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LINKING CIPM AND RMO KEY COMPARISONS

Olha Bodnar'? Antonio Possolo?

1Georgetown University, Washington, DC, USA

2 National Institute of Standards and Technology (NIST) Gaithersburg, MD, USA

Abstract

This contribution examines procedures for linking results of comparisons conducted by the CIPM with the results of
comparisons conducted by regional metrology organizations. The article focuses on methods for estimating the degree of
equivalence for all participants in linked key comparisons as if they had all participated in the same key comparison. It describes
the use of computational tools available in the R and Stan environments for statistical and probabilistic computations using the
generalized least squares method and Markov Chain Monte Carlo sampling. A generalization of a previously proposed Bayesian
approach is considered for the situation where the measurement results are mutually inconsistent, also taking into account that
standards distributed in different petals may have different values of the measurand.

Key words: metrology organizations, key comparisons, degree of equivalence, Bayesian approach

1. Introduction

The CIPM Mutual Recognition Arrangement
(MRA) (Comité International des Poids et Mesures
(CIPM), 1999) [1] defines a framework for establishing
the international equivalence of measurement standards
maintained by National Metrology Institutes (NMlIs). Key
comparisons (KCs) are the technical basis of the MRA.
They are organized by the Consultative Committees
(CCs) of the CIPM, the International Bureau of Weights
and Measures (BIPM), and the Regional Metrological
Organizations (RMOs).

Typically, the results of an RMO KC are linked to
the reference values of a previous or parallel CIPM KC
based on the results of NMIs that participate in both KCs.
The goal of the linkage is to evaluate Degrees of
Equivalence (DoEs) for all the participants in the linked
KCs as if they had all participated in the same KC.

One of the first practical procedures to link CIPM
results to RMO comparisons was proposed by Delahaye
and Witt [2], who used an additive shift to “align” the
results of an EUROMET comparison with the results of a
CIPM capacitance KC. This technique was extended and
applied in multiple fields, for example to link
EUROMET.EM.K8 and CCEM-K8 (Marullo-Reedtz and
Cerri [3]). Elster et al. [4] proposed using the ratio of the
reference value from the CIPM KC and the weighted
mean of the RMO results from the linking laboratories.

The conceptual and technical contributions from
Decker et al. [5] are especially noteworthy. In particular:
(1) recognizing that linking is not merely a computational
adjustment, but a problem in measurement science
requiring an explicit statistical model; (ii) highlighting the
importance of taking into account correlations induced by
the results of linking laboratories; (iii) arguing that
linking DoEs is generally preferable to linking the values
measured in both KCs; (iv) evaluating uncertainty
consistently with the results of both KCs being linked,;
and (iv) preserving the original results from both KCs.

Nielsen [6] proposes a least-squares method for
linkage, and Sutton [7] developed a widely used linear,
generalized least-squares procedure that produces after-

linkage DoEs directly, can accommodate multiple
traveling standards, the presence of multiple measurement
results from the same participant, multiple comparison
loops, and correlations between measurements.

Zhang [8] developed a statistical framework for
linking comparisons involving artifacts where the value
of the measurand drifts linearly over time. Hall and Koo
[9] showed the advantages of digital calibration
certificates to support linkage properly taking into
account correlations between the measurement results
involved and anticipates future digital metrology
infrastructures to realize the goals of the MRA.

Cox and Shirono [10] favor applying the generalized
least-squares method in the context of an explicit statistical
model to link KCs based on a linking “invariant” that
ensures that the reference value in the CIPM KC remains
unchanged by the analysis, while still properly taking into
account the uncertainties reported by the participants in
both KCs, and the correlations induced by the laboratories
whose measurement results are used to link the KCs.

This contribution (§3) provides a heuristic, “visual”
description of linking that imputes DoEs for the participants
in two petals of the same KC as imputations of the DoEs the
same participants would have obtained if they had
participated in a KC with a single loop, (§4) illustrates the
generalized least squares approach using computational tools
available in the R environment for statistical computing, and
(§5) generalizes the Bayesian approach to linking originally
developed by Bodnar and Elster [11] to situations where the
measurement results are mutually inconsistent, while also
recognizing the fact that the standards circulated in the
different petals can have different values of the measurand.

2. Data

The measurement results used to illustrate the
methods discussed in this contribution are listed in
Table 1 and depicted in Fig. 1, from CCM.M-K7 Lee et
al. [12], where two different mass standards of the same
5 kg nominal mass were circulated for measurement in
two petals (A and B) of participants, with a single
participant (KRISS) in common.

© 0. Bodnar, A. Possolo, 2026



Metrology and Instruments
General metrology

1/2026

MeTponoria Ta npunagu
BaranbHa MeTponoris

Table 1 The measured values are differences Am = m—5kg between determinations of the masses of the standards
and their nominal mass, from CCM.M-K7 Lee et al. [12]

NMI Am | mg u(Am) / mg NMI Am/mg |u(Am)/ mg
A NIS 0.100 0.300 B PTB —0.355 0.056
A VNIIM 0.410 0.200 B METAS —0.170 0.146
A CENAM 0.120 0.200 B CEM —0.440 0.200
A NIST —0.138 0.085 B INRIM —0.335 0.085
A KRISS 0.135 0.073 B NIM —0.400 0.070
B KRISS —-0.271 0.073

0.6

0.2
1
D —
.

Am, mg
]
G

-0

.6
N
.

NIMB
KRISS B

NIS.A
VRIM.A LRSS
CENAM.A rTRB
Figure 1. The diamonds represent the measured values, and the
vertical bars represent measured values plus or minus one
reported standard uncertainty. The horizontal line segments
indicate the key comparison reference values (KCRVs) for petals
A and B computed using Restricted Maximum Likelihood
(REML) estimation separately for each petal, as implemented in
R function rma of package metafor (Viechtbauer, [13])
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3. Heuristic Linking

Figure 2 depicts graphically the heuristic for
linking via shifts, when there is a single linking
laboratory, which in this case is KRISS. The underlying
assumption is that the differences between values
measured by participants in petal B other than KRISS,
and the value that KRISS measured in petal B, are the
same that these other participants would have had
(relative to the value KRISS measured in petal A) if
they had been in petal A.

The idea then is to shift the values measured in
petal B by participants other than KRISS so that, after
such shift, they will have the same differences to the
value that KRISS measured in petal A, as explained in
the caption of Fig. 2.

