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The article discusses the new construction principles of the highly sensitive and high-speed electronic channels for
sensor measuring systems with parallel-sequential conversion of the dynamic informative signals of direct or
alternating current in wide ranges of its amplitude and frequency. The possibilities of improving suppression of noise
and the interferences on industrial power frequency with several methods of processing the obtained data shown
analytically and experimentally. A prototype of a unified basic module of the measuring channel described, intended for
the implementation of information-measuring systems for various purposes, its main characteristics are given.
References 7, figures 14, table 1.
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Introduction. An important requirement for the electronic channels of accurate measuring systems
with sensors is the combination of high sensitivity and selectivity with respect to the informative parameter
of the input signal with a sufficient conversion rate, which should correspond to the informative part of its
frequency spectrum. This is because the relative changes in the informative parameters of accurate and stable
sensors are limited, as a rule, by a few percent of the value of the test signal, which, in turn, is subject to
amplitude limitations. At the same time, controlled processes are often dynamic and have a wide range of
values, and external and internal noise interference, as well as power frequency interferences with
frequencies of 50 (60) Hz, are superimposed on the informative signal. Additional requirements are the need
to obtain data in real time, the simplicity of the equipment, reducing its energy consumption.

The solution to such problems is relevant in the development of monitoring and automatic control
systems in industry and infrastructure, for environmental research, biotechnology and medical diagnostics.
The specified conditions for performing measurements require high productivity and noise immunity of the
secondary measuring conversion of the informative parameters of the sensors.

The content of this work is to study the possibilities of increasing the sensitivity and real resolution
of the measuring channel for impedance sensors when high measurement rates are required under conditions
of significant levels of the power frequency interference and noise. Objective: to assess the sensitivity and
noise immunity of the prototype of the developed unified measuring channel for sensor systems that work
with weak informative signals in conditions of limited measurement time with different variants of the
primary data processing algorithms.

Applied methods and means. The metrological perfection of a sensory measuring instrument
evaluate besides sensitivity, selectivity and conversion rate also by a whole range of other characteristics.
First of all, these are functional capabilities - ability to implement some set of measurement methods of
various physical quantities with various types of the impedance sensors. Among them is also noise
immunity, which determined by the error of the averaged measurement results due to deviations of the zero
offset, non-linearity and steepness of the channel conversion characteristics from the nominal values under
the influence of various interference. Important parameters are the range and relative discreteness of
measurements (number of scale divisions of the device), the level of test signals on the sensor. Achieving a
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higher level of each of the characteristics (moreover, several at the same time) is important for the
development of measuring technology and therefore is the subject of many studies. However, each
improvement in performance is associated with certain costs; therefore, the realities of the practical
application of the created devices require a balance of their technical and economic indicators to achieve
economic feasibility and competitiveness of measuring instruments.

A promising way for measuring electrical and other physical quantities is using impedance sensors
(capacitive, resistive, inductive, as well as having a complex nature of impedance), which supply by AC test
signals [1]. Secondary converters of their output signals based on direct conversion methods (ammeter -
voltmeter, etc.), measurement methods using AC bridges, as well as on combined methods [2 — 5]. The using
of a sinusoidal alternating current reduces errors from unstable parameters of the measuring circuits, allow
optimizing the operating mode of the sensors (including taking into account the type of interference) and
improve the noise immunity of the channel. With such measurements, useful information is contained both in
the amplitude and in the phase of the signals, what increases their information content. Effective extraction
of this information can be done by correlation methods, which can simply be implemented using
synchronous detectors.

The measuring channel realizes the informative signals conversion in the measuring-information
system, so it is the interface between the object of measurement and digital means of data collection and
processing. The examples of devices that meet the trends of them development are given in [6 — 9].
However, the existing solutions do not allow unifying the measuring channel for a wide range of tasks, in
particular, in cases of weak informative signals, limited measurement time, strong industrial influences.

