
112                                    6th INTERNATIONAL SIBERIAN WORKSHOP AND TUTORIALS EDM’2005, SESSION II, JULY 1-5, ERLAGOL 
 

Developing the Method and Devices for  
Controlling the Working Process in  

Multifunctional Ultrasonic Apparatus 
 

Vladimir N. Khmelev, Member, IEEE, Igor I. Savin, Student Member, IEEE, Roman V. Barsukov,  
Sergey N. Tsyganok, Andrey N. Lebedev Student Member IEEE, Alexey N. Slivin 

Biysk Technological Institute, Biysk, Russia 
 
Abstract––In the present article published the results of 
researches of find the way for solution the problem of 
matching between electronic generator and resonant 
piezoelectric ultrasonic oscillatory system, that carry out 
the ultrasonic influence upon various technological me-
diums with variable physicochemical characteristics. 
Results of the researches is  development of novel method 
of optimal electric matching and its practical realization. 

I.  INTRODUCTION 
PPLICATIONS of High-Intensity Ultrasonic 
oscillations (HIU) is sufficiently effective way 
for realization, intensification and stimulation of 

various physicochemical processes in the industry 
technologies, scientific researches and medicine. 

For the implementation of HIU to various mediums 
and materials using the special devices – ultrasonic 
technologies apparatus (USTA), which carry out con-
version the energy of power grid to the energy of ul-
trasonic oscillations, theirs transformation and input to 
processing medium. Structures of USTA, depending 
on its purpose, may be different, but every apparatus 
includes electronic generator (EG), that converts en-
ergy of power grid to a ultrasonic frequency electric 
oscillations, and ultrasonic oscillatory system (UOS), 
that converts energy of electric oscillations to elastic 
ones, their transformations and input into processing 
medium (material) [1]. 

Till recently the ultrasonic technological apparatus 
develop on the extensive way – required level of ultra-
sound effect occurs by “simple scaling” of ultrasonic 
systems. As a result – its efficiency was not more than 
10-15%, the devices had been strictly specialized, re-
quired the permanent regulation and adjustment. The 
level of automation was sufficiently small (or lacking) 
and maintain required conditions of ultrasound influ-
ence carried out by manual adjustment. 

Certainly, that  devices by now do not satisfy the 

up-to-date requirements. Therefore at present time 
continuously carrying out the works aim at USTA 
development and upgrading.  Development occurs by 
the following ways: enhancement of the energy con-
verting efficiency, broadening the functional purpose, 
increasing the degree of automation, reducing the size-
mass ration and depreciation. 

Most essential results have been took by applica-
tion in electronic generations a MOSFET, that works 
at switching mode, using the microprocessors in auto-
mation systems and piezoelectric transducers in UOS. 
The total result is providing the energy conversion 
efficiency 95% and more in electronic generators and 
up to 80% in UOS. Microprocessor based controlling 
systems provides optimal mode of ultrasonic influence 
on various mediums and materials and fully 
automatize the process of USTA controlling [2]. 

Now sufficiently neatly discover novel develop-
ment way of ultrasonic technique – compact multipur-
pose USTA, that have possibility to carry out various 
technological operations (liquid mediums processing, 
ultrasonic cleaning, sizing, welding and  so on) [3]. 
Customer demand on multifunctional USTA causes by 
development of small-scale enterprises and general 
tendency on electronic technique market.  

Recent years have been worked up a few series of 
multifunctional USTA (or ultrasound processors). 
However, generally, in that devices was copied the 
designs of specialized USTA and differ only by broad 
set of changeable working tools and a few perfected  
algorithms of automation systems. 

Such approach leaves out of account that the 
maximum effectiveness of EG and UOS functioning 
occurs only if that units are matched with each other 
and with processing medium. The multifunctional 
USTA work at variable matching conditions during 
deviation of major parameters of processing mediums, 
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oscillatory systems and electronic generators.  
The problem of acoustic matching between UOS 

and processing medium solves by EG automatic fre-
quency control (AFC) in compliance with every possi-
ble deviations of UOS natural frequency. 

However at that the problem of electrical matching 
between EG and UOS do not solve. Electronic genera-
tor, that based on transistor switched mode output 
stages sufficiently sensitive for matching conditions – 
their efficiency essentially reduces but electromagnetic 
noise level grows even if the matching conditions 
change slightly.  Moreover working to unmatched load 
may be cause for EG damage. 