0.6
|

A

Am, mg
o
—

-2

-0.6
1

INRIM
CEM NIM

KRISS
MNIST [LaRE)

WIS CEMNAM METAS

VNI

Figure 2. LEFT PANEL: The differences between the values that PTB, METAS, CEM, INRIM, and NIM measured in petal B,
and the value that KRISS measured in the same petal (KRISS-B), are indicated by the double-ended, blue vertical arrows. When
these differences are shifted upward, so that the upper arrow-point for KRISS is at the level of the value that KRISS measured in

petal A (KRISS-A), the lower arrow-points of the (red) arrows indicate the imputed values that PTB, METAS, CEM, INRIM,
and NIM would have measured if they had been in petal A. RIGHT PANEL: Measurement results for petal B after shifting. Note
that the only result for KRISS is from petal A, and that the standard uncertainties for the other participants in petal B were
increased to take into account the contribution of the uncertainty associated with the upward shift.

This shift implies that the uncertainties associated
with the shifted values will increase relative to what they
were originally, in petal B, owing to the uncertainty
reported for KRISS in petal B. The shift implies also that
the shifted values become correlated with one another
because all involve differences to the same value (which is
the value that KRISS measured in petal B).

Precisely for this reason, and because the idea
underlying this heuristic does not generalize directly to
cases where there are multiple linking laboratories, we
will now turn to two other methods to solve the linkage
problem.

4. Generalized Least Squares

The generalized least squares approach, along the
lines of the proposals that Nielsen [6] and Sutton [7] made
previously, is based on a classical fixed-effects model for
the measured values, where each measured value is
represented as a sum of two effects plus a participant-
specific measurement error. These two effects are (i) the
effect of petal that the measured value comes from (a for
A, and g for B); and (ii) the effect of the laboratory that
made the measurement, which expresses the tendency of
this laboratory to measure “high” or “low.” For KRISS,
which is the sole linking laboratory, this second effect is
assumed to be the same in both petals.

© O. Bodnar, A. Possolo, 2026
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For example, for PTB:
Ay =B+ Yprp + Epr »
where v,;, represents PTB’s effect (ii), and &,
represents the measurement error affecting the value
that PTB measured.

Since KRISS appears in both petals, we need two
equations for it, but the same laboratory effect, vy g >
appears in both:

Amypiss o = O+ Vipiss T Exrss.a and

Aml(RJss,B = B +Ykriss 1 Ekrissp -

To model all measured values simultaneously we
introduce indicator variables {X, ;} each either 0 or 1,

like this, for example for PTB:
AmPTB = Aprp a0+ X PTB,BB +

XorpisYnis + XpryniYvamm - F
XPTB,PTBYPTB Tt XPTB,NIMYNIM *€prp>

where XPTB,A =0, XPTB,B =1, XPTB,NIS =0,
XPTB,VNIIM =0, XPTB,PTB =1,...,and XPTB,NIM =0.

The model can be formulated succinctly as y =X0 +e,
where y is the 13 x 1 vector on the left-hand side of
Equation (1); X is the 13 x12 design matrix that is the first
term on the right-hand side of the same equation, where the
labels to its left help identify which observation (or
constraint) each row pertains to; 0 is the 12 % 1 vector of
parameters; e is the 13 x 1 vector of errors.

The following details and remarks explain the
other symbols in Equation (1):

® q is the effect of the standard used in petal A,
and P is the effect of the standard used in petal B (both
nominally of mass 5 kg, but physically different);

¢ The laboratory effects Yy g, ., Y Satisfy

two identifiability constraints,
(Cl) YKRISS + YNIS + YVNHM + YCENAM + YNIST = 0

and (CZ) YKRISS +YPTB +yM'ETAS +YCEM +YINRH\4 +YNIM = O >
which are reflected in the last two rows of the design matrix
X

® &y - Egy Ar€ measurement errors, assumed
to be independent, Gaussian, with mean 0 mg, and
standard deviations equal to the standard uncertainties
reported by the participants;

® §; and 9, are errors incurred when fitting the
identifiability —constraints mentioned above, also
independent of one another and of the {g,}, Gaussian,

with mean 0 mg, and whose standard uncertainties are
taken to be 100 times smaller than the smallest of the
reported standard uncertainties, thus essentially
guaranteeing that the constraints are satisfied.

The covariance matrix, V, of y, was a 13x13,
symmetrical diagonal matrix with the squared reported
standard uncertainties along the main diagonal, except
for the two entries corresponding to §; and &, introduced
above, which were the squares of standard uncertainties
set 100 times smaller than the smallest of the reported

NIS 1010000000007 . _ Eiiis
VNI 100100000000 ¢ SVRIM
cenam | 100010000000 p o
NsT | 100001000000 ﬁ’“-‘ £ e
KRISS.A 100000100000 e Enei
5 | 010000010000 | | leovan Eprs
MEIAS | 010000001000 ,::"‘” + | emems
cm | 010000000100 YKR'“ EcEm
INRIM 010000000010 ,{"’“‘ £1NRIM
NIM 010000000001 MEL i
KRISS.B 010000100000 ?’“—"“ Erniein
¢ 001111100000 ,ﬁ'”‘“*‘ 8,
& Lo000OOOO11I1111 )" MM A L 6, ]

Figure 3 lists the R (R Core Team [14]) code used
to fit the GLS model. The expanded uncertainties that
are part of the DoEs were evaluated by application of
the Monte Carlo method (Possolo et al. [15]). The DoEs
are depicted in Fig. 6 alongside their counterparts
obtained using the Bayesian procedure described next.

z = read.table(header=TRUE, text="

petal m
L100 0.
416 0.

120

.

=

A ).138 0.
A 0.135
B -0.385 0.056
B 0.170
B 0.440
2 ).335
E N -0 ¥i
B RISS -0.271 0.073")
y = c{zm$m, 0, 0
uy = cl{zmfum, rep(min{zmSum}/100, 2})
V = diagluy {2})
dimnames (V) = list{c(zm$mmi, "C1", "C2"}, c(zmfomi, "C1", "G2"))
dimnames(V) [[1]]1[c(5,11}] = c{"KRISS.A", "KRI 'y
dimnames (V) [[2]] [e(5,11)] = e("KRISS.A", "K B")
V["KRISS.A", "KRISS.E"] = zm$um[5]+zm$um
VI["KRISS.B", "KRISS.A"] = V["KRISS.A", "KRIS3.B"]
require(nlme)
y.gls = gls(y ~ . -1, data=data.frame(X,y=Y),

correlation=corSymm{value=V[lower.tri(V}], fixed=TRUE)}
summary (y.gls)

Figure 3. R code used to fit the GLS model to the
measurement results for the 5 kg masses that circulated in
petals A and B of CCM.M-K7, which relies on R function gls
defined in the package nlme (Pinheiro et al., [16]). The
coefficients of the model pertaining to the laboratory effects
are the corresponding estimates of the unilateral degrees of
equivalence, after linking the results from the two petals.

standard uncertainties, and also except for the two off-
diagonal entries corresponding to the two measurements
made by KRISS, which were deemed to correspond to a
correlation coefficient of +1.

