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Abstract 

This paper presents the development and analysis of a measurement system with a dynamic pressure 

generator that is designed for the purpose of investigating the frequency characteristics of pressure 

connecting tubes. The developed dynamic pressure generator (DPG) consists of an electrodynamic 

loudspeaker that generates stable and adjustable sinusoidal pressure pulsations inside the air chamber 

within the generator housing. As the frequency characteristics of the DPG are defined by the 

properties of the loudspeaker diaphragm, the air chamber and the connections of the reference 

pressure sensor to the DPG, the DPG dimensions were optimized with the help of physical-

mathematical modeling. Experimental analysis of the developed DPG, which enables flush mounting 

of the reference pressure sensors, showed improved amplitude and phase-frequency characteristics in 

comparison with the previous configuration of the DPG based on two loudspeakers.  
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1. Introduction  

With progress over the past few decades technical processes have become more rapid, which has 

increased the requirements for more accurate measurements of time-varying pressures. Due to spatial, 

temperature or other constraints pressure sensors often cannot be mounted directly on the 

measurement object, therefore, the use of connecting tubes between the measured object and the 

pressure sensing element is required. Due to dynamic characteristics of the connecting tube, the 

magnitudes of the dynamic measurement errors can be significantly increased. For investigations of 

the dynamic characteristics of pressure connecting tubes an appropriate dynamic pressure generator 

(DPG) that can generate periodic or aperiodic pressure pulsations in a specific amplitude and 

frequency range is required [1−5]. For generating periodic or aperiodic pressure pulsations a DPG 

based on a loudspeaker can be used. The movement of the loudspeaker diaphragm inside the air 

chamber can generate pressure pulsations limited to small amplitudes (up to 2 kPa) and frequencies 

up to 3 kHz [1,4,6−9]. The advantage of a DPG based on loudspeakers is its relatively simple design 

and the ability to generate periodic pressure pulsations with adjustable amplitudes and frequencies. 

The studies showed that by using a periodic signal instead of an aperiodic signal, a better signal-to-

noise ratio at higher frequencies can be achieved and also the uncertainty and spectral leakage 

inherent in the frequency analysis of aperiodic signals are avoided. Therefore, the transfer function is 

expected to be determined with better accuracy when generating pure periodic pressure pulsations. 

The main limitation of periodic DPG is the difficulty in achieving undistorted periodic pulsations at 

higher amplitudes and frequencies, especially in a gaseous medium due to the nonlinearities that result 

from the gas dynamics. 

 

The purpose of this paper is to present a newly developed, sinusoidal DPG based on one loudspeaker 

that can be used for investigations of the frequency characteristics of pressure connecting tubes. The 

developed DPG enables flush mounting of the pressure sensors and therefore measurements of the 

generated pressure pulsations directly in the air chamber. With the use of flush mounted pressure 

sensors the amplitude and phase-frequency characteristics of the DPG are improved in comparison 

with the previously developed DPG based on two, face-to-face-orientated electrodynamic 

loudspeakers [4]. The dimensions of the DPG were optimized in order to retain a relatively high gas 

stiffness and therefore a relatively high natural frequency of the DPG and the small effects of the air 

chamber of the DPG on the DPG static sensitivity, and to minimize the effects of the air chamber 

volume on the determination of the frequency characteristics of the connecting tubes. The employed 
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physical-mathematical model of the DPG is based on linear lumped models of mechanical and 

acoustical elements, and is presented in Section 2. Section 3 presents the measurement system used 

for the experimental evaluation of the frequency characteristics of the developed DPG. The analysis 

of the measurement results for the developed measurement system with the sinusoidal DPG are 

presented in Section 4. The capabilities of the developed pressure measurement system are also 

compared with the capabilities of the previous DPG based on two loudspeakers. 
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2. Modeling and design  

The developed dynamic pressure generator consists of an air chamber in which the electrodynamic 

loudspeaker generates sinusoidal pressure pulsations with defined characteristics. During the 

development of the DPG its dimensions were optimized with the help of physical-mathematical 

modeling in order to ensure a relatively high natural frequency of the DPG and small effects of the 

air chamber on the DPG static sensitivity, and to minimize the effects of the air chamber volume on 

the frequency characteristics of the connecting tubes. The main properties of the physical-

mathematical model are presented in the next subsection, but see, for instance [10,11], for details of 

the derivation of similar mechanical and acoustical lumped-element models. 

