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On the basis of acoustically coupled composite piezoelectric trans-

formers (PET), various types of primary measuring transducers (MT) have 

been developed, which have been used to measure various physical quanti-

ties (force, pressure, temperature, humidity sensors, etc.) [1-5], measuring 

devices applicable to the study of physic and mechanical characteristics of 

liquid media [2-6], for monitoring the roughness of solid surfaces [3-5], etc. 
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Figure 1 show two versions of the design of primary measuring 

transducers based on composite PETs excited at resonance frequencies of 

in-phase or anti-phase oscillations.  

           

(a)                                                              (b) 

Fig. 1. Variants of the design of the sensing element of the MT with internal 

(a) and external (b) dissipative elastic coupling between composite PET: 1 - 

contacting surfaces; 2 - vibrators; 3 - PET 

The presence of an acoustic contact between the composite PET 

(Fig. 1a) causes an internal connection, the external connection between 

PET is realized in the scheme shown in Fig. 1b. In general, the coupling 

between the resonators can have a more complex character due to friction 

and elastic deformations of the unevenness of the contacting surfaces, etc. It 

is obvious that with an increase in the force applied at the contact site, the 

influence on the sensing mechanism of the elastic interaction sensor in the 

contact region will be increase, and the role of friction in this case will de-

crease.  

In addition, for the first version of the MT structure under the influ-

ence of the applied force, the connection between the PET increases, and in 

the second case decreases. 

It is known that friction is characterized by a higher sensitivity, but 

less stability and reproducibility in comparison with the elastic interaction 

of the contacting surfaces. By varying the compression force of the contact-

ing surfaces, the amplitude of their mutual displacement, communication 

modes between PETs, it is possible to realize various sensor sensitivity 

mechanisms, to increase the sensitivity and to ensure the selectivity of the 

measuring process. The active resistance, inductance and capacitance of the 

electrical equivalent circuit (CEEC) of the contact may be the Modulated 

parameters of MT. 

Figures 2, 3, 4 shows CEEC and Amplitude Frequency Characteris-

tics (AFC) for various versions of the design and operation modes of prima-

ry MT based on the implementation of coupled oscillations of PET. 
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(a)    (b) 

Fig. 2. AFC (а) of loosely coupled oscillating system (b) 

     

(a)    (b) 

Fig. 3. CEEC and AFC (a) of systems with external resistive capacitive 

coupling between loops (b) 

       

(a)       (b) 

Fig. 4. CEEC and AFC (a) of systems with internal resistive capacitive cou-

pling between loops (b) 

It is known that directly affecting the parameters of the oscillators 

themselves leads to a change in their amplitudes and oscillation frequencies 
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on both the normal synchronization frequencies (NSFs), which makes it 

impossible to ensure the selectivity of the measuring process. 

In this connection, there is interest in the study of the possibility of 

using the element of coupling between interacting oscillators as a sensor 

element for this purpose (Fig. 5). 

 

(a)       (b) 

Fig. 5. The effect of the change in the active resistance on AFC of MT (a) 

and capacity of the communication element (b) 

As follows from the graphs shown, the change in the active re-

sistance of the coupler leads to a change in the amplitude of the antiphase 

oscillations of the oscillators, and a change in capacitance or inductance of 

the coupling element causes a change in the frequency and amplitude of the 

antiphase oscillations. This property of a MT of this type can be used as a 

basis for increasing their selective ability in order to be able to perform a 

separate measurement of various parameters of the physico-mechanical 

characteristics of the objects under study. To this end, let us consider, for 

example, certain features of the interaction of the contacting surfaces of 

solids. 

For sufficiently large PET oscillation amplitudes (with a high level 

of excitation voltage of PET oscillations), the contacting surfaces of the 

vibrators can slip relative to each other. Moreover, this interaction of reso-

nators can be realized not only at the frequency of antiphase oscillations, 

but also in the mode of in-phase oscillations in the system, if the amplitudes 

of mutual displacements of the vibrators differ significantly, and the force 

of squeezing the contact will be insufficient in this case. With loosely cou-

pling, the amplitude-frequency characteristic of the oscillatory system of the 

primary converter has a single-core shape, while the oscillations of the res-

onators are in-phase and occur at a common frequency, but with different 

amplitudes. This is due to the fact that, depending on the ratio of the vibra-
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tion amplitudes of the resonators and the degree of compression of the con-

tacting surfaces at the contact point, both elastic deformations of the irregu-

larities and friction between the contacting surfaces can occur. As a result, 

slippage of the contacting surfaces can occur twice at the contact point un-

der certain conditions at the frequencies of in-phase and antiphase oscilla-

tions. In this connection, the contact CEEC must contain not only an 

equivalent capacitance reflecting the presence of elastic deformations of the 

unevenness of the contacting surfaces, but also an equivalent contact re-

sistance due to the presence of vibrational energy losses in the system as a 

result of friction between the contacting surfaces. 