5. Bayesian Procedure

The Bayesian model that Bodnar and Elster [11]
proposed to link CIPM and RMO key comparisons (or
petals of the same key comparison) is conceptually very
simple and intuitive, making very clear the key
underlying assumption made for linkage, and it is also
generally applicable when there are multiple linking
laboratories.

In this contribution we take the original formulation
of the Bayesian model two steps forward: we do a data-
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driven model selection and take into account any dark
uncertainty that may be uncovered in one or several of the
comparisons being linked. The NIST Decision Tree
(Possolo et al. [17]) was used for model selection. We have
used the hierarchical model with Gaussian laboratory
effects and Gaussian measurement errors for both petals.

In the context of our running example, the
aforementioned key underlying assumption is that the
linking laboratory, KRISS, has the same effect in both
petals. The model for the values measured in petal A is

Am,  =p, +h,  +€,;

for j = NIST, VNIIM, CENAM, NIST, and KRISS.
And for those measured in petal B it is
Amy =Py +hy; +&g,

for j=PTB, METAS, CEM, INRIM, NIM, and KRISS.

Note that the model recognizes the fact that the
two circulating standards, although nominally of the
same mass, in fact can have different masses.

The linking assumption is that A, ypiss =M kriss >

and we model the {A, ;} as a sample from a Gaussian

distribution with mean 0 mg and standard deviation ta
(dark uncertainty in petal A), and the {A, ;} as a sample

from a Gaussian distribution with mean 0 mg and standard
deviation 7 (dark uncertainty in petal B). The model was
implemented in the Stan language (Stan Development
Team, [18]) using the code listed in Figure 4. The
corresponding posterior probability density functions of the
two dark uncertainties involved, za and g, are depicted in
Fig. 5, and the DoEs are depicted in Fig. 6.

data
{
real muPriorMean;
real <lower=0> muPriorStdDev;

// PETAL 4

/7 Prior mean for mu in
/7 Prigr std. dev. for mu
real <lower=0> tauPriorMedian; // Prior median

for tau

real xzNIS; real xVNIIM; real xCENAM; real xNIST;

real <lower=0> uNIS; real <lower=0> uVNIIM;

real <lower=0> uCENAM; real <lower=0> uNIST;

// PETAL B

real xPTB; real xMETAS; real xCEM; real xINRIM; real xNIM;
real <lower=0> uPTB; real <lower=0> uMETAS; real <lower=0> uCEM;
real <lower=0> ulNRIM; real <lower=0> ulNIM;

Fd I/ L _'.r ‘r'.'l"l\.

real xKRISSa; real <lower=0> uKRISSa;

real xKRISSh; real <lower=0> uKRISShb;

¥

parameters
i
real mud; real muB; real <lower=0> tauld; real <lower=0> tauB;
/S Lab effects in petal A
real 1INIS; real 1VNIIM; real 1CENAM; real 1NIST;
47 Lab effects in petal B
real 1PTB; real 1METAS; real 1CEM; real 1INRIM; real 1NIM;
// Common lab effect of linking lab (KRISS)
real 1KRISS;
}

model
{
/7 Priers for petal effects
muA ~ normal (muPriorMean, muPriorStdDev);
muB ~ mnormal (muPriorMean, muPriorStdDev);
// Half-Cauchy priors for taus
taud ~ cauchy(0, tauPriorMedian); tauB ~
/7 Lab effects in petal A
INIS ~ normal(0, taud); 1VNIIM ~
1CENAM = normal(0, taud}; 1NIST ~
£/ Lab effecis in peial B
1PTB ~ normal(0, tauB); 1METAS ~ normal(0, tauB);
1CEM ~ normal(0, tauB); 1INRIM ~ normal(0, tauB);
INIM ~ normal(0, tauB);

cauchy (0, tauPriorMedian);

normal (0, taud);
normal (0, taud);

7/ Effect of linking lab

1KRISS ~ normal(0, sqrt(taud+=tauB));

/S Likeltheod for petal 4

xNIS ~ normal (muA + 1NIS, uNIS); xVNIIM ~ normal(muA + 1VNIIM, uVNIIM);

xCENAM ~ normal (muA + 1CENAM, uCENAM); xNIST ~ normal (muA + 1NIST, uNIST);

*KRISSa ~ normal (muA + 1KRISS, uKRISSa);

£/ Likelihood for petal B

*PTB ~ normal (muB + 1PTB, uPTB); xMETAS ~ normal{(muB + 1METAS, uMETAS);
xCEM ~ normal(muB + 1CEM, uCEM); xINRIM ~ normal(muB + 1INRIM, uINRIM);
xNIM = normal (muB + 1NIM, uNIM); xKRISSb ~
}

Figure 4: Stan code used to fit the Bayesian model that links petals A and B of CCM.M-K7

normal (muB + 1KRISS, uKRISSb);
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Figure 5: Posterior probability densities of the estimates of the

dark uncertainty in petals A and B, as produced by the
Bayesian linkage procedure.
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Figure 6: Unilateral degrees of equivalence (DoEs) after linking
petals A and B using the sole laboratory, KRISS, that measured
both 5 kg mass standards that circulated in the two petals. For
each laboratory, the diamonds represent the estimates of D
obtained via Generalized Least Squares estimation (GLS, dark
blue, to the left of each participant’s acronym at the bottom) and
with the Bayesian procedure (light blue, to the right of the same
acronym), and the vertical bars represent D + Ussw(D). For GLS,
Ussw(D) was computed by application of the Monte Carlo method
for uncertainty evaluation, and for the Bayesian procedure it was
obtained as half the length of a 95 % credible interval derived
from a large sample drawn from the posterior distribution of D.
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6. Conclusions

Differently from the GLS procedure illustrated in
§4, the Bayesian procedure described in §5 does not
involve setting up a potentially large design matrix, or the
generally physically unrealistic identifiability constraints,
and it is easily tunable to accommodate non-Gaussian
probability distributions for the measurement errors,
while GLS makes the implied assumption that these
errors are Gaussian. The Bayesian procedure also does
the linkage, estimates the DoEs, and evaluates the
uncertainty of the DoEs, all in a single stroke.
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3p’si3yBaHHA KI1K040BHX 3Bipens CIPM ta RMO
O. Boxnap, A. IToccono