 

2.1. Physical-mathematical model 

 

Fig. 1. Model of the DPG based on an electrodynamic loudspeaker. 

 

Fig. 1 shows a schematic representation of the simplified model of the DPG based on an 

electrodynamic loudspeaker, which can be described as a second-order dynamic system. The 

loudspeaker diaphragm is modeled as a solid body with one degree of freedom that acts like a 

harmonic oscillator driven by an electrodynamic force proportional to the electric current flowing 

through the loudspeaker coil [10]. If we consider an ideal gas, an adiabatic process, a spatially 

homogenous pressure of the air in the generator chamber, small diaphragm displacements x(t) and 

neglect the heat transfer, the gas contained in the generator chamber can be modeled as an additional 
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one-dimensional spring and therefore the equation of motion for the loudspeaker diaphragm can be 

written as: 

( ) ( ) ( ) ( ) ( ),   d d d gm x t c x t k k x t Bli t         (1) 

where md, cd and kd are the effective mass, the damping coefficient and the spring constant of the 

loudspeaker diaphragm, respectively, and kg is the gas stiffness [11]: 
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where κ is the adiabatic index, Sd is the effective area of the diaphragm and P0 and V0 are the average 

absolute pressure and the average volume of the gas in the generator chamber, respectively. The 

movement of the loudspeaker diaphragm results from the magnetic force Bli(t), where l is the effective 

length of the loudspeaker coil wire in the magnetic field B and i(t) is the excitation electric current. 

The electrical circuit model of the electrodynamic loudspeaker contains a coil with a resistance R and 

an inductance L that surrounds the permanent magnet and is excited by the electric voltage U(t). Due 

to the fact that the inductance of the coil is often negligibly small, the excitation electric current can 

be written as [10]: 

 
1

( ) ( ) ( ) , i t U t Blx t
R

       (3) 

where the last term represents the induction of the electric voltage due to the motion of the coil in the 

electromagnetic field. The DPG static sensitivity KDPG is defined as the ratio between the generated 

pressure change p and the excitation current change, which holds true for sufficiently low excitation 

frequencies: 
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That ratio can be significantly changed as we approach the natural frequency of the DPG, which can 

be written as: 
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2.2 Optimization of the dimensions of the dynamic pressure generator 

The electrodynamic loudspeaker was chosen on the basis of achieving the highest possible amplitudes 

of the generated pressure pulsations and, therefore, the largest ratio Bl/Sd, see Eq. (4). Simulations of 

the effects of the inner height of the generator housing h (see Fig. 2) were performed for the 

dimensions and the effective mass of the diaphragm of the loudspeaker and the internal volume of 

the pressure sensor used in the experimental study described in the next section, see Table 1. 

 

Fig. 2. Schematic representation of the DPG with connected pressure sensors 1 and 2. 

 

Table 1 Modeling input data. 

Parameter Description Value 

md Effective mass of the loudspeaker diaphragm 0.011 kg 

Dd Diameter of the loudspeaker diaphragm 0.113 m 

Sd Effective area of the loudspeaker diaphragm 0.0085 m2 

Vd Volume surrounded by the loudspeaker diaphragm 0.0000935 m3 

Vsen Internal volume of the pressure sensor 1.5 cm3 

P0 Average absolute pressure in the air chamber 98 kPa 

h Inner height of the generator housing (0−20) mm 
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In order to ensure a relatively high natural frequency of the DPG and the small effects of the internal 

gas volume of the DPG on the DPG static sensitivity, a relatively high gas stiffness has to be achieved, 

see Eqs. (5), (4) and (2). In order to increase the gas stiffness, the volume of the air chamber has to 

be decreased. But on the other hand, the volume of the air chamber has to be large enough in order to 

minimize its effect on the determination of the natural frequency of the connecting tubes that will be 

investigated with the use of this DPG. In the investigations of the frequency characteristics of the 

connecting tubes a pressure sensor 2 connected to the DPG with a connecting tube, shown in Fig. 2, 

represents a fluid oscillator [11]. Such a pneumatic pressure measurement system can be described 

as a discrete Helmholtz resonator with two unequal volumes, where the fluid in the connecting tube 

acts as the oscillator mass, while the compressible fluid in the internal volumes of the pressure sensor 

