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Abstract 

An analytical and experimental investigation of panel resonance control and cavity control in a 

double-panel structure is presented in this paper. The double-panel structure, which consists of two panels 

with air in the gap, is widely adopted in many applications such as aerospace due to its low weight and effec-

tive transmission-loss at high frequencies. However, the resonance of the cavity and the poor transmission-

loss at low frequencies limit its noise control performance. In this paper, the resonance of the cavity and the 

panels are considered simultaneously to increase the noise transmission-loss. A structural-acoustic coupled 

model is developed to investigate the vibration of the two panels, the acoustic resonance in the air cavity, and 

the control performance. The control design can be optimized through the model using a combined stability 

analysis incorporating both structural and acoustic control. Finally, the results will be presented and dis-

cussed. 

1. 0BINTRODUCTION 

The increasing need for a comfortable environment points to the importance of noise control technolo-

gy. Passive control, which commonly means applying high damping materials and installing resonators in 

the system, can be effective in reducing the noise at high frequencies
1, 2

. However, passive control at low 

frequencies usually has much less noise reduction and comes with a heavy implementation because the 

acoustic wavelengths are much longer than the damping structure
3, 4

.  On the other hand, with the develop-

ment of smart materials and computational power, active noise control has received increasing attention in 

the last decades due to the possible advantages of reduced weight and better performance at low frequencies. 

Active noise control (ANC) has found successful applications in relatively small space regions with broad-

band noise control
5-7

. However, ANC is a 3D wave propagation problem; for a larger control space region, 

the implementation will become very complicated and inefficient. Acoustic structural active control (ASAC) 

can simplify a 3D problem to a 2D problem by directly control the vibrating structure to reduce its radiating 

sound pressure instead of dealing with 3D acoustic wave propagation. 
6, 8

. Furthermore, for a large configura-

tion, decentralized control or distributed control can make the controller suitable for more practical imple-

mentations
9-13

. Control methods also need to consider the additional weight of the installation
14

. With the 

advantage of a low weight structure, the double panel with an air gap structure is another common imple-

mentation for noise reduction
 1, 15

. Due to their compact dimensions and fast response, piezoelectric materials 

have been investigated and applied frequently for vibration control of smart structures
5, 12, 16

. Decentralized 

feedback control strategy has been noted for its remarkable performance for the broadband objective 
17

. 

In this paper, the characteristics of the double panel structure at resonance frequencies are analyzed.  

The structural control and the cavity control with feedback control were simulated to compare and derive the 

optimized control result. This paper is composed of four sections. First, the multiple fully coupled interaction 

control theory and the stability analysis method are introduced.  Second, the finite element method model 

and the experiment measurement methods are described.  Finally, the multiple feedback control results of the 

structure control, the cavity control and the combination control are shown and compared.  
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2. MULTIPLE DECENTRALIZED CONTROL 

2.1 Control loop  

Fig. 1 illustrates the signal block diagram of a feedback control system. ( )jG
 
is the plant response 

matrix, ( )jH  is the controller matrix, ( )jy is the error signal matrix detected by the sensors, and ( )jd
 

is the noise source signal matrix, which is the error signal without input control signals. 

 

 
 

Figure 1. Direct velocity feedback systems. 

 

From the block diagram above, ( )jy
 
can be represented as Eq. (1) 
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The physical interactions between each control unit in the realistic condition are presented with a mul-

tiple channel plant transfer matrix ( )jG
.
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where ( )lm jG  is the response at the 
th

l sensor under the input from  the 
th

m actuator without the distur-

bance source ( )jd .  

2.2 Control stability  

The stability of a feedback control system can be unconditionally guaranteed when the sensors and the 

actuators are dual and collocated. Otherwise, the control gain will be limited. To determine the stability of 

MIMO decentralized control systems, the Nyquist criterion can be used. When the plot of Eq. (3) below nei-

ther crosses nor encircles the origin (0, 0), the system is stable
17

.  