AHoTamnis

PosrisiHyTO Tporeaypy 3icTaBieHHs pe3ynbTaTiB KitouoBux 3BipeHb CIPM 3 pesysnbratamu 3BipeHb, L0 MPOBOASTHCS
perioHaIbHUMHU METPOJIOTiYHUMHE opraHizaiisMu. CTaTTs NPUCBSYEHa METOJaM OLIHIOBAHHS CTYIICHS €KBIBaJIEHTHOCTI IJIsI BCIX
YYaCHHKIB IMOB'SI3aHUX KIIOYOBUX 3BipeHb, HAueOTO BOHH BCi Opayil y4acTh B TOMY CaMOMy KJIIOYOBOMY 3BipeHHi. OmucaHo
BUKOPHCTAHHs 0OYHCIIFOBAIBHIX METOIB IPOrPaMHOro 3a0e3rneueHHs R /Ui CTaTHCTHYHHUX O0YHCIICHD y3arajJbHEHUM METO0M
HalMCHIINX KBaApaTiB. PO3MISIHYTO y3aranbHeHHs bailecOBCHKOrO MiAXOMy Ul CHUTYallii, KOJNM pPe3y/lbTaTH BHMIipPHOBaHb
B3a€MHO HE Y3IO/DKCHI 3 ypaXyBaHHSM TOrO, IO CTaHAAPTH, LI0 PO3MOBCIOKYIOTHCS B PI3HHX payH/ax BUMIipPIOBaHHS, MOXKYTh
MarTy pi3Hi 3HAYEHHS BUMIPIOBAHOI BEIHMINHH.

KurouoBi ciioBa: MerposioriuHi opranizaiiii, KJIFO40Bi 3BIpeHHsI, CTeNiHb €KBiBaJICHTHOCTI, balieciBChKuMii miaxiz
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Abstract

This article proposes the structure of an adaptive system for equalizing the frequency response of a measuring channel

based on an adaptive digital filter-compensator, whose coeffi

cients are adjusted in real time using the recurrent least-squares

method. Using computer simulation, the influence of the input calibration signal type and the internal noise of the measuring
channel on the quality of the frequency response correction is studied. The practical significance of the study is that the use of the
proposed adaptive corrector will significantly reduce the systematic error of dynamic measurements caused by the unevenness of

the frequency response of the measuring channel.
Keywords: adaptive filter, measuring channel, frequency

1. Introduction

Experimental data processing methods play a
significant role in solving various technical problems,
including in measurement practice. As measurements
become increasingly complex and  precision
requirements increase, their role becomes increasingly
important. In many modern measurement tasks,
achieving the required accuracy is only possible through
the use of more efficient data processing methods.

When solving many measurement problems, one
of the factors significantly affecting measurement error
is the wunevenness of the measurement path's
transmission coefficient across the operating frequency
range. This leads to additional systematic error and
distortion of the measured signal. One effective solution
to this problem is the use of an adaptive filter-
compensator, which equalizes the frequency response of
the measurement channel. This problem is particularly
relevant for measuring instruments with embedded
microprocessors and information-measuring systems

response, calibration.

that predominantly utilize digital processing of
measurement data, enabling the implementation of a
wide range of digital signal filtering methods.

2. Problem Statement

An information and measurement system is a set
of measurement channels, measuring devices, and other
technical means combined to generate and analyze
digital measurement signals about several similar or
dissimilar quantities and other types of information [1].
A measurement channel is a set of measuring
equipment, communication devices, and other technical
means designed to generate a measurement signal about
a single measured quantity. A measurement channel is
one of the main functional units of an information and
measurement system.

Let us consider the generalized structural diagram
of the information-measuring system channel, which is
presented in Fig. 1.
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~1an il
—» liasuaa b ool |
L
—»| Ttamsnn o1on palh

Compap

{un v -

vt e )

a[n

\ 4
\ 4

A

cadrav o ol

Intoitace

A

| MY

Fig. 1. Generalized structural diagram of the information-measuring system channel

The input measuring signal from the primary
measuring transducer (sensor) passes through an analog
transmission path, which wusually includes such
functional blocks as an input device, a measurement
limit selection device, a series of amplification cascades
and functional converters.

An analog-to-digital converter converts the
electrical information parameter of an analog signal
(usually voltage) into a binary digital code. Modern
ADCs are typically implemented as specialized
integrated circuits, which differ in their conversion

method, bit depth, and speed.

Before measurements, a calibration procedure is
performed to minimize systematic measurement errors.
In this mode, a reference calibration signal generated by
a digital-to-analog converter is fed to the input of the
measuring channel. The shape and parameters of this
signal are determined by the sequence of digital codes
received at the DAC input from the control device.

To harmonization the measuring channel with the
central control and processing unit of the information-
measuring system, which is a computer or

© 1.0. Moshchenko, O.V. Zaporozhets, 2026
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microcontroller, an interface is used. This interface
ensures informational, electrical, and structural
compatibility between the measuring section and the
control device. Information-measuring systems typically
make extensive use of standard interfaces (ISA, PCI,
RS-232, USB, IEEE 488, etc.), significantly simplifying
the task of interfacing system devices.From the
perspective of measuring signal conversion, the channel
of an information-measuring system is a dynamic
system, the description of which requires the use of an
adequate mathematical model. For the problem under
consideration, we assume that the measuring channel
belongs to the class of linear systems and is described
by a transfer function of the general form

)

-1 -N,
+etay z
where z is the complex variable, bo,bl,...,bNB,al,

ay,...,ay, are the constant coefficients.

In the frequency domain, the behavior of system
(1) is described by a complex frequency response

by+be’” +--+ bNBe'J‘”NB

H(e'?) = — —
l+ae’”++ay e’

eargH(e/“)’ (2)
the module of which is known as the magnitude
response, and the argument as the phase response. Since
in the vast majority of cases the signal amplitude is the
informative parameter, the magnitude response is
required to be uniform over the operating frequency
range of the measured signals. Much less frequently,
requirements are also placed on the phase response;
typically, this is a linearity requirement, as is
encountered in speech processing tasks.

However, practice shows that even within the
channel's passband, the frequency response is not

= ‘H(ej[”)

perfectly uniform, leading to frequency or dynamic
error caused by the deviation of the actual gain from its
nominal value. The challenge is to ensure a constant
gain of the measuring channel across the entire
operating frequency range and minimize the error
caused by frequency response unevenness.

Thus, as a mathematical model of the channel of
the information-measuring system, we will use a linear
dynamic object described by a transfer function of the
general form (1) and having an arbitrary form of
frequency response.