2 and the DPG air chamber acts as the oscillator springs. The general assumptions in the analysis of 

Helmholtz resonators are the fluid velocity in the internal volumes being significantly smaller than 

the fluid velocity in the tube, the absence of standing waves, the rigidity of all the walls and the 

absence of heat transfer. The natural frequency of such a configuration of a Helmholtz resonator can 

be written as:  

               0,

0

1 ,
2
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where a is the fluid sound velocity, At and lt are the internal cross-section and the length of the 

connecting tube, respectively, and Vsen is the internal volume of the pressure sensor 2 (in the case 

where the movement of the fluid in the internal volumes or at the connecting tube inlet, the effects of 

the standing waves, etc., are taken into account, Vsen can be substituted with the effective volume, 

which also considers the effect of the internal volume of the tube [11]). Thus, we can estimate the 

relative error due to the effect of the volume ratio Vsen/V0 in the determination of the natural frequency 

of the connecting tube as: 
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where the volume of the air chamber of the DPG consists of the volume surrounded by the 

loudspeaker diaphragm Vd and the volume inside the generator housing Vh = (π Dd
2 h)/4, which has 

the same diameter as the loudspeaker diaphragm Dd.  
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Fig. 3 shows the dependence of the natural frequency of the DPG and of the relative error er,t on the 

inner height of the generator housing obtained with the physical-mathematical simulations. The 

natural frequencies of the DPG were determined using Eq. (5), where the spring constant of the 

loudspeaker diaphragm is neglected because kd / kg << 0.01 for the DPG under discussion [4]. The 

results show that by increasing the inner height of the generator housing, the natural frequency of the 

DPG and the relative error of the natural frequency of the connecting tube are decreasing. In order to 

achieve the relative error of the natural frequency of the connecting tube of less than 0.5%, and at the 

same time retain approximately the same natural frequency of the DPG as was achieved with the 

previously developed DPG based on two loudspeakers, the finally selected inner height of the 

generator housing was 6.8 mm, for which the natural frequency of the DPG is estimated to be 376 Hz 

and the relative error due to the effect of the volume ratio Vsen/V0 is approximately 0.5%. 

 

 

 Fig. 3. Dependence of the natural frequency of the DPG and of the relative error due to the effect of 

the volume ratio Vsen/V0 on the inner height of the generator housing. 

 

2.3. Mechanical configuration of the dynamic pressure generator 

The developed DPG based on one loudspeaker is shown in Fig. 4. The generator housing is made of 

aluminum. The edge of the generator housing was adapted to the edge of the loudspeaker diaphragm 

in order to prevent any gas leakage, see Fig. 5(a). The total external height of the generator housing 

was determined from the sum of the optimized inner height (see previous subsection) and the thread 
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length of the selected flush mounted piezoelectric pressure sensor. In order to allow different types 

of connections for the pressure sensors, four measuring ports in the generator housing were made, see 

Fig. 5(b). Two measuring ports were designed for the flush mounting of two equal piezoelectric 

pressure sensors. This enables simultaneous measurements of the generated pressure pulsations 

directly in the air chamber and thus the possibility to evaluate the frequency characteristics of the 

measurement system. In order to be able to connect the pressure sensor to the generator with 

connecting tubes of different internal diameters, the other two measuring ports with threads were 

adapted to enable the connection of the push-in fittings. In order to prevent the formation of an 

additional volume inside the air chamber of the generator when using the smaller push-in fitting with 

a shorter thread (G⅛'') a deepening was made on the outer side of the generator housing. The fourth 

measuring port was designed to connect the push-in fitting G¼''. By providing a small distance 

between the measuring ports (0.05 m) in comparison with the wavelengths of the pressure pulsations 

investigated in this paper λ = a/f, where f is the pulsation frequency, the relatively simultaneous 

detection of the generated pressure pulsations at all the measuring ports was ensured. Due to 

subsequent investigations of the dynamics of the long connecting tubes, which have to be fixed in 

parallel to the base in order to prevent their bending, the generator housing is transversely connected 

to a support plate. 
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Fig. 4. Developed DPG based on one loudspeaker.  

