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ABSTRACT 

This paper studies a lumped model of an acoustic source with a relatively small thickness and high bending 

stiffness. Voice coil and piezoelectric actuators are used to drive moving components of the acoustic source. 

Feedback and feedforward damping control techniques are used to actively obtain a smooth frequency 

response, especially at low frequencies. Such a compensation scheme generally leads to amplification of the 

lower frequencies and may result in a significant electrical input power. In addition, a part of the input power 

is stored in mechanical and acoustical elements of the acoustic source. The effectiveness of energy recovery 

from the reactive components of the acoustic source is evaluated to improve the overall performance of the 

acoustic source, and to decrease the amount of required input power. 
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1. INTRODUCTION 

Acoustic sources having small thickness can offer practical advantages in active noise control as 

sources with severe space. A flat acoustic source driven by voice coil actuators is introduced in 

reference (1) and is implemented to achieve a uniform, rigid body displacement (2). 

Piezoelectric stack actuators have compact size and high efficiency. They can provide a large 

driving force with small displacement. Therefore, stacked piezoelectric devices can be used as 

alternatives for conventional voice coil actuators in the structure of the suggested thin honey-comb 

acoustic source in reference (2). Compared to voice coil actuators, piezoelectric elements are purely 

capacitive at low frequencies (3,4). Thus, a major portion of supplied power is stored in the capacitor 

of the piezoelectric actuators. Moreover, inefficient amplifiers connected to the piezoelectric  devices 

result in large level of power loss (5). Various amplifiers have been designed to improve the efficiency 

of the piezoelectric actuators by recovering the reactive power (6,7). 

In the present work, the performance of both stacked piezoelectric and voice coil actuators as the 

excitation parts of a thin honey-comb acoustic source is analytically investigated. Feedback and 

feedforward damping control techniques are used to actively obtain a smooth frequency response, 

especially at low frequencies. Such a compensation scheme generally leads to amplification of the 

lower frequencies and may result in a significant electrical input power. The possibility of power 

recovery is investigated by connecting a switching amplifier to the actuator. The effect of connected 

amplifier studied in reference (5) on the overall performance of the lumped flat acoustic source is 

investigated. 
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2. Methods 

2.1 Flat acoustic source 

The structure of the acoustic source is shown in Figure 1. It consists of a radiating surface, a honey-

comb structure, a perforated surface, an air cavity, and actuators. The details of this acoustic source 

is described in reference (8).  

 

 

Figure 1 – Flat acoustic source 

2.2 Actuators 

Voice coil actuators are used in the structure of a thin acoustic source in reference (2). Due to the 

relatively large surface area of the acoustic source, useful sound pressure levels can be generated even 

with a limited displacement of the radiating surface. If the stroke of the actuators is limited then more 

actuator types than the moving coil type can be considered. In  reference (8), voice coil actuators are 

replaced with piezoelectric actuators. Piezoelectric actuators are particularly interesting for energy 

recovery because the acoustic source has to operate in the low frequency, quasi -static regime. In this 

study, the performance of both voice coil and piezoelectric actuators in the structure of the thin 

acoustic source is compared. 

2.3 Lumped model 

A lumped model of the flat acoustic source is attached to both voice coil and piezoelectric stack 

actuators. This lumped model is well-described in reference (8) based on an equivalent electrical 

circuit. 

2.4 Control 

The control technique in this study, is only applied to the acoustic source actuated by a piezoelectric 

element. The result of the control method is compared to the uncontrolled acoustic source actuated by 

a voice coil actuator. 

In coupled fluid-structure interactions, control of the acoustic resonances and structural resonances is 

required to obtain a smooth frequency response. Figure 2 shows the control diagram used in this study, 

which includes input signal x, plant transfer response G, actuator input signal u, sensor signal y, 

feedback controller H, and feedforward controller F (9). The control configuration is firstly limited to 

the feedback control part with the objective to add damping to the fundamental resonance. After that, 

 

Figure 2 – Block diagram of the control method 



 

 

feedforward controller is added to correct the low frequency response.  