 

 det[ ( ) ( )]j j I G H   (3) 

 

However, the stable system can become unstable when there are perturbations. The ability of the sys-

tem to withstand the perturbations are defined by stability margins. We use gain margin, phase margin, and 

modulus margin to determine the stability of the system.  

3. MODEL ANALYSIS AND MEASUREMENT 

3.1 Acoustic-structural interaction FEM model  

The finite element method (FEM) is applied to analyze the characteristics of our system. To accurately 

estimate the system, the acoustic and structural properties need to be considered simultaneously. The rela-

tionship of the acoustic pressure in the fluid domain and the structural deformation in the solid domain are 
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linked as described below. In the solid domain, a normal force 
pF  is produced by the fluid pressure p  on the 

fluid-solid interacting boundaries, 

 
p s p F n  (4) 

In which 
sn  is the normal vector of the solid boundaries. In the acoustic fluid domain, the acceleration of the 

fluid-solid interacting boundaries can be derived from the acceleration 
ttu of the structure, 

 
 

n tta  n u  (5) 

 
With Eq. (4) and Eq. (5), the interaction between the acoustic field and the solid structure can be investi-

gated.  

The model consists of two simply supported panels and a cavity with 35mm thickness is used to ana-

lyze the resonant behavior and the sound transmission of a double panel. An incident spherical pressure wave 

from the corner of the bottom side, which can produce an asymmetric incident noise wave, presents the pri-

mary noise source (Fig. 2). The parameters used for the simulation model are given in Table 1. The acrylic 

box is modeled with a hard-wall boundary. 

 

 
 

Figure 2. Acoustic-structure interaction model. 

 

Table 1. Model parameters 

 Parameters Values unit 

Aluminum panel 

Dimensions  420*297*1    [mm
3
] 

Density 2700 [kg/m
3
] 

Young’s modulus 70 [GPa] 

Poisson’s ratio 0.33  

Loss factor 0.03  

Honeycomb panel 

Dimensions  420*297*5.8 [mm
3
] 

Density 409 [kg/m
3
] 

Young’s modulus 3.7 [GPa] 

Poisson’s ratio 0.33  

Loss factor 0.03  

PZT patches 

Dimensions  7.24*7.24*0.264 [mm
3
] 

Density 7800 [kg/m
3
] 

Young’s modulus 52 [GPa] 

Poisson’s ratio 0.33  

Strain coefficient d31 -190 [meter/Volt] 

Acrylic box 
Inner Dimensions 420*297*350 [mm

3
] 

Wall thickness 40 [mm] 

Middle cavity Inner Dimensions 420*297*35 [mm
3
] 

Spherical incident pressure wave 
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3.2 Piezoelectric actuators 

Piezoelectric materials offer the advantages of fast response and compact dimensions. Laminar piezoe-

lectric patches attached to a plate can be represented as four line moments on the edges of the piezoelectric 

patch
18

 (Fig. 3). 
pE is the Young’s modulus of the piezoelectric patch, V is the controlling voltage applied 

to the patch, 
31d is the piezoelectric constant, 

pM  is the moment per unit length. The piezoelectric control 

force is presented as these four line moments in our numerical analysis.   

Mp

Mp Mp

Mp

 
 

Figure 3. Equivalent piezoelectric loads. 

 

 31p pM E d hV   (6) 

3.3 Double panel with acrylic box 

A double panel mounted on a rectangular box was set up for measurement. A loudspeaker in the bot-

tom of the rectangular box generated the primary noise source. This box was made with 40 mm thick walls 

of acrylic plates to prevent the sound from leaking through side walls. The inner dimensions of the box were 

420*297*350 mm
3
. The primary noise source first entered an aluminum panel (the incident panel), then a 

layer of air of 35mm thickness followed by a honeycomb panel (the radiating panel). The transmitted sound 

of this double panel structure can be measured above the radiating panel (Fig. 4). Fig. 5 shows the positions 

of 5 pzt actuators and 5 velocity sensors on the radiating panel. 