 

 

Fig. 5. Schematic view of the generator housing: (a) internal view; (b) external view.  
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3. Measurement system 

In order to experimentally evaluate the newly developed sinusoidal DPG based on a loudspeaker, the 

measurement system, which is schematically presented in Fig. 6, was built.  

 

 

Fig. 6. Block diagram of the measurement system. 

 

The control program in the LabVIEW programming environment sets the excitation frequency on the 

function generator (Goldstar, FG-8002) with an electrical voltage signal from the analog output of 

the data-acquisition (DAQ) board (National Instruments, NI USB-6251 BNC, set output range −10 

to +10 V, set input range −1 to +1 V, resolution 16 bit, set sampling frequency 25 kHz). At the set 

sinusoidal excitation frequency the function generator excites an electrodynamic loudspeaker 

(BEYMA, 5’’MP-60/N) with an electric signal, the amplitude of which is determined manually on 

the function generator. The excitation current is determined by measuring the voltage drop across the 

measurement resistor (5 Ω). The movement of the loudspeaker diaphragm in the air chamber of the 
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DPG generates sinusoidal pressure pulsations that are measured by two piezoelectric pressure 

measurement systems consisting of the flush mounted piezoelectric pressure sensors (Kistler, 7261, 

sensitivity 20.95 pC kPa−1 and 21.30 pC kPa−1, measuring range −100 to 1000 kPa, linearity ≤ 0.3% 

of full scale output, natural frequency 13 kHz) and the charge amplifiers (Dewetron, DAQ-Charge, 

sensitivity 0.05 V pC−1, output voltage −5 to +5 V, accuracy 1% of full scale output, frequency range 

0.07 Hz to 30 kHz (−3 dB)). In order to estimate the effects of the transmitted mechanical vibrations 

of the DPG to the pressure sensors, the accelerations of the generator housing are measured with a 

piezoelectric acceleration measurement system consisting of the piezoelectric accelerometer 

(Brüel&Kjӕr, 4393, sensitivity 0.3141 pC m−1 s2, measuring range −50 to +50 km s−2 peak, accuracy 

2% in the frequency range 5 Hz to 10 kHz) and the charge amplifier (Dewetron, DAQ-Charge, 

sensitivity 1 V pC−1, output voltage −5 to +5 V, accuracy 1% of full scale output, frequency range 

0.3 Hz to 50 kHz (−3 dB)). The piezoelectric accelerometer is fastened to the generator housing above 

the center of the loudspeaker diaphragm between two piezoelectric pressure sensors. 

 

The current, pressure and acceleration signals are connected to the DAQ board. In the LabVIEW 

control program the measurement signals are first recalculated into actual measurement quantities by 

taking into account the resistor value and the sensitivities of the piezoelectric measurement systems. 

Then the amplitude ratios and phase lags are determined using a digital Fourier transform at the 

frequency of the generated pressure pulsations, where the correction of the phase due to the 

interchannel delay in the DAQ board is taken into account.  
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4. Results 

The experimental analyses of the developed DPG were performed for air at an average pressure close 

to the ambient pressure. The results in Fig. 7 show the measured amplitude and phase-frequency 

characteristics of the DPG obtained by sweeping the excitation frequency in logarithmically 

distributed steps from 1 to 1000 Hz. At each excitation frequency the amplitudes and phases were 

calculated after a stabilization time of about 5 s. The amplitude-frequency characteristic presented in 

Fig. 7(a) was determined as the ratio between the amplitude of the generated pressure measured with 

piezoelectric pressure sensor 1 (Ap1) and the amplitude of the excitation current (Ai). It is clear that 

the sensitivity of the DPG remains approximately constant up to 100 Hz (KDPG ≈ 810 Pa A−1), while 

at higher frequencies the amplitude ratio increases when the frequency approaches the natural 

frequency of the DPG, which is at about 380 Hz. The phase-frequency characteristic presented in Fig. 