3. Equalization of the frequency response
of the measuring channel using inverse
adaptive modeling

One of the methods for solving the problem under
consideration is inverse adaptive modeling [2-4]. An
inverse model of a system with an unknown transfer
function is a system with a transfer function that is, in a
sense, the best approximation of the function inverse to
the unknown transfer function.

It must be said that inverse modeling methods are
actively used in such tasks as adaptive correction of
nonlinear frequency response of voltage and current
transformers; elimination of distortions in digital
communication channels caused by limited bandwidth
or multipath signal propagation; adaptive equalization
of rooms in the frequency domain when performing
acoustic measurements; measurement of the degree of
linear distortions of satellite communication channels
and compensation of path mismatch [5-7].

Figure 2 shows the structural diagram of an
adaptive system for equalizing the frequency response
of a measuring channel [8-12]. The internal noise of the
measuring channel is represented by additive noise
&(n) at its output. The noisy output signal of the

.
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Fig. 2. The calibration of the adaptive system for equalizing the frequency response
of the information-measuring system channel

measuring channel x(n) is fed to the input of the

adaptive filter.In the calibration mode, the coefficients of
the adaptive filter, which in this case is an inverse model
of the measuring channel, are adjusted so that its output
signal y(n) is the best approximation of the calibration

signal s(n) at the input of the measuring channel.

After calibration is complete, the filter coefficients
are fixed, the adaptation unit is turned off, and the
system enters measurement mode.

The adaptive FIR filter, the structure of which is
shown in Fig. 3, is described by a difference equation of
the form

12
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Fig. 3. Adaptive FIR filter

y(n) = wy(n)x(n) + wy(n)x(n—1) + wy (n)x(n—-2) +
+. 4w, (mx(n=L) =W (n)X(n), (3)
where x(n), y(n) are the input and output signals of
the filter, respectively; n=0,1,2,...— discrete time;
W(n) = (wy(n), w,(n), w, (n),...,w, (n))" = vector of
adjustable parameters; X (n)=(x(n),x(n—1),x(n—2),

...,x(n—L))T = vector of phase variables.

Let us introduce the optimality criterion
! o o < I I o 2
1, =20 -y =Xk -w oxof. @
i=1 i=1
the minimization of which leads to the well-known
recurrent least squares method [7]

Pn-D(s()-yn)
1+ X" (n)P(n—1) X (n)
_P(n=DXm)X" (n)P(n-1)
1+ XT(mP(-DX(n)

The advantage of procedure (5) is that it actively
accumulates information and adjusts the coefficients of
the adaptive filter at each time step, does not require
storing the entire history of the process in memory,
ensures fairly fast convergence of estimates, and works
well under noise conditions.

Several factors should be noted that limit the
possibility of constructing an inverse model with a small
mean square error.

First, the presence of noise in the measurement
channel &(n) leads to noise at the output of the

adaptive inverse filter. In the presence of noise, the
adaptive filter's steady-state transfer function is
generally not the inverse of the transfer function of the
measurement system channel.

Secondly, an adaptive FIR filter has a finite
impulse response. In this case, only an approximate
realization of the impulse response of the inverse model
is possible for a system with an infinite impulse
response. In this case, the adaptation quality can be
improved by increasing the number of coefficients in
the compensating filter [13-15].

W(n)=W(n-1)+

(n)9

(%)
P(n)=P(n-1)

Third, the quality of the adaptation is significantly
affected by the input signal. The richer the input signal
spectrum, the faster the adaptive filter coefficients are
adjusted.

4. Study of the influence of the input
signal type and the channel's own noise on
the quality of adaptive equalization of the
frequency response

To study the properties and characteristics of
adaptive systems for equalizing the frequency response
of the measuring channel, a computer simulation
modeling method was used. For this purpose, a program
in the MATLAB language was developed, using the
adaptive filter design functions of the DSP System
Toolbox and Signal Processing Toolbox [16, 17].

The measurement channel was modeled using a
7th-order IIR filter. The frequency response of the
measuring channel is shown in Fig. 4. It is easy to see
that this frequency response is significantly uneven.

~Magnitude response of measuring channel

[H(e™)|

35

© 1.0. Moshchenko, O.V. Zaporozhets, 2026

&4 Phase response of measuring channel
®
xI .
o
@
0.5 ;
0 05 1 15 P 2.5 3 35
w
Fig. 4. Frequency response of measuring channel
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A 15th-order FIR filter was used as an adaptive 1 — ; Signats s{n). x(n). y(n) —
compensator filter implementing the inverse model of 0.5- ' HE
the measurement channel. The recurrent least-squares = o / '—y 1
method was used to adjust the adaptive filter yidg // \// L/
coefficients. A . =

. . . . . 4

During the simulation, the influence of the input oo 120 w w0 w0 T
signal type and the inherent noise of the measuring _Channel magnitude response after equalization_
channel on the quality of adaptive frequency response L e e — 1
equalization was investigated. The following types of %
signals were used as input calibration signals: 08

1) a periodic sequence of rectangular pulses 2 ; ) : , , :
(meander); 0 0.5 1 1.5 " 2 25 3 35

2) a periodic sequence of triangular pulses o Channel phase response after equalization
(sawtooth signal);

. . . . . 7~ 02

3) random signal (white Gaussian noise with zero 1;; L S—— —

mean); 2., - e
L . £ 02l

4) frequency-modulated harmonic signal with a 1

linear law of frequency change. e 05 i 15 2 25 3 35
. . . w

FordeaChdtype of input signal, two experiments Fig. 6. Frequency response equalization (signal 2)
were conducted:

1) modeling the functioning of the system without 4 ; [ Slgnalosin), kip) y(n). . .
taking into account the inherent noise of the measuring 2| " . || l x

hannel; = | -.-
channel, . | 2o\ "l""# I WA ;"'*"' |. ﬁ"‘iﬁﬂa iy

2) modeling the functioning of the system taking H\ 'r ' VL nl J Mv,

. . ; . 3
into account the. .1nhere?nt noise of the measuring e 40 b
channel. The additive noise brought to the output was f

. . Channel magnitude response after equalization
modeled by a Gaussian random process with zero mean T - - L
and standard deviation of 0.01. =

To evaluate the quality of adaptive frequency Fosl
response equalization, two metrics were used: the
maximum deviation of the resulting frequency response % 05 1 15 2 25 3 35