On these principles, the Institute of Electrodynamics of NAS of Ukraine developed and successfully
applied unified basic measuring channels for solving complex problems, which ensure economic efficiency
of devices while meeting high requirements simultaneously for several of the above-mentioned
characteristics. In these devices, the test signal and reference signals of synchronous detectors are generated
by a digital-to-analog generator of quasi-sinusoidal voltage, and the informative signal is converted by a
phase-selective micro-voltmeter based on a highly sensitive (“multi-slope”) integrating ADC with a key
synchronous detector at its input [10, 11].

As a rule, during the operation of the ADC, only part of the input signal energy it use to extract
information. The remaining energy is lost during the comparison of the extracted signal with the reference
and in the processing of the comparison data. More effective is using parallel-serial conversion of the sensor
signals using several ADCs. The instruments, based on this principle allow increasing the sensitivity and
speed of measurements for solving important problems in the fields of biomedical measurements and
technical diagnostics [12, 13].

The measuring channel, which considered in [12], use three 18-bit integrating ADCs of the MAX-132
type in the various measurement mode at a speed of 100 samples per second. Some important characteristics of
such channel evaluated. The possibility of a deep suppression of power frequency interferences (50 or 60 Hz)
by averaging two adjacent samples obtained from each ADC shown and experimentally confirmed. In [13],
measurement methods for monitoring the parameters of moving objects under high interference consider when
the interaction time of the measurement object with the sensor is limited.

In fig. 1 shows the structure of a signal conversion unit of a base measurement channel with three
ADC:s. The sensor S is included in the measuring circuit of the secondary converter ST, to which a sinusoidal
test signals TS supplied from the GTS generator. The amplitude TS is determined by the stable output
voltage of the reference voltage source SRV. The TS frequency chose optimal for the applied sensor and the
method of obtaining an informative signal. GTS clocking perform by TI pulses from the MC microcontroller.
To perform frequency and phase selection of the
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possible states depending on polarity the constant bias of the input signal.
The SD output signal is converted to digital code in parallel by three integrating (multi-slope) ADCI,
2, 3. The conversion start in each of these ADCs is performed sequentially (cyclically), after the end of the
integration phase in the ADC, which was launched earlier. The duration of this phase for this type of ADC is
1/3 of the conversion cycle duration (10 ms), therefore, the integration of the informative signal is performed
continuously, with duration of each samples of 3.3 ms. The frequency of data output (Uy samples) by the
conversion unit is also 3.3 ms. This sampling speed allows you to select and analyze signals with a frequency
spectrum up to 150 Hz using samples of their averaged values with that intervals. To bind the received data
stream to real time or to processes in the monitoring object, synchronization of the ADC conversion cycles
start is possible by an external signal, which can connect to the microcontroller [13].
Fig. 2 shows the timing diagrams of the functioning of the measuring channel at a clock frequency of
about 200 kHz (the conversion cycle in this case

T T zzl 23| 3] BB oo is 10 ms, which corresponds to a power network
! frequency of 50 Hz). The first line marks the
|_| l_l |_| |_| moments when the controller issued commands to
2 |Int1 start conversion cycles. The second, third, and
fourth lines show the arrangement of the
3 |Int2 | | | | | | integration phases in the first, second, and third
ADCs, respectively. The following lines show the
4 |Int3 | | | | | | moments of data output for different methods of
noo12, 13 o2 22, 23 31 their processing.
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Fig. 2 10 ms, but without suppressing power frequency

(50 Hz) interferences (line 6). Pairwise averaging

of adjacent samples from each of the ADCs also makes it possible to narrow the noise band of the channel

and additionally suppress power frequency interferences, but the establishment of measurement results after

changes in the sensor signal occurs after approximately 16 ms (line 7). Averaging the samples of three ADCs

for two adjacent conversion cycles provides the most suppression of the indicated interference and minimal

noise bandwidth (line 8). The frequency of data output remains the same in all cases, but the response time of
the channel to a step change in signal changes. In the latter case, it is 20 — 30 ms.