The electrical matching (EM) provides by using 
special matching devices (MD), that are electric cir-
cuits made up on basis of reactance components (ca-
pacitors, inductors), which inserting between EG out-
put and piezoelectric transducer of UOS. The reac-
tance components rejects the harmonics of output 
square-form voltage and reduction the complex load 
impedance to full active value at reference frequency 
(1st harmonic). At that the parameters of reactance 
components ought to chance during deviation parame-
ters of processing mediums and UOS – only then may 
be provides the optimal mode of EM. However now 
do absent the practical constructions of MD with 
changeable due to work. Therefore makers of multi-
functional USTA compel to use uncontrollable during 
work matching devices (UMD)  using a few settlement 
by compromise: or purposely decrease effectiveness of 
EM in all modes of USTA work, provides more or less 
uniform parameters   characteristics for all functional 
applications, or provide the best matching only in one 
mode, ignore the decrease effectiveness in another 
modes. As a result in the both suites the efficiency and 
output power are significantly less the same values for 
specialized USTA. However, except the non-optimal 
matching, other obstacles for advancement the effec-
tiveness of multifunctional USTA are absent, because 
of the mere fact that EG and UOS  may be effectively 
work in broadband of loads, frequencies, temperatures 
and so on.  

Therefore now is actual problem of development a 
new method for control the working process of multi-
functional USTA that provides automatic establish the 
optimal matching mode (OMM) after turn-on the gen-
erator and automatic maintain the OMM due to USTA 
working. 

Cardinal problem during working out of new 
method have been caused by necessity to take into 

account the number of features of EG, UOS and MD, 
that considered further. 

II.  PECULIAR PROPERTIES OF ULTRASOUND 
OSCILLATORY SYSTEM AS AN ELECTRICAL LOAD 

The equivalent circuit of piezoelectric UOS as an 
electrical load at frequencies near the major mechani-
cal resonant frequency (MRF) shown in Fig.1 

 
Fig. 1. Equivalent circuit of piezoelectric ultrasound oscillation 
frequency 

Ce и Re – fully electric values that are self-
capacitance and dielectric loss of piezoelectric trans-
ducer (PT) correspondingly and also known as “elec-
trical branch”. Elements La, Ca, Ra, Ls, Cs, Rs – are 
electric analogs of mechanical values and form “me-
chanical branch”. 

Inductance La – is analog of oscillatory mass of 
UOS, Ca – its equivalent flexibility, Ra – damping on 
internal friction. Ls, Cs, Rs – concern to processing 
medium, where Ls – is co-oscillatory mass, Cs - 
equivalent flexibility of medium, Rs – resistance that 
includes power wastes to acoustic emission, viscous 
friction and maintaining the cavitation mode.  

UOS is characterized be following values: mechani-
cal resonant frequency (denote as f), quality factor Q, 
resistive impedance of “mechanical branch” (Rm), 
self-capacitance of PT (Ce). 

Distinctive feature of UOS is consist  in that its in-
put electric impedance are changeable with various the 
parameters of processing mediums (wave impedance, 
viscosity, cavitation   process and so on) during tech-
nological process as well as rechange the working 
tool, deviation the temperature of PT and other factors. 

The experimental researches discover that resistive 
impedance varies in 300-3000 Ohms band, MRF – in 
±20% band and self-capacitance in 1,5-2 times band. 

III.  PECULIAR PROPERTIES  OF THE MATCHING DEVICES 
USING BETWEEN SWITCHING MODE ELECTRONIC 

GENERATORS AND PIEZOELECTRIC TRANSDUCERS 
As have been noted above, the matching devices 

occurs two major functions: rejects the harmonics of 
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output square-form voltage and reduction the complex 
load impedance to full active value at reference fre-
quency (1st harmonic). 

Harmonics rejection provides sinusoidal current 
forms through UOS and output transistors of EG   and 
excludes addition dissipations at high harmonics 
(without rejections efficiency reduces down to 40%-
50% [1]). 

Reducing the impedance of load to active values 
(impedance correction) provides work of output tran-
sistors when they switch on zero current (SZC-mode). 

SZC-mode provides minimal energy losses on in-
ternal resistance of output transistors, minimal noise 
level and minimal level of danger voltage surges 
caused of stray wiring capacitance and inductance, 
that may damage transistors. 

When UOS works at MRF impedance of its “me-
chanical branch” is fully resistive and providing SZC-
mode reduces only to compensation of “electric 
branch” capacitance. 

On Fig.2 shown two most distributed schemes of 
MD for USTA. 

In the schemes UOS replaced with parallel con-
nected resistive impedance of “mechanical branch” 
Rm and capacitance of “electric branch” Ce. 

For provides the temperature stability, occurs the 
required parameters of MD and properly work of AFC 
using additional capacitor (Cadd) that connected paral-
lel lead of UOS.  