It follows from the graphs of the frequency response of an MT that if 

only amplitude output can be used for loosely coupled PETs when acting on 

the parameters of the coupler, for example, the ratio of the output voltages 

of PETs, then with strong coupling in the system, it is possible to realize the 

amplitude and frequency output . For example, the output signal of the sen-

sor can be either the difference between the normal frequencies of synchro-

nization in the system, and the ratio of the output voltages of different PETs 

at the frequency of PET antiphase oscillations or the change in the differ-

ence (ratio) of the output voltages of the driven PET measured at the fre-

quencies of in-phase and antiphase PET oscillations. 

Figures 5 and 6 shows the results (as an example) of the comparative 

sensitivity analysis and the selective ability of measuring the parameters of 

the communication element of the MT, obtained by simulation. 

        
(a)       (b) 

Fig. 6. Influence of the connection level in the system on the relative sensi-

tivity of measuring the capacitance in the coupling element from the varia-

tion in the oscillation amplitude of the driven oscillator in loosely (a) and 

strong (b) coupling modes between the oscillators 

From these graphs, it follows that in the loosely coupling mode the 

sensitivity of measuring the capacitance in the coupling element from the 

oscillation amplitude of the slave oscillator is higher than in the strong-

coupling mode. However, with loosely coupling in the system, the amplifi-
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cation of the coupling between the oscillators leads to a decrease in the sen-

sitivity of the MT, and with strong coupling in this case the sensitivity of 

the MT increases. 

The graphs shown in Figure 7, it follows that the relative sensitivity 

of the NSF measurement for a strong coupling in the system is an order of 

magnitude higher than for a loosely coupling, but it is substantially lower 

than when measuring the oscillation amplitude of the oscillator. 

         

(a)    (b) 

Fig. 7. The influence of the level of coupling between oscillators on the 

relative sensitivity of measuring capacitance in a coupling element from the 

change in the frequency of synchronized oscillations of oscillators in the 

loosely (a) and strong (b) coupling modes of connection the system  

Figures 8, 9 and 10 shows graphs of the sensitivity of the measuring 

transducer with amplitude output to a change in active resistance in the cou-

pling element obtained by excitation of strongly coupled oscillations in the 

system. 

 

Fig. 8. The influence of the level of coupling between oscillators on the 

relative sensitivity of measuring the active resistance in a coupler by vary-

ing the amplitude of the oscillations of the slave oscillator  
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Fig. 9. The dependence of the sensitivity of the measurement capacitance 

and resistance in connection element by changing the oscillation amplitude 

of the driven oscillator as a function of the coupling level between the oscil-

lators 

As can be seen from the graph in Figure 8, the change in the active 

resistance in the coupling element is characterized by loosely sensitivity of 

the amplitude variant of the sensor, which, in turn, causes a high selectivity 

of capacitance measurement in the communication element. 

Based on the obtained dependences, it can be concluded, that the 

condition of high sensitivity and selectivity of capacitance measurement in 

the communication element can be provided in the strong coupling mode by 

measuring the difference in the NSF of system. 

 

Fig. 10. Dependence of the ratio of the capacitance and active resistance 

sensing sensitivities in a coupler on the variation of the oscillation ampli-

tude of the slave oscillator as a function of the level of coupling between the 

oscillators  
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From this example, it follows that an even higher sensitivity and se-

lectivity to the measurement of capacity in connection element can be ob-

tained for the amplitude of the sensor option in the strong coupling and 

loosely coupling. 

Thus, the results obtained make it possible to conclude that the use 

of the coupling element between the interacting high-Q resonators as a sen-

sitive element of the sensor makes it possible to substantially increase the 

selectivity of the measuring process, for example, measuring the elastic 

properties and density of liquids and gases, the rigidity of contact between 

solids, the degree of roughness of the surfaces of solids, etc. 
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Введение 

В современных спектрофотометрах в качестве детектора ис-

пользуются линейные и матричные ПЗС-приемники, позволяющие с 