. . . w
from the ideal and the root-mean-square deviation of the - __Channel phase response after equalization
resulting frequency response from the ideal. The ~ 0'2_
simulation results are presented in Figures 5-9 and N B =
Table 1. g
@ .02
04 i L L L L L
o (153 1 1.8 2 25 3 35
) 2
e Slgnats s{n), Xin), y(n) Fig. 7. Frequency response equalization (signal 3)
I e e ] ."'“'_“_P.."‘._“| :”"'
05 | l ‘ ‘ v e “-. Is s(n), x(n). y(n) _
2 ol | - N i
05+ ‘ | 1 ‘ i 4 - o_gl \ f“'l | (I / || || | 1 ’ % |[
e e SR WA T (|I||| (T
U 20 40 60 8 100 120 140 160 180 200 i "'I || || |||| || | L 1 J || h
n -0.5 I‘. f & / | || [ ' |||
If" mag it 'dg TQSPOHSP after eqqallzatian ‘U ::':J a0 10” C' ‘540 ‘lﬁ 209
Fl e N il n
= IChanneI it "'.- response after 3 1 :..nl
o %
T 0.5 _ e ==
0 . . . . . s £ 05
0 0.5 1 1.5 2 2.5 3 3.5
oy i i
b Channel phase response after equalization % 0.5 1 15 2 25 3 35

: w
= 024 o4 Channel phase response after equalization
s ; : . L
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Fig. 5. Frequency response equalization (signal 1) Fig. 8. Frequency response equalization (signal 4)
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Table 1 — Simulation results 5. Conclusions

Maximum deviation of RMS deviation of the

Input calibration the frequency response frequency response from The scientific nOVelty of the article lies in the
signal 1 fininthr anminal shic npminal study of the influence of the type of calibration signal
signal lype without the [with the effect without the [with the cffect . . .

effect of noisg of noise | effect of noise | ef nowse on the quallty of equahzatlon of the frequency
1. Rectangular pulses 0.0060 0.0630 0.0026 0.0136 response of the measuring channel using inverse
2. Sawtooth signal 0.0060 0.0742 0.0025 0.0227 adaptive modeling. Analyzing the simulation results, it
3. Random signal 0.0046 0.0076 0.0016 0.0027 can be concluded that random and frequency-
4. Proquency- R 0.0076 0.0017 0.0037 modu.late.d calibration signals are better .for. adaptive
modulated signal equalization of the frequency characteristic of the

g measuring channel, as they provide a better quality of

0,07 equalization compared to periodic signals. The effect

0. of the inherent noise of the measuring channel worsens

0.05 . . . L

0,04 the quality of adaptation, but still the deviations of the

0,03 adjusted frequency response from the nominal are

= _ quite small.

0 i __ [ L In general, the results of the simulation fully
L Rectangular 2.Sawtooth 3. Random signal 4 Frequency confirm the performance of the considered adaptive
pukes signal modulated signal . .

frequency response equalization system and are
B Maximum deviation of the frequency response from the nominal consistent with theoretical calculations. The use of the
m RMS deviation of the frequency response from the nominal proposed adaptlve corrector Wlll SIgnlﬁcantly reduce the
Fig. 9. Quality of the frequency response equalization for systematic measurement error caused by the unevenness

different types of input calibration signal of the frequency response of the measuring channel.
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BupiBHIOBaHHSI YaCTOTHOI XaPAKTEPUCTHKH BUMIPIOBAJIBLHOI0 KAHAJLY
3a I0IIOMOT' 00 00€PHEHOr0 a/JAITHBHOI0 MO/IeJIIOBAHHS
1.O0. Mouenko, O.B. 3anopoxenb

AHoTamuist

VY cTaTTi 3anporOHOBAHO CTPYKTYPY AIaNTUBHOI CHCTEMH BHPIBHIOBAHHS YacTOTHOI XapaKTEPHUCTHKH BHMipIOBAJILHOTO
KaHaJly HAa OCHOBI aJalTHBHOTO LU(POBOro (inbTpa-KOMIEHCATOPA, KOPUTYBaHHS KOE(IIi€HTIB SKOTO 3IiHCHIOETHCS B
peansHOMy Macmtabi 9acy METOJOM PEKYpPEeHTHHX HaWMEHIINX KBaJApaTiB. 3a JOMOMOTOI0 KOMII'IOTEPHOTO MOMEIIOBAHHS
JIOCII/UKEHO BIUIMB THITy BXIIHOTO KaJdiOpyBaJILHOTO CHTHANy Ta BHYTPINIHBOTO IIyMy BHMIPIOBAJBHOIO KaHAIy Ha SIKICTh
KOPEKIii 4aCTOTHOT XapaKTepHCTUKH. [IpakTHYHE 3HAUCHHS JOCIIDKEHHS OJIArae B TOMY, 1110 BAKOPUCTAHHS 3aIIpOIIOHOBAHOTO
aJIaITUBHOTO KOPEKTOpa JO3BOJMTH 3HAYHO 3MEHLINTH CHUCTEMATHYHY IIOXHOKY JAMHAMIiYHMX BHUMIpIOBaHb, CIIPUYHHEHY
HEPIBHOMIPHICTIO YaCTOTHOI XapaKTEPUCTHKN BUMIPIOBAJIBHOIO KaHAIY.

KurouoBi ciioBa: anantuBHui (ifbTp, BUMIPIOBAJIbHHI KaHaJ, YaCTOTHA XapaKTEPUCTUKA, KaiOpyBaHHSI.
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Abstract

This article describes the essence of the Minimax method for determining the calibration curve of a measuring instrument.
The characteristics of the calibration curve obtained in this way are investigated and compared with the parameters of the curve
determined by the least squares method. It was shown that using Minimax provides directly determines the calibration line along
with the extreme limits of possible deviations of the experimental data points from this line which regardless of the probability
distribution model used certainly encompass all the experimental data points. Therefore, these two lines can serve as an estimate
for determining the limits of the maximum permissible error (MPE) of the calibrated measuring instrument. The study was
conducted based on the results of the actual calibration of the Fluke 8845 measuring instrument in the +10 Vdc and 750 Vac
ranges at the accredited LABBiKAL laboratory (Rzeszow University of Technology, Rzeszow, Poland).

Keywords: calibration line, minimax approximation, uncertainty evaluation

1. Introduction

The Minimax method is used in various fields of
science and engineering, particularly for solving
problems when data regarding certain parameters and
properties of the objects under study are uncertain [1, 2, 3,
4]. In general terms, this method aims to minimize the
level of maximum possible losses or the maximum
deviations from the norm. In particular, this method is
widely used in signal theory for designing optimal digital
FIR filters with specified frequency characteristics [4].
The pioneer in the development of effective Minimax
approximation algorithms is the Ukrainian scientist
Yevgen Yakovych Remez, who was educated at Kyiv
University and conducted practically all of his scientific
work in Kyiv. As early as 1934, he developed an iterative
algorithm (so called Remez algorithm) for uniform
approximation of functions, based on Chebyshev’s
alternation theorem [5]. Subsequently, scientists from
various countries have only refined this algorithm [6].