 

                                                    
 

              Figure 4. Experiment setup.                         Figure 5. 5 pzt control sets on the radiating panel.  

4. SIMULATION AND EXPERIMENT RESULTS 

Structural control, cavity control, and combined control results will be compared numerically in this 

section. 

4.1 Model validation 

To validate the numerical analysis, a comparison of the kinetic energy response of a single panel for 

excitation with one piezoelectric patch between the simulation and the experiment is shown in Fig. 6. Nine 

accelerometers on the surface were used to measure the kinetic energy of the panel. To further validate the 

structural-acoustic interaction result, a double panel model and the experimental measurement are compared. 

In Fig. 7, the number of the resonant peaks increases because of the resonance contributions from the inci-

dent panel and the cavity. Fig. 6 shows that the numerical model can accurately present the practical sensor-

actuator response in a single panel structure. Fig. 7 shows that the numerical model can present the practical 

sensor-actuator response in a double panel structure with reasonable accuracy. 
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Figure 6. Kinetic energy of the single panel.   

 

Figure 7. Kinetic energy of radiating panel in double panel structure. 

  

4.2 Structural control 

Pzt actuators are expected to have excellent control performance on smart structures and also are ap-

plied in active noise control. Therefore in a structural control design, piezoelectric patches are installed on 

the incident/radiating panel with velocity sensors located in collocated positions to control the vibration of 

the panel.  

4.2.1 Numerical analysis 

A configuration of ten control sets is shown in Fig. 8, where five control sets are on the incident panel 

(bottom panel) and five control sets are on the radiating panel (top panel). To ensure the stability of the struc-

ture control loop, the maximum control gain can be found by utilizing Nyquist analysis. Table 2. shows the 

response of a control gain of 500 for two cases, the left figure is applying the control sets on the incident 

panel and  the right figure is applying control sets on the radiating panel. These plots do not encircle the ori-

gins which guarantee stability of the system.  

 

 
 

Figure 8. Control sets on the panels. 

 

Table 2. Nyquist plot from 10-1000Hz 

Control sets position On the incident panel On the radiating panel 

Nyquist plot 
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The control performances of various control positions are shown in Fig. 9. The reduction of double 

panel resonance with the pzt actuators located on the radiating panel is limited at the resonance frequencies 

of 80Hz, 140Hz, and 190Hz, while applying the pzt actuators on the incident panel can effectively reduce 

these resonant peaks. On the other hand, the peak at 330Hz has noticeable reductions with the pzt actuators 

on the radiating panel but on the incident panel. To further analyze the effect difference, the resonant mode 

shapes of the radiating panel are plotted (Table 3). The resonance frequencies of 80Hz, 140Hz, and 190Hz 

come from the resonant modes of the incident panel, and these resonant peaks can be effectively reduced by 

the incident-panel pzt actuators. Inversely, the resonance frequency of 330Hz comes from the radiating panel 

and it can be well controlled by the radiating-panel pzt actuators. These resonant peaks can be reduced when 

both of the radiating panel and the incident panel are under control. Therefore, to ensure the performance of 

the structural control, the control sets should be applied to those panels with the dominated resonant modes. 

The resonance frequency of 440Hz is the resonance frequency of the noise source (the source cavity). 

 

 
Figure 9. Kinetic energy of the radiating panel. 

 

Table 3. Mode shapes of the radiating panel. 