The thin cavity in the structure of the acoustic source results in a relatively high stiffness and an 

undamped response at the fundamental mass-air resonance. Furthermore, bending modes in the panel 

may lead to further deviations from the ideal smooth response. The fundamental resonance frequency 

is determined by the mass of the plate and the stiffness of the suspension including the air cavity.  The 

sound pressure level (SPL) of the lumped acoustic source can be controlled by a volume velocity 

feedback controller such that the fundamental mass-air resonance is effectively controlled (2). The 

corresponding Nyquist diagram for a particular loop gain is shown in Figure 3. In order to guarantee 

the stability, the locus of the Nyquist plot should not cross or encircle the point ( -1,0). It can be seen 

that the locus of the Nyquist plot is almost entirely in the right-half plane which allows relatively high 

feedback gains and good control performance. The feedforward controller then can be used to control 

the damping at the fundamental resonance frequency determined by mass-air resonance. 

 

Figure 3 – Nyquist diagram 

3. Results 

3.1 Control 

The controlled frequency response of the lumped acoustic source actuated by the piezoelectric 

element is shown in Figure 4. By controlling the volume velocity of the acoustic source, the near field 

sound pressure level of the lumped acoustic source can be obtained. According to figure 4, it is clearly  

 

Figure 4 – Frequency response 



 

 

seen that by applying feedback control, the fundamental mass-air resonance can be damped. In fact, 

the feedback control system is able to reduce deviations from the ideal flat frequency response. 

However, the acoustic source actuated by a voice coil actuator still has a higher low frequency 

response compared to the feedback-controlled acoustic source that is actuated by a piezoelectric 

device. This is due to the unchanged frequency response of the acoustic source actuated by the 

piezoelectric device in the low frequency range. 

In order to improve low frequency response, a feedforward compensation scheme is used. Figure 

4 shows the resulting frequency response. A simple second-order correction filter is found to be 

sufficiently accurate to compensate the low frequency response (9). It can be seen that the combination 

of feedforward control and feedback control leads to a higher sound pressure level of the acoustic 

source actuated by the piezoelectric stacked element (approximately 92 dB at 50 Hz), compared to the 

case it is actuated by a voice coil actuator (well below 90 dB at 50 Hz). 

3.2 Energy recovery 

The feedforward compensation scheme generally leads to amplification of the lower frequencies 

and may result in a significant electrical input power. A part of the input power is stored in mechanical 

and acoustical elements of the acoustic source. In the following, some examples are given of an on-

going study to investigate the possibility of power recovery and to improve the overall efficiency of 

the acoustic source. At low frequencies, reactive energy is stored in the mechanical and acoustical 

elements of the thin acoustic source, as in a common loudspeaker. In contrast to voice coil actuators, 

no power is required to sustain the position of a piezoelectric actuator in static operation. In the 

following, a number of examples are given of the amount of power that can be recovered using a 

piezoelectric actuator. The two-way power flow between the actuator and a connected amplifier is 

investigated. In particular, the effectiveness of energy recovery from the reactive components of the 

acoustic source is evaluated to improve the overall performance. 

The required power supply is evaluated when a conventional analogue amplifier is used. The result 

is compared to the case in which some parts of the stored power are recovered and sent back to the  

connected switching amplifier. Examples for two amplifiers are presented in this paper. The power  

from the amplifier to the load is defined as the basis to be 100%. In a class-A amplifier, the power 

from the supply unit to the amplifier is more than twice as big, i.e. 250%. A representation of the 

power flow is given in Figure 5. The power flow for a class-D amplifier with energy recovery is given 

 

Figure 5 – Power flow for a class-A amplifier 

 

 

Figure 6 – Power flow for a class-D amplifier 



 

 

in Figure 6. Thanks to the possibility of energy recovery in a class-D amplifier, the power from the 

supply unit to the amplifier is 38.9%. Hence, comparing to a class-A amplifier, using a class-D 

amplifier reduces the power demand of the total system by 
250−38.9

250
× 100 = 84.4%. Therefore, the 

efficiency will be approximately five times higher. Depending on the coupling factor of the 

piezoelectric actuator, it is found that a significant part of the reactive power stored in the acoustic 

source can be recovered.  

4. CONCLUSIONS 

An acoustic source with high bending stiffness and small thickness is studied, in which the air can 

enter the honeycomb cells through a perforated skin panel. This increases the effective internal volume 

and enables a thin construction. It is shown that a combination of feedback control and feedforward 

control can lead to a smooth frequency response below 1 kHz. Different actuator principles and 

amplifier classes are compared, showing significant differences of the system required input power. 

The performance of such an acoustic source is evaluated when analogue and switching amplifiers are 

connected to the piezoelectric device. For the particular configuration studied in this paper, class-D 

amplifiers can save up to 84.4% of the input power, while recovering approximately 66.1% of the 

reactive power stored in the acoustic source. 
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