In the scheme, that shown on Fig.2a (hereinafter – 
first type device) rejecting and impedance correction 
provides by same pair of reactive components L1-C2, 
that establish single-mess filter. 

SZC-mode is realizing when  
)41/()(1 2

2
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where f is mechanical resonant frequency of UOS. At 
that, first type MD provides voltage transfer constant  

141 2
2

222 >+= CRfK МН π , 
 that is serious advantage when using high-

resistance UOS.  
In the scheme, that shown on Fig.2b (hereinafter – 

second type device) rejection carries out by electric 
filter L1-C1, while impedance correction – by inductor 
L2, that connected of parallel lead of UOS. 

Elements L1-C1 consist the series-tuned circuit, 
while L2-C2 – the parallel-tuned circuit. 

SZC-mode provides when , where  21 fff ==

)112/(11 CLf ⋅= π ,  )222/(12 CLf ⋅= π - resonant 
frequencies of series and parallel tuned circuits corre-

spondingly. Voltage transfer constant equal than one. 

 
a) 

 
b) 

Fig. 2. The most distributed types of electrical matching devices for 
USTA 
 

Based on analyzed peculiar properties of UOS and 
matching devices has been made a resolve to develop 
the controlling method applied to USTA that including 
second-type MD, because parameters of its reactance 
component are independent from  resistive impedance 
of UOS “mechanical branch” (the most fallibility 
value). This firstly sufficiently narrow the reactance 
components tuning ranges, but secondary – simplify 
the procedure of automatic establishing th OMM after 
turn-ob the USTA.  

IV.  DEVELOPMENT THE CONTROL METHOD AND 
SYSTEMS FOR ITS PRACTICAL REALISATION 

The automatic control impossibly without the 
measurement information acquisition and working-out 
the control action accordingly with controlling algo-
rithms and optimality criterion. 

Structure of automatic control system (ACS) for 
USTA submitted on Fig.3. ACS includes nine meas-
urement signals.  

Signals U1 and U2, that give from voltage divisor 
D1 and D2 carry the information about amplitude and 
phase of voltage at nodes A and B correspondingly. 
Signals I1 – I3 carry the information about amplitude 
and phase of current at branches I-III correspondingly. 
Output signal Im from the differential amplifier AD 
make by subtraction from signal I3 a normalized by 
regulable amplifier RA. Signal Im carries out informa-
tion about current through “mechanical branch”.  

Signal VR carries out information about output 
stages (OS) supply voltage, signal FS – about output 
frequency and signal TR – about temperature of pie-



TSYGANOK et al.: DEVELOPING THE METHOD AND DEVICES FOR CONTROLLING THE WORKING PROCESS…                         115  

zoelectric transducer. 
ACS used five keying signals. Signal VS – control 

the output stages supply voltage, FS – output fre-
quency, KS – gain of regulated amplifier. Signals L1 
and L2 control the inductance of inductors Ind1 and 
Ind2 through execution units EU1 and EU2. Control 
unit (CU) realized some working modes. After the 
turing on CU occurs the initialization during one pro-
vides the measure of self-capacitance of PT and search 
the MRF of UOS. That values required for establish 
OMM.  

For measure the initial self-capacitance CU carries 
out following actions. 

 

Fig. 3. Structure of automatic control system for ultrasound techno-
logical apparatus 

At first CU sets by signal FS the output frequency 
thus that about 5-8 kHz higher than nominal values of 
MRF. At that the absolute value of “mechanical 
branch” impendence more greater than capacitive re-
sistance of “electrical branch”, that in this case deter-
minates the input current of UOS.   

Calculating the necessary values of inductance of 
Ind1 and Ind2 use equations   and 

 CU sets the values by L1 and L2 
signals. Use signal KS CU sets minimal values of RA 
gain. 

)4/(1 1
22

1 CfL π=

)4/(1 2
22

2 CfL π=

Set by signal VS the supply voltage value as 15% 
of maximal, CU provides difference by amplitudes 
values of node voltages A and B (signals U1 and U2) 
not more than 10% by correcting the inductance of 
Ind2. 

After that starting the process of capacitance meas-
ure. CU fluently increases the gain of RA (by signal 
KS) while amplitude of signal Im greater than 1/50 of 
signal I3 amplitude, that  observes when ECKC =2 , 
where K is a gain of RA.  Self-capacitance  is calcu-
lated from its equation. After that CU measures the 
initial temperature and passing to MRF search. 