The study of power frequency interference suppression with changes of its frequency. For
maximum suppression of the interferences with power frequency, the interval between adjacent integrations
of each ADC should be exactly equal to half the voltage period in the power network. We can achieve this by
appropriate selection of the clock frequency of the ADC and the moments of issuing commands for
performing measurement cycles, taking into account the algorithm of the ADC. However, in real conditions,
the voltage frequency in the network varies within a few tenths of Hz.

Let us determine the dependence of the suppression degree of network interference on the difference
between the real frequency of the voltage in the network and its nominal value of 50 Hz using the method of
averaging pairs of ADC samples following at intervals of 10 ms. The instantaneous values AU; of the
residual interference signal can be represented by the following expression:

U,sin2z f,(t + At)+ @)+ U, sin(2z f,t + ¢) (1)
> >

were: U and f; are the amplitude and frequency of the interference on the channel output; ¢ is the time; Af is

the interval between samples (10 ms); ¢ is the phase of the interference.

We performed the numerical (computer) simulation of the power frequency interference suppression
by using the MATHCAD package to visualize the studied dependence. The amplitude of the interference we
assumed unity. The arrays of 50 values we calculated by expression (1) for interference frequency from 49 to
51 Hz and for different phases of the interference. For each array of data, the maximum and average relative

AU, =
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values of the residual interference level were determined. The maximum values characterize the error of a
single sampling under registration of relatively rapidly changing values. Average values characterize the
measurement error of static values, when there is the possibility of averaging the results.

Fig. 3 shows graphs of the dependences of the maximum relative values AU, of the residual
interference on the network frequency (in Hz) at phase values ¢ equal to 0° (a), 30° (b), 90° (¢). As can be
seen in the graphs, the dependence of the maximum values of the residual interference amplitudes on the
frequency (0.031) is practically independent of the phase of interference. Differences are observed only at
frequencies of 50.1 Hz and 50.2 Hz, however, they are insignificant.

Fig. 4 shows graphs of the dependences of the average relative values of residual interference on the
network frequency for values of ¢ equal to 0° (a), 30° (b), 90° (c¢). The maxima of the average values
significantly depend on the phase of the interference. The maximum values (of 0.01) take place for

interference with a phase of 90° at frequencies of 49.5 Hz and 50.5 Hz.
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When the integrating ADC using in the measuring channel, it sample the signal not at one point, but
on the certain interval of the sinusoidal voltage of the network interference. When using ADC MAX-132
manufactured by MAXIM, the minimum integration time is about 3.33 ms with a measurement cycle time of
10 ms. In this case, expression (1) takes the following form:

t+At/3 t+4At/3
[ sin@rft+oyi+ [ sin@rfit+p)d
AUI e I t t+At .
2 At/3 Q)

After integration, we obtain an expression for the measurement result:
_ U, cosQrfit+@)—cosLrf,(t+At/3)+¢)+cos(2nf,(t+A1)+¢) cos(2zf,(t+4At/3)+¢) 3)
2 27 f,At]3 27 f,At]3 '

Fig. 5 shows graphs of the dependences of the maximum relative values of the residual interference
on the frequency of the power network when using one integrating ADC for values of ¢ equal to 0° (a), 30°
(b), 90° ().

Similar to the case of measuring the instantaneous values of the signals, the maximum values of the
residual interference are practically independent of the phase of the interference. The chart maxima occur at

the extreme frequencies of the range and are 0.03, i.e. practically do not differ from the maxima determined
for the previous case.

AU

1
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Fig. 6 shows graphs of the dependences of the average relative values of the residual interference on the
interference frequency when using one integrating ADC for values of ¢ equal to 0° (a), 30° (b), and 90° (c).
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We can see from the graphs in Fig. 6, that the maxima of the average relative values of interference are
practically independent of the phase of the interference. The maximum values at the level of 0.009 are observed
near the frequencies of 49.5 Hz and 50.5 Hz. In parallel-serial processing of signals using three ADCs, their
integration intervals are shifted by At/3. If we take (3) as an expression for the residual signal at the output of the
1st ADC (AUP), then the expressions for the residual signals of the 2nd and 3rd ADCs will look like:
U, cosQrf,(t+At/3)+¢)—cosrf,(t+2At/3)+@)+cosrf,(t+4At/3)+ @)