 

 

4.2.2 Real time feedback control experimental  results 

The resonance frequencies of a single panel structure are dominated by this single panel. However, the 

resonance frequencies of a double panel structure come from both the resonant modes of the incident panel 

and the radiating panel. To compare the control effect of pzt actuators on a single panel structure and a 

double panel structure, a single pzt actuator and a velocity sensor were installed on the centre of the radiating 

panel surface.  The difference between these two measurements is, in the single panel structure, the radiating 

panel directly receives the incident noise whereas in the double panel structure, the noise source first passes 

through an incident panel and a cavity. The experiment results in Fig. 10 and Fig. 11 show that pzt actuators 

on the radiating panel only ensure a significant influence on the vibration level of the single panel structure, 

where the resonance is dominated by the controlled panel. Since only a single central pzt patch is used, only 

the mode with lowest resonance frequency can be controlled. In the double panel structure, almost no reduc-

tion of the vibration level can be noticed because the first few peaks are not dominated by the controlled 

panel. 
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              Figure 10. Single panel structure.                       Figure 11. Double panel structure. 

 

4.3 Cavity control  

In the double panel structure, the resonance from the cavity dominates considerably resonant energy as 

well. To reduce the resonance in the cavity, six decentralized controllers were installed in the middle cavity 

between these double panels. Each controller detects sound pressure with one microphone and produces a 

secondary source by one loudspeaker from the side of the cavity. Two types of loudspeaker sources, which 

are pressure source and acceleration source, are analyzed. The distribution of these six control sets is shown 

in Fig12.  

The influence from the actuators on each sensor is considered simultaneously to derive the total plant 

transfer function ( )jG . From the Nyquist plot of det[ ( ) ( )]j j I G H  shown in Table 4, the response 

does not pass through the origin. It shows the system is stable with constant feedback control gain.  

 

 
Figure 12. Control sets distribution. 

 

Table 4. Nyquist plot from 10-1000Hz 

Source type Pressure source Accleration source 

Nyquist plot 

  
 

The cavity control result of these two loudspeaker sources is compared in Fig. 13, where a pressure 

source loudspeaker leads to better noise reduction. In a realistic control system, the most common type of 

loudspeaker, called a dynamic loudspeaker, can be assumed to operate as acceleration source above the re-

sonance frequency. To implement a pressure source loudspeaker in practice, a pressure source actuator de-

sign is required.   
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Figure 13. Control effect of cavity control. 

4.4 Combined control 

The stability of cavity control (loudspeaker and microphone combinations) and structural control (pie-

zoelectric actuators and velocity sensors) can be analyzed using the fully coupled plant transfer function in 

which the maximum 16 actuators and 16 sensors are considered simultaneously. Fig. 14 shows the full model 

with all the control sets. Based on equal gain margin, phase margin, and modulus margin (Table 5), the ef-

fects of various control strategies are compared. The frequency responses of the control effect are shown in 

Fig. 15, which indicates that the use of pressure source loudspeakers leads to excellent noise reduction.  

 
Figure 14. Full model with all the control sets. 

 

Table 5. Stability margins of different control strategies. 

Combinations Control gain Gain margin Phase margin  Modulus margin 

6 loudspeakers  

acc. source 
0.001 Inf. -85.4

o
 1.018 

6 loudspeakers  

pressure source 
1.49 Inf. -85.0

 o
 1.020 

10 pzt  

(inc. & rad. panels) 

195 (inc.) 

205 (rad.) 
Inf. -85.1

 o
 1.001 

6 acc. loudspeakers  

& 10 pzt 

0.0002 (lsp) 

130 (pzt) 
Inf. -85.2

 o
 1.013 

 

 
Figure 15. Comparison of different control strategies.  
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5. CONCLUSIONS 

This paper has shown that although radiating-panel pzt actuators can effectively reduce the noise from 

a single panel structure, pzt actuators should be simultaneously applied to both the incident panel and the 

radiating panel in a double panel structure where the panels are simply supported. This is because the reson-

ance frequencies of a double panel structure are dominated by both the incident panel and the radiating pan-

el. Piezoelectric actuators can effectively reduce the noise when they are attached to the dominant resonant 

panel.  

To further improve the control effect, a combination with cavity control can improve the performance.  

Based on same control stability margins, a pressure source loudspeaker leads to excellent noise reduction in 

the numerical analysis. To practically implement it, a pressure source actuator design is required.   
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