7(b) shows a phase lag between the phases of the excitation current (φi) and the generated pressure 

(φp1) of approximately −3° at a pulsation frequency of 1 Hz, which results mainly from the effect of 

the cut-off frequency of the employed charge amplifier (0.07 Hz). This was also confirmed 

theoretically, where by considering the simplified model of the charge amplifier as a high-pass first-

order filter, the phase dynamic measurement errors at the pulsation frequency of 1 Hz were estimated 

to be about −4°.  
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Fig. 7. Measured frequency characteristics of the DPG: (a) amplitude ratio; (b) phase lag. 

 

Fig. 8 shows the measured amplitude-frequency characteristic of the excitation current. It is clear that 

the amplitude of the current decreases in the resonance of the DPG. This effect can be explained by 

the second term in the equation for the excitation current (Eq. (3)), which represents the induced 

voltage that occurs due to the motion of the coil in the electromagnetic field. The effect of the 

electromagnetic induction is the largest for the highest velocities of the coil and therefore the largest 

decrease in the amplitude of the excitation current appears in the resonance of the DPG. 
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Fig. 8. Measured amplitude-frequency characteristic of the excitation electric current. 

 

In order to estimate the quality of the sinusoidal measurement signal, the total harmonic distortion 

parameter (THD) of the measured signals was evaluated. The THD is defined as the ratio between 

the sum of the RMS values of the higher harmonics (n = 2, 3, 4 …) and the RMS value of the main 

component at the excitation frequency (n = 1) [12]: 

2

,

2

,1

100%,





m

j n

n

j

j

A

THD
A

       (8) 

where the index j is the observed measurement signal and Aj,n are the corresponding amplitudes of the 

harmonics. The results in Fig. 9 show the THD for the current and both pressure signals. It is evident 

that in the frequency range from 1 to 10 Hz the THD values for all the measurement signals are 

approximately the same. This is due to the relatively high harmonic distortion of the function 

generator output signal at low frequencies, which is transferred through the movement of the 

loudspeaker diaphragm inside the air chamber to the generated pressure pulsations. At frequencies 

above 10 Hz, the harmonic distortion of the excitation current signal is within 1%, which confirms 

the harmonic distortion value of the function generator output stated by its manufacturer. The THD 

value of the excitation current is within 1% even in the resonance of the DPG, where a slight increase 

of the THD due to the decrease of the amplitude of the main frequency component appears (see Fig. 

8). The THD values of the pressure signals, on the other hand, increase with the excitation frequency 
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from 10 Hz up to the resonance of the DPG, where they start to decrease due to the increase of the 

amplitude of the main frequency component of the pressure pulsations.  

 

 

Fig. 9. Total harmonic distortion of the excitation electric current and both pressure measurement 

signals. 

 

Fig. 10 shows the frequency characteristics of the amplitude ratio and the phase lag between the 

pressures measured with the two flush mounted piezoelectric pressure sensors. Before the 

measurements the static measurement sensitivity of pressure sensor 2 was set in order to achieve 

approximately the same amplitudes for both measured pressures at a pulsation frequency of 10 Hz, 

where the effects of the natural frequency of the piezoelectric pressure sensors and the cut-off 

frequency of the charge amplifiers are estimated to be negligible. From the figure it is evident that 

despite the fact that the natural frequency of the DPG lies in the observed frequency range, the 

amplitude and phase dynamic measurement errors of the pressure signals in the frequency range from 

1 to 500 Hz are within 1.1% (amplitude ratio between 0.989 and 1.011) and 1°, respectively. Despite 

the relatively high cut-off frequency of the charge amplifier, the phase lag between the pressure 

signals at low pulsation frequencies does not exceed 0.25° and therefore an almost symmetrical 

operation of both charge amplifiers can be assumed. 
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Fig. 10. Frequency characteristics measured with two flush mounted pressure sensors (1 and 2): 

(a) amplitude ratio; (b) phase lag. 

