but it increases the energy at certain frequencies,
such as 600 Hz. In contrast, the incident pressure source loudspeaker does not increase the energy at any frequency below
1000 Hz. Therefore, the broadband reduction of the kinetic energy is higher than it is for the other two source types, being
Fig. 20. Incident pressure source illustration: (a) pressure distribution; (b) pressure along the boundary.

Fig. 21. Pressure-controlled source illustration (a) pressure distribution; (b) pressure along the boundary.



Fig. 22. Simulated kinetic energy response of the radiating panel with various cavity control sources.

Fig. 23. Simulated SPL response above the radiating panel with various cavity control sources.

Table 9
Numerical analysis of stabilities, kinetic energy reduction and radiated sound power reduction from 10 to 1000 Hz.

Loudspeaker type Acceleration source Incident pressure source Pressure-controlled source

Control gain 0.00042 0.2 0.029
Gain stability index Inf. 34.6 Inf.
Phase stability index 58.7 59.8 59.8
Modulus stability index 0.87 0.62 0.75

Phase crossover frequency [10–20,000 Hz] 10,033 2187 6360

Total kinetic energy reduction (10nlog 10(ΣKE_uncontrolled/ΣKE_controlled)) [dB]
4.9 13.3 13.2

Total radiated sound power reduction (10nlog 10(Σradiated_power_uncontrolled/Σradiated_power_controlled)) [dB]
4.8 13.2 11.7

Fig. 24. Simulated SWL energy response of the radiating panel with various cavity control sources.
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13.3 dB. This incident pressure source uses a non-reflecting boundary, which means that the energy can be propagated
outside the cavity. Although there are no practical loudspeakers that use this source, an incident pressure source
loudspeaker can be created using a dynamic loudspeaker, a microphone, and a velocity sensor with a feedback control loop.
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6. Conclusions

Various control configurations for reducing the transmitted sound through a double panel structure have been studied in
this paper. A structural–acoustic coupled FEM model, which can accurately predict the interactions between the structure
vibration and acoustic wave propagation, has been developed. The investigations in this paper explain the difficulty of
reducing noise by only controlling the radiating panel in a double panel structure. Numerical analysis showed that with
direct velocity feedback control, piezoelectric actuators should be simultaneously applied to the incident panel and radiating
panel in a double panel structure. This strategy is required because the resonant energy in a double panel structure is not
only determined by the radiating panel but also by the incident panel and cavity. Therefore, the structural control should be
applied to both panels. However, the interaction between the two panels reduces the control stability and limits the control
performance. Moreover, structural control can barely reduce the resonant energy, which is dominated by the cavity
resonance. Similar conclusions have been obtained from experimental results.

To further improve the control performance, various combinations of structural control methods and cavity control
methods have been numerically studied and compared. To maintain fairness, the comparison was based on identical control
stability indexes. The analysis has shown that cavity control can provide more noise reduction than structural control.
Therefore, three types of cavity control sources were compared: the acceleration source loudspeaker, incident pressure
source loudspeaker, and pressure-controlled source loudspeaker. The comparison has shown that the incident pressure
source loudspeaker can achieve the largest total kinetic energy decrease of 13.3 dB and the largest total radiated sound
power decrease of 13.2 dB within the frequency range from 10 Hz to 1000 Hz. This incident pressure source loudspeaker can
be realised by using a dynamic loudspeaker, a microphone, and a velocity sensor with a feedback control loop.
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