AU, ==L
2 2r f,At/3

_cos(2zf,(t+5At/3)+ )
2 f,At/3 ) 4)
U, cos2zf,(t+2At/3)+ @) —cos(2z f, (¢ + At) + @) + cos(2z f; (1 + 5At /3) + )
2 2r f,At/3
_cos(2zf, (1 +2A1) + @)
27 f,At/3 '
Fig. 7 shows graphs of the dependences of the maximum relative values of the residual interference
on frequency when using three integrating ADCs for values of ¢ equal to 0° (a), 30° (b), and 90° (¢).
The graphs on fig. 7 practically repeat the graphs in fig. 5, except that all values are 1.5 times
smaller. We can explain this by the effect of averaging three samples.
Fig. 8 shows graphs of the dependences of the average relative values of residual interference on the
frequency when using three integrating ADCs for values of ¢ equal to 0° (a), 30° (b), 90° (¢).
We can see from the graphs in fig. 8, the maxima of the average values of the interference
substantially depend on the phase of the interference. The maximum value of 0.0065 has residual
interference with a phase of 0° at frequencies of 49.5 Hz and 50.5 Hz.

AU, =

)
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Table contains data on the degree of suppression of power frequency interferences with the largest
changes in the frequency of the power network (49 Hz and 51 Hz) for the three cases considered. From this
table it follows that the effectiveness of the first two measurement methods is almost the same, and the third
method is more than 1.5 times effective for suppression of network interference. We can achieve suppression
of power frequency interferences up to 300 — 500 times in the range of normal variations of the network
frequency (+ 0.2 Hz) in the latter case.

Interference Suppression Factors (times)
Measurement Method Averaging two adjacent | Averaging over 50 periods of
samples. interference.
Instantaneous measurement 32 100
One integrating ADC 33 111
Three ADCs with parallel-serial 50 153
conversion

Experimental studies of the characteristics of the basic measuring channel. The structure and
principle of operation of the measuring unit with parallel-serial conversion of informative signals described
above were the basis for the prototype of the unified basic measuring module MXP-6, which is being
developed at the Institute of Electrodynamics of NAS of Ukraine. The instrument intended for precision
measurements in a wide frequency range (0 — 1 MHz) of voltage, current, parameters of electrical
impedance, as well as various non-electrical quantities using sensors in information systems of technological
and biomedical purposes.

The experimental complex for studying the potential metrological characteristics of the measuring
cannel consists of an MXP-6 module and a computer connected via a USB interface. In addition to the
elements shown in Fig. 1, the MXP-6 base module contains power supplies, interface block, a precision
divider for the test voltage based on the AD7945 multiplying DAC, signal switches, a control keyboard, and
an alphanumeric display. The secondary converter ST (or the measuring circuit, if the sensor is missing) is a
replaceable unit that adapts the base module to a specific task. In our case, the adder of the informative signal
and interference on the operational amplifier with voltage dividers at the corresponding inputs, which allow
you to change the signal amplitudes and interference from 0 to 0.5 V, serves as such a block. The
informative signal is simulated by normalizing the voltage TS from the GTS generator. An interference
voltage with a frequency of 50 Hz we obtained from the voltage of the power network through a transformer.
The frequency of the test signal set by selecting the clock frequency TI. To study the conversion
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characteristics in the entire dynamic range of the measuring channel (+ 0.5 V), this unit also contains the
generator of the adjustable, linearly varying voltage.

The MC controller program carries out the control of the signal conversion process in the base
module, the primary digital processing of the received data (including averaging) and the transfer of
measurement results to the computer. The computer application program performs general control of the
measurement process (setting modes, issuing commands, receiving data, accumulating them, recording and
graphical presentation).

Fig. 9 — 14 show graphically the data obtained on an experimental setup with various combinations
of an informative signal and power frequency interference for the measurement modes described above. On
the horizontal axis, the one unit of the scale is 3.33 ms (fig. 9, ¢, d and fig. 13) or 10 ms (other fig.); along
the vertical axis, the one unit of the scale corresponds to 2 puV.