MRF search. 
CU turns off the supply voltage of output stages 

(by signal VS), sets the minimal output frequency (by 
signal FS), after that carries out fades-in the supply 
voltages by signal VS up to 30% of maximum value. 
Fluently increasing the frequency CU checking the 
phase difference between signals Im and U2 and set-
ting the inductance of Ind1 and Ind2 from equations    

                 and                   )4/(1 1
22

1 CfL π=

                 .  ))(4/(1 2
22

2 ЭCCfL += π
Zero phase difference between signals U2 and Im 

indicates that output frequency of generator equals 
with MRF of oscillatory system. If its condition re-
quired the CU switching to main working mode 
(MWM). 

If due to on every initialization step the amplitude 
values of currents and voltages exceed than overload 
capacity at least in one branch the CU carries out im-
mediate emergency switching down for prevent the 
generator damage.  

In the main working mode CU provides the opti-
mization of acoustic matching (between UOS and 
processing medium), electric matching (between elec-
tronic generator and UOS) and maintains the output 
power value in compliance with required level. For 
that the CU establishes five control loops (CL). 

First CL carries out the automatic frequency con-
trol, continuously measuring and minimizing the phase 
difference between signals Im and U1 by changing the 
output frequency (using signal FS). First CL maintains 
the acoustic matching. If work of first CL faults, con-
trol unit repeats the initialization mode. 

Second CL maintains the required value of output 
power, continuously measuring the product of ampli-
tude values of signals U2 and Im and regulating the 
output stages supply voltage by signal VS. 

Third CL provides work of output transistors in 
SZC-mode, continuously measuring and minimizing 
the phase difference between signals I1 and U1 by 
changing the inductance of Ind1 (using signal L1). 

Forth CL regulates the inductance of Ind2. Work-
ing algorithm of this CL depends of value of “me-
chanical branch” resistance. If that value relatively 
small, the CL continuously measuring and minimizing 
the phase difference between signals I1 and U2 by 
changing the inductance of Ind2 (using signal L2). If 
of “mechanical branch” resistance sufficiently high 
(1500 Ohms and more) the forth CL increases the 
voltage transfer constant of MD by decreasing the 
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value Ind2 inductance while the power value fall short 
the required value or inductance value greater than 
minimal acceptable value. 

Fifth CL continuously measuring the temperature 
of PT (by signal TR), calculating the current value of 
self-capacitance and correcting the gain of RA corre-
spondingly the equation  that provides 
more accuracy work of other CLs. 

2/СCK E=

If due to work  the amplitude values of currents and 
voltages exceed than overload capacity at least in one 
branch the CU carries out immediate emergency 
switching down for prevent the generator damage.  

For the researches the principal advantages of the 
noverl method have been made the prototype of the 
USTA. 

Structure of the regulated inductors (chokes) shown 
on Fig.4.  

 
Fig. 4. Structure of regulated inductors 

This construction includes properly inductor and 
gap regulating system. Inductor includes the winding 1 
that placed between two cup-shaped half-core set with 
regulated air-gap. The gap is regulated by screw 
mechanism 4 and stepping motor 5. End switch indi-
cates the initial position. 

 The stepping motor is controlled by single-chip 
microcontroller that consist the ROM with lookup 
table of pair values “steps from initial position – in-
ductance”. The inductors has a following properties: 
inductance range 3 – 14 mH, maximal current 5A, 
regulating speed 2 mH/s, discontinuity – less than 10 
mcH. 

As long as the controlling method requires many 
calculation operations and flexible logic of work all 
functions have been realized software, using the three 
microcontrollers - central and two microcontrollers of 
inductors. Central microcontroller realizes all logics in 
initialization mode (microcontrollers of inductors only 
set required inductance values at the command from 
central microcontroller).  

In the MWM the main microcontroller realize the 
functionality of first, second, fifth a particularly forth 
CLs. Microcontroller of Ind1 – functionality of third 
CL while microcontroller of Ind2 – forth CL. 

Operation testing of USTA prototype allows to dis-

discover, that developed method provides identical 
high effectiveness of various mediums ultrasonic 
processing using rechangeable tools and UOS. At that 
the effectiveness maintain 97% (while same processes 
carry out with turned off the automation matching 
system, the output power reduces about 15%, but in 
some modes – down to 60%, while efficiency reduces 
down to 85%).    

CONCLUSION 
The carried out analysis have to discover the ways 

for increasing the effectiveness of USTA through 
automatic optimization of electric matching between 
electronic generators and UOS. Offered and developed 
method and its practical implementation allows to  
provide the efficiency of electronic generator up to 
97% during any changes of processing mediums and 
UOS parameters.   
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