The Minimax method is widely used in statistical
analysis because it provides a reliable basis for decision-
making in situations where the probability distributions
of outcomes are highly uncertain or even unknown. In
particular, In metrology, the so-called Minimax criterion
is widely used to describe the metrological properties of
measuring instruments. Specifically, manufacturers of
measuring instruments typically specify in the
metrological characteristics the limit values of possible
deviations of their readings from the measured values,
i.e., the values of the maximum permissible error (MPE).
The GUM regulations [7] clearly state that in the
absence of knowledge regarding the probability
distribution of possible deviations in the measuring
instrument’s readings, a uniform distribution within the
range of = MPE should be applied.

In estimation theory it is known that if random
variables have a uniform population, then when applying

the most commonly used method, the maximum
likelihood estimation (MLE), the best (with minimum
standard deviation and standard uncertainty) parameter
for the population’s location is the midpoint of the range,
and the best parameter for the width is half the range [8].
When estimating a straight line describing the
relationship between the input and output values of a
measuring instrument, assuming a uniform distribution of
possible deviations, this minimization criterion should be
applied. Hereinafter, the construction of a calibration line
using the minimax method will be abbreviated as MMM.

Instead, the least squares method (LSM) [9] is
recommended and widely used to determine the
parameters of a straight line during the calibration of
measuring instruments [7]. The main justifications for
using the LSM are: (i) very simple computational
implementation, which involves solving a system of two
linear equations, and (ii) the most complete theoretical
justification for estimating the uncertainty of the
calibration line [7, 10, 11]. In general, the latter strictly
applies to cases of random deviations with a normal
distribution [9]. Therefore, if at the calibration points
the experimental values are obtained from the readings
of standard (reference) instruments, from the
perspective of estimation theory and the results obtained
with known limits of their possible variability, this
approach does not appear to be fully justified.

First, as mentioned above, since the MPE values of
measuring instruments are widely used to describe their
accuracy, it follows logically that this should also apply
to the calibration function of the measuring instrument.
Therefore, the natural criterion for finding the calibration
line is the criterion of minimizing the maximum deviation,
i.e., the MMM. Since this criterion takes into account the
largest deviations, it ensures the correct determination of
the MPE of the calibrated measuring instrument. Second,
when applying the criterion of minimizing the sum of the

© M. Dorozhovets, P. Kubiszyn, 2026
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squares of deviations, i.e., the LSM, the largest deviations
are not controlled; therefore, after determining the
calibration line, one or more deviations may have large
values. This can result in a situation where the MPE of
the calibrated measuring instrument may be determined
incorrectly or have inflated values.

In this article, the calibration of a measuring
instrument is understood in the strict sense of the term, as
defined, for example, in the third edition of the
International vocabulary of metrology — Basic and general
concepts and associated terms (VIM [12]) 2.39 with notes:

Calibration - operation performed on a measuring
instrument or a measuring system that, under specified
conditions in a first step establishes a relation between
the values with measurement uncertainties provided by
measurement standards and corresponding indications
with associated measurement uncertainties and, in a
second step, uses this information to establish a relation
for obtaining a measurement result from an indication.

NOTE 1 A calibration may be expressed by a
statement, calibration function, calibration diagram,
calibration curve, or calibration table. In some cases, it
may consist of an additive or multiplicative correction of
the indication with associated measurement uncertainty.

NOTE 2 Calibration should not be confused with
adjustment of a measuring system, often mistakenly
called “self-calibration”, nor with verification of
calibration.

Due to VIM 4.31 [12], calibration curve —
expression of the relation between indication and
corresponding measured quantity value.

NOTE A calibration curve expresses a one-to-one
relation that does not supply a measurement result as it
bears no information about the measurement uncertainty.

The same approach is applied to the calibration of
sensor characteristics.

Therefore, in order to apply the calibration curve
during measurements, it is necessary to establish certain
parameters—such as new MPE values—that can be
used to estimate the measurement uncertainty of the
calibrated instrument.

During the calibration process, preliminary results
are obtained, which are used to assess the errors of the
instrument being calibrated. Due to definition [10],
conclusions regarding the accuracy of this instrument are
drawn based on a comparison of the actual error values
with the MPE. It should be noted that the specified MPE
values apply to all instruments of this type. However, that
is not enough. Based on the results obtained, a calibration
curve for this measuring instrument should be constructed,
as well as the new MPE values should be determined.
Using a calibration curve, it is possible to correct
systematic deviations in the readings of this instrument,
i.e., to ensure an improvement in measurement accuracy.
Next, we will consider the form of the simplest linear
calibration function.

The aim of this study is to compare the maximum
deviations of the calibration line determined using the
MMM and LSM methods, taking into account the

uniform and normal distributions of the the
experimental data points obtained during measuring
instrument calibration.

2. Procedure for determining the
parameters of the MMM approximation

The calibration curve y(x) of a specific instrument
reflects systematic deviations in the instrument’s readings
x. In this study, we assume that these systematic
deviations are described by a linear relationship:

y(x)=o0,+0x, (1)

and is described by the coefficients o, and o, between

the input quantity x and the output quantity y. The
values of these coefficients should be estimated based
on experimental results, i.e., based on the results of
measuring the input quantity x; — the readings of the
reference instrument — and the output quantity y; — the
readings of the instrument under calibration. We assume
that the values of the output quantity are distorted by
uncorrelated random disturbances ¢ with a zero
expected value and a value o of scale parameter:

V=0, +0,X +¢,. 2)

The values of the coefficients o, o, and the scale

parameter ¢ are unknown and must be determined based
on the measurement data. The estimated values ¢, and ¢,
of these coefficients describe a calibration line

I (X) = ¢y +ex . 3)

According to the MMM criterion, the values of the
unknown coefficients c0 and ¢l must satisfy the condition:

max|

yej - yapr(xej) = min 2 (4)
that is, all experimental data points must liec within a
band around line (2) with a minimum width of +s,
where s is the maximum deviation. The coefficients ¢,
¢1, and the maximum deviation s are determined based
on the three extreme pOintS (xel; yel)a (xe2; ye2)9 (xeS; ye3)
(in Fig. 1, these points are marked in red), for which the
extreme deviations:

Vy =Yy~ V(X)) =15, j=1,2,3 (5

take on the minimum possible value with alternating
signs. In Fig. 1, the extreme deviations have the signs:
-s, ts, -s:

Ve = Yer = Yrawm (X)) = =55

Ver = Ver =~ Vaawm (Xe2) = +55 (6)

Vs = Vo3 ~ Yaaum (Xe3) = 5.