Figure 9 shows the data obtained in the absence of an informative signal and interference: 9, a — using
one ADC without averaging the results; 9, b — with averaging of pairs of results of one ADC for two adjacent
cycles; 9, c is the total data stream of three ADCs without averaging the results; 9, d — the total data stream of
three ADCs with averaging the pairs of results of each ADC in two adjacent cycles; 9, e is the total data stream
of three ADCs with averaging the results for one conversion cycle; 9, f- the total data stream of three ADCs with
averaging with averaging of all results obtained in two adjacent cycles. The presented graphs characterize the
random additive error of the measuring channel, which the action of internal noise causes.
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Figure 10 shows the interference conversion data with a frequency of 50 Hz and an amplitude of 5
mV: 10, a — using one ADC without averaging the results; 10, b — with averaging of the pairs of results of
one ADC for two adjacent cycles; 10, ¢ — with averaging the results of the conversion of three ADCs for two
adjacent cycles. The vibrations of the samples of interference are due to the difference in the frequencies of
the voltage in the power network and the conversion cycles of the ADC (in this case, about 0.15 Hz).

Figure 11 shows the waveforms of the simulated an informative signal with a frequency of 4 Hz and
an amplitude of 100 puV and 20 pV: 11, a — without the presence of the power frequency interference, using
one ADC without averaging the results; 11, b — without the presence of the power frequency interference,
with averaging the results of the conversions of three ADCs in two adjacent cycles; 11, ¢ — in the presence of
the power frequency interference with an amplitude of 5 mV and with averaging of the pairs of results of one
ADC for two adjacent cycles; 11, d — in the presence of the power frequency interference with an amplitude
of 5 mV and with averaging the results of the conversion of three ADCs in two adjacent cycles.
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Fig. 10 show real suppression of power frequency interference by 150 and 300 times for 2 modes of
the channel operation within normal deviations (+ 0.2 Hz) of voltage frequency in a power network, which is
in good agreement with the data obtained by computer simulation of the developed measurement method.

Fig. 11, a, b show the possibility of significant improving the quality of selection of a weak dynamic
signal using the developed device. On the fig. 12, ¢, d demonstrate the possibility of assured detecting an
informative signal of 20 uV and measuring with error about 10% of the signal of 100 pV against the
background of suppressed power frequency interference with an initial value of 5 mV.
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To obtain stable and reliable measurement results using the integrating "multi-slope" ADC MAX-
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132, it is necessary to take into account some features of the conversion characteristics of this device that we
studied earlier [10, 11]. The most essential question for achievement of good linearity of the conversion
characteristic and sensitivity of devices is the presence on this characteristic of areas with increased
dispersion of samples due to single or continuous jumps of the conversion results by values up to 10 — 20
units of scale. The most noticeable of these areas have length of about 20 units of discreteness and it repeats
over the entire characteristic with an interval of about 64 units (fig. 12, a, b). When scanning such areas with
averaging of significant number of measurement results, the stairs on the obtained characteristic (about 10
units) are formed that represent the special differential nonlinearity. If we do not perform averaging of a
significant number of results, as in our case, we have at all points of such areas increasing of the random
error. As we assume, the reason for this dispersion is the instability of fixing the values in the lower bits of

the ADC, starting with the thirteenth under the influence of internal noise.
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Fig. 13, a show a part of the characteristic of the developed basic measuring channel with three
ADCs in the mode of 300 samples per second. In fig. 13, b, ¢ shown the oscillograms of a sinusoidal signal
with amplitude of 100 and 20 pV, obtained with its help. In this case, the areas with increased dispersion of
the three ADCs are shifted relative to each other and the deviations of the results from the average values are
within £ (0.002 — 0.003) %. However, in some cases, such areas can overlap each other, which lead to
increasing in the variance of the samples (Fig. 13, d).