 

The results in Fig. 10 show that the dynamic pressure measurement errors start to increase at 

frequencies above 500 Hz. By increasing the frequency up to 1000 Hz, the amplitude and phase 

dynamic errors increase over 20% and 9°, respectively. The performed experimental study of the 

limitation of the useful frequency range up to 500 Hz showed that it results from the effects of the 

mechanical vibrations of the DPG. The mechanical vibrations transmitted to the piezoelectric pressure 

sensors produce acceleration-induced charges within the sensors and thus generate spurious signals. 

The acceleration sensitivity of the employed piezoelectric pressure sensors is specified by the 

manufacturer as Kvib = 10 Pa m−1 s2, which was also experimentally confirmed by the authors of this 
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paper in [13]. The relative amplitude measurement errors of the pressure pulsations due to the 

mechanical vibration effects on the piezoelectric pressure sensors are estimated as: 

,

1

,
 

   
 

vib vib
r vib

p

K A
e

A
        (9) 

where the acceleration amplitude of the mechanical vibrations Avib was measured with a piezoelectric 

accelerometer fastened to the generator housing. The results in Fig. 11 show that by increasing the 

frequencies, the generator mechanical vibrations increase. At frequencies above 500 Hz the effects 

of the mechanical vibrations on the pressure measurements are estimated to be larger than 6%, which 

confirms the reason for increased dynamic measurement errors between the measured pressures at 

higher frequencies.  

 

 

Fig. 11. Relative amplitude measurement errors of the measured pressure pulsations due to the 

mechanical vibrations of the DPG. 

 

In order to evaluate the homogeneity of the pressure in the air chamber of the DPG in the useful 

frequency range from 1 to 500 Hz, the pressure pulsations for four different positions of the 

loudspeaker with respect to the generator housing (a rotation of the loudspeaker by 90°) were 

measured and compared. Fig. 12 and 13 show the resulting amplitude ratios and the phase lags 

between the pressures measured with pressure sensors 1 and 2. From Fig. 12(d) it is evident that the 

static measurement sensitivity of pressure sensor 2 was set at loudspeaker position D, at which the 
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approximate unit amplitude ratio at lower pulsation frequencies is achieved. Although the measuring 

range of the piezoelectric pressure sensor is relatively large in comparison to the small amplitudes of 

the generated pressure pulsations (70 to 300 Pa), the reproducibility of the static measurement 

sensitivity of the piezoelectric measurement system at pulsation frequencies below the natural 

frequency of the DPG is less than 0.05%, in spite of the changing loudspeaker positions. Fig. 12 

shows that for pulsation frequencies up to 500 Hz the amplitude dynamic measurement errors of the 

measured pressure for all the loudspeaker positions are within 1.1% and without any noticeable 

reverse trend for the opposite loudspeaker positions (the opposite positions are A and C, and positions 

B and D), which could be the result of asymmetric oscillations of the loudspeaker diaphragm. 

Similarly, the phase dynamic measurement errors for all the loudspeaker positions remain within 1° 

for a pulsation frequency up to 500 Hz and the effects of the asymmetrical diaphragm movement are 

not evident. Therefore, the results indicate that in the frequency range from 1 to 500 Hz, independent 

of the loudspeaker position, a relatively homogeneous distribution of the pressure in the air chamber 

of the DPG is achieved. 

 

 

Fig. 12. Measured amplitude-frequency characteristics between pressure sensors 2 and 1 at different 

loudspeaker positions: (a) position A; (b) position B; (c) position C; (d) position D. 
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Fig. 13. Measured phase-frequency characteristics between pressure sensors 1 and 2 for different 

loudspeaker positions: (a) position A; (b) position B; (c) position C; (d) position D. 