50 T T T T T T T T T T 0 T T T T T T

of

50k

00 f-

RE! ‘ i i i L i i i . 00 i ; ; ; ; ;

22 225 23 235 24 245 25 255 2B 285 27 3450 3600 3550 3600 3650 3700
a b

“M' ||; ﬁlml!h' '[‘!i L |1l ﬁ"dlr‘[ll] ’I ||'l1 1 1| n "\'1‘ ll ulhlﬂ

. ; . _ o . .
2 iE 55 30 D 3 e I a7 1758 17 1768 477 4775

50 — . . . . . . &0 ! ! ! ! ! !

S0f-

T SO R S - s ; Lo

~180 | ! | | ! | | | | -180 ' ' L ' l l L
714 716 718 72 722 724 7k 728 73 8.3 8.32 8.34 8.36 8.38 8.4 B.42

a b
Fig. 14
With particularly high requirements for the measurement speed and resolution of the device, such
overlays we can eliminate by a small adjustment of the ADC zero offset. In the operating modes of the
developed measuring channel with averaging the results of three ADCs, the problem of increasing the
dispersion of samples the problem is practically absent. Fig. 14 show areas of its characteristics similar to
that shown in fig. 13, a. Diagram “a” corresponds to the mode of averaging the results of three ADCs in one
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conversion cycle, and diagram “b” corresponds to averaging of the results of two such cycles. In the first
case, the random error (resolution of the channel) does not exceed = 0.002% of the full scale (£ 260 000
discrete units) at the measurement speed of 100 samples per second, and in the second case, it does not
exceed + 0.001% at the measurement speed of 50 samples in second.

Conclusion. Using the proposed parallel-serial signal conversion using several integrating ADCs
allows you to more fully use the information, which it carry, and thereby to increase the measuring speed of
channel (multiply of the number of ADCs) or its resolution with respect to random interference.

The method of the power frequency interference suppressing by averaging samples of an informative
signal with an interval of 10 ms. allows to reduce the amplitude of such interference up to 300 times in the
range of power frequency variations + 0.2 Hz.

The developed structure and operation algorithm of the signal conversion unit provide for the
implementation of several measurement modes and methods for processing the obtained results, which
allows optimizing in the conditions of the problem being solved the speed of measuring and noise in the
measuring channel and increase suppressing of the influence of the electric network.

The developed unified basic module for sensor systems, in which such a conversion perform, allows
determining the parameters of DC and AC signals in the range of + 0.5 V at a real resolution of up to 5 — 10
LV by the voltage at the output of the measuring circuit. The maximum measurement speed of this device is
300 samples per second (with minimal resolution 10 — 20 pV and without suppression of power frequency
interference). In measurement modes with suppression of power frequency interference, the speed of
outputting the results is 100 counts per second, and the time of complete establishment of data at the output
of the device increases to 20 ms. The synchronization of sampling of an informative signal by external
digital signal could be carried out.
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MIIBUIIEHHSI CTIMKOCTI JO AIi IIYMIB I IHAYCTPIAJILHUX 3ABAJI BUCOKOUYTJIUBHUX
BUMIPIOBAJILHUX KAHAJIIB CEHCOPHUX CUCTEM

B.I. Mem,Hmcl, JIOKT. T€XH. HayK, IL.I. Bopmonl, KaHJ. TeXH. HayK, B.K. Be.ﬂﬂeBZ, KaH[l. TEXH. HayK,
0./1. Bacuiienko', kaux. TexH. Hayk, O.B. Crinpkuii’

"IncruryT enexrponnnamikn HAH Yikpainu,

Mpocnext Ilepemorn, 56, Kuis, 03057, Ykpaina.
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> HanjonabHuii yHiBepcuTeT 6iopecypciB Ta NpUPOAOKOPUCTYBAHHSA Y KpaiHu,

Bya. I'epoiB O6oponu, 15, Kuis, 03041, Ykpaina.

B cmammi posensoaromuca HO8I npunyunu no6yoosu GUCOKOUYMAUBO20 | WBUOKOOIIY020 eNeKMPOHHO20 KAHALY
CEHCOPHUX BUMIDIOBANbHUX CUCHEM 3 RApAlelbHO-NOCHIO08HUM NePemEOpeHHaAM OUHAMIYHO20 [HpOpMamueHo2o
CUSHATY NOCMILIHO20 ab0 3MIHHO20 CMPYMY 8 WUPOKUX OiandazoHax 1o2o amniimyou i wacmomu. Auanimuuno ma
EeKCNEPUMEHMATLHO NOKA3AHI MONCIUBOCMT NONINUEHHS NPUOYUIEHHS WYMIB I 3a8a0 CUNOB0I Mepedci 3a O0eKilbKOX
cnocobax obpobxu ompumanux danux. Onucano npomomun YHiQiKo8ano2o 6a306020 MOy BUMIPIOBAILHO20 KAHATLY,
npusHaueHuil 3a01s peanizayii iHpopMayitiHo-6UMIPIOGAILHUX CUCMEM DI3HO20 NPUSHAYEHHS, HABCOEHI 1020 OCHOBHI
xapaxkmepucmuxu. bion. 7, puc. 14, Tadm. 1.

Knrouosi cnoea: nepeTBOPCHHS CUTHAIIB, BUMiPIOBAIBHUH KaHaJ, CCHCOPHI CHCTEMH, Yy TIUBICTD, 3aBaja.

MOBBIIIEHUE YCTOMYMBOCTH K JEMCTBHIO IHIYMOB W WHAYCTPUAJIBHBIX ITOMEX
BBICOKOUYYBCTBUTEJIBHBIX U3MEPUTEJIBHBIX KAHAJIOB CEHCOPHBIX CUCTEM

B.I'. Meabuuk', 10kt. TexH. Hayk, ILH. Bopmos', kanx. Texn. vayk, B.K. BesisieB?, kaH1. TexH. HayK,
A.JI. Bacunenko', kaHz. TexH. Hayk, A.B. Cannknii'

' MucruryT 2nexrponnnamuxn HAH Ykpanusi,

IIp. Ilo6eaw1, 56, Kues, 03057, Ykpauna.

E-mail: melnik@ied.org.ua

> HaumoHaILHBIii YHHBEPCHTET GHOPECYPCOB H IPHUPOIONOIL30BAHNS YKPAHHBI,

Y. I'epoes OGoponsl, 15, Kues, 03041, Ykpanna.

B cmamve paccmampueaiomes Hogbie NpUHYUNBL NOCMPOEHUS BbLICOKOYYECNBUMENbHO20 U ObICMPOOEICIMBYIOue20
INEKMPOHHO20 KAHALA CEHCOPHLIX UZMEPUMENbHbIX CUCHEM C RAPALIEIbHO-NOCIe008AMENbHBIM NPE0OPA308aAHUEM
OUHAMUYHO20 UHDOPMAMUBHO20 CUSHALA NOCMOSIHHO20 WU NEPEMEHHO20 MOKA 8 WUPOKUX OUANA30HAX €20 AMIIUMYObl
u yacmomvl. AHAIUMUYECKU U IKCREPUMEHMATILHO NOKA3AHbL GO3MONICHOCIMU VIVYUIEHUSl NOOAGNICHUS ULYMO8 U NOMEX
CUNLOBOTI Cemu NpU HECKOMbKUX CRocobax obpabomku noayuyenuvix oanuvix. Onucan npomomun YHUGUYUPOSAHHO20
04308020 MOOYIsL UBMEPUMETLHOZO KAHANA, NPEOHAHAYEHHbLL OJil pPeanu3ayuu  UH@GOPMAYUOHHO-UIMEPUMETbHBIX
cucmem pasiudHo20 HaA3HAYeHus, npusedensl e2o 0CHOBHbIe Xapaxmepucmuxu. bubn. 7, puc. 14, tabmn. 1.

Kniouegvie cnosa: npeoOpa3oBaHWE CHIHAIOB, M3MEPUTEIBbHBIA KaHall, CEHCOPHBIE CHCTEMBI, 4YBCTBUTEIHHOCTD,
nomexa.
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