 

The possibility of flush mounting the pressure sensors is an important advantage of the presented 

DPG in comparison with the previously developed DPG based on two, face-to-face-orientated 

loudspeakers, where due to structural constraints the reference pressure had to be measured by the 

pressure sensor connected to the DPG with a short connecting tube [4]. In order to estimate the 

dynamic measurement errors of such a configuration, the measurements with the connecting tube 

having an internal diameter of 4 mm and a length of 43 mm were made, which in both configurations 

of the generators represents the shortest possible connection of the pressure sensor with the 

connecting tube. Fig. 14 shows the measured amplitude and phase-frequency characteristics from 1 

to 1000 Hz, where the pressure p2, measured with piezoelectric pressure sensor 2 connected to the 

DPG with the connecting tube, and the reference pressure p1, measured with flush mounted 
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piezoelectric pressure sensor 1, are compared. Due to the effects of the dynamics of the connecting 

tube, the amplitude and phase dynamic measurement errors increase up to 173% and 7.8°, 

respectively, at a pulsation frequency of 500 Hz. Therefore, if we would like to achieve amplitude 

and phase errors within, e.g., 2% or 0.3°, respectively, the useful frequency range of the DPG based 

on two loudspeakers is limited to 100 Hz. 

 

Fig. 14. Measured frequency characteristic between the flush mounted pressure sensor (1) and the 

pressure sensor connected with a connecting tube (2): (a) amplitude ratio; (b) phase lag. 
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5. Conclusions 

The presented measurement system with a dynamic pressure generator based on one electrodynamic 

loudspeaker, which will be further used in the investigations of amplitude and phase-frequency 

characteristics of pressure connecting tubes, enables the generation of sinusoidal pressure pulsations 

in the frequency range up to 1000 Hz. The important advantage of this DPG in comparison with the 

previous configuration based on two, face-to-face-orientated loudspeakers, is the possibility to 

measure the generated reference pressure with flush mounted piezoelectric pressure sensors. The 

physical-mathematical modeling and experimental analysis presented in this paper offer an insight 

into the capabilities and limitations of the developed DPG. The frequency characteristics of the DPG 

are defined by the properties of the loudspeaker diaphragm, the air chamber between the loudspeaker 

and the generator housing, the characteristics of the pressure measurement system and the connection 

of the pressure sensor to the DPG. During the development of the DPG its dimensions were optimized 

with the help of physical-mathematical modeling in order to achieve a relatively high natural 

frequency of the DPG, small effects of the internal air volume of the DPG on the DPG static 

sensitivity and also to minimize the effects of the air chamber volume on the determination of the 

natural frequency of the connecting tubes.  

 

The amplitude and phase dynamic measurement errors of the pressure signals obtained with the flush 

mounted piezoelectric pressure sensors do not exceed 1.1% and 1°, respectively, at pulsation 

frequencies from 1 to 500 Hz. The performed experimental study of the limitation of the useful 

frequency range up to 500 Hz showed that it results from the effects of the mechanical vibrations of 

the DPG. The experimental analysis of the frequency characteristics for four positions of the 

loudspeaker with respect to the generator housing show that the reproducibility of the static 

measurement sensitivity of the piezoelectric measurement system at pulsation frequencies below the 

natural frequency of the DPG is better than 0.05%. The measurement results also indicate that 

independent of the loudspeaker position a relatively homogeneous distribution of the pressure in the 

air chamber of the DPG in the frequency range up to 500 Hz is achieved. On the other hand, the 

frequency characteristics for the pressure sensor on the short connecting tube, which was required in 

the previous configuration of the DPG with two loudspeakers, shows that the amplitude and phase 

dynamic measurement errors increase up to 173% and 7.8°, respectively, for pulsation frequencies 

up to 500 Hz, which confirms the improved amplitude and phase-frequency characteristics of the 

presented DPG in comparison with the previously developed DPG based on two loudspeakers. 
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In future work we plan to increase the useful frequency range of the developed DPG by increasing 

the rigidity of the generator housing, which will reduce the effects of its mechanical vibrations on the 

piezoelectric pressure sensors at higher excitation frequencies.  
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