The opposite order of sign changes for the extreme
deviations is also possible: +s, -s, +s.

The parameters of the approximation line are
determined by the coordinate values of these three
extreme points:

18
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- +
c]:ye3 Yel . Ozye] yez_cl

xel + er
N .
xe3 - 'xel 2

7 ()

The extreme deviations, depending on the
sequence of deviation signs, have the following
values:

S:yEZ_yel _Cl
2

S:ye]_yeZ +cl

2

X,, — X
622 < (_S’ +s, _S);

X, —X
622 L (-s, +s, —5).

®)

The extreme deviation determines two extreme
lines lower y,, \nny (X) and upper y,, \npy (%) :

LoMMM( ): MMM( )_ 5
y . X W X S}’ (9)

Yup mvnr (%) = Vi (X) + 5,

inside which all experimental points are located
(Fig. 1).

0.5

-0.5 VEolX)Mmm
= Xels Vel

0 2 4 6 8 10

Fig. 1. Determining the optimal line and the smallest extreme
deviations using the Minimax method

3. Calibration Examples

3.1. Calibration Results for the Fluke
8845A Voltmeter at DC Voltage

The Fluke 8845A voltmeter [13] was calibrated in
the range of Uy, =+10 V. A Fluke 8508A voltmeter [14]
was used as the reference. The calibration was
performed at the accredited LABBiKAL laboratory of
the Rzeszow University of Technology. The initial
measurement results obtained during the calibration of
this voltmeter are presented in Table 1.

The MPE of this voltmeter at this range is
described by the following equation:
MPE=+ (0.0035% of reading + 0.0005% of range),
one year after calibration.

Based on the results presented in Table 1, the
coefficients ¢y =0.0374mV and ¢, = 1.075-10° mV/V
were calculated according to (7) and (8) for the line
describing the dependence of the instrument’s error on
its reading, as well as the maximum deviation
s =%0.0498 mV:

(U )ypan =(0.0374+1.075-107 U, ) mV, (10
Sy =0.0498mV.

Using LSM for the data presented in Table 1, the
calibration line with standard deviation
sSrsm = 0.0244 mV is:

1, (U i =(0.0128-+2.898-107 U, ) mV, an
-0.0799mV < A, <0.0233mV. '

Table 1. Initial measurement results of the calibration Fluke 8845A voltmeter of range Ugg=+10 V

Part of Nominal Indication Uy, V Indication U,.,V
Ne Range value (U, V) Fluke 8845A reference Fluke 8508 A Error A, mV" | MPE, mV
1 -0.9 -9.0000 -8.99998 -8.9999580 -0.022 +0.365
2 -0.7 -7.0000 -6.99996 -6.9999460 -0.014 +0.295
3 -0.5 -5.0000 -4.99997 -4.9999570 -0.013 +0.225
4 -0.3 -3.0000 -2.99991 -2.9999940 0.084 +0.155
5 -0.1 -1.0000 -1.00002 -1.0000066 -0.0134 +0.085
6 0 0.0000 0.00000 0.0000010 -0.001 +0.050
7 0.1 1.0000 1.00000 0.9999982 0.0018 +0.085
8 0.3 3.0000 3.00001 2.9999980 0.012 +0.155
9 0.5 5.0000 5.00010 5.0000780 0.022 +0.225
10 0.7 7.0000 7.00012 7.0000850 0.035 +0.295
11 0.9 9.0000 9.00014 9.0000910 0.049 +0.365
The calibration line u,,(U),u and also the lower U, (Ui )siiv = Saentumt and upper

extreme lines (u,,(U)yyy and u,,(U),yy ) Which are

located at the distance *s,,,,, around this calibration
line are independent on the assumed error’s distribution.

The experimental data points, calibration lines
U, (D and u,(U, ) » determined using the

MMM (3) and LSM methods, respectively, are shown in
Fig. 2,a. This figure also shows the two extreme lines:

Uy, (U +Saem (9)- For the LMS calibration line

also similar two lines:

(12)

UypLsm Us)=ttU)isu + dyersu »

in which the estimated distance +d, , around

calibration line u_,(U, )5, depend on assumed error
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distribution. Namely, when uniform distribution is
assumed, then estimated distance is  about

dyerom =3 -S;em (Fig.2,a). For the normal distributed
errors these lines are located at a distance about
dyerem ®2.58- 5, 1o =0.0759 mV when p=0.99 (Fig.2,a).

From the analysis of Fig. 2,a, we see that when
uniform error’s distribution is assumed then point at
U, =-2.99991V is located outside the extreme lines

distribution is assumed then distance
d sy ©0.0759mV is more than one and a half times
larger (=1.52) than the value s, \nn =0.0498 mV for

MMM. In contrast, using the MMM method, regardless
of the assumed probability distribution of errors, the
condition that all points lie inside the extreme lines
U, (U and u, (U)ygy 1s always satisfied, and the

distance s,,,, between these lines and calibration line

AU, )i £0.0759 mV When normal error’s  y_ (U),\y iS minimized.

a b
0.1 0.15

000 A(Uy), mV .. 000 A(Uy), mV
Py -
Uup(Use)mm e " e Uy (Ude)LsM.norm L
oo == T uupUs)isvni sem™"
rm" g 0.1 ugp(Ude)mmm ez ==
0.05 Las" =% Uea(Usduwm b et P
-=® -
MC‘Z UC
) 0.05 tea{ Uac)vnvivg 9

0 teal( Use)rsm
pe e O 9 au*" *
-
urd(Uachmnam . ,(;j )' e o 9
- Urol A uni
.® - e e d uo(Uge)vvm Uro(Ude)LsM.norm
-0.05 T R
La -0.05 R
PR B -
-
a*” "
UaV R T UiV
-0.1 ~0.1
“10 8 6 4 72 0 2 4 6 8 10 -10 -8 -6 4 2 0 2 4 6 8§ 10

Fig. 2. Calibration curves u,, (U, )y (3) and u,, (U, ) sy as well as extreme lines u,,(U,,.) , u,,(U,) for the Fluke 8845A

voltmeter in the range U, =+10 V: uniform (a) and normal (b) distribution for the LSM method.

It is clear that the estimated value of the maximum
deviation is a random variable that can be described by
a probability distribution p(s). Deriving this distribution
is a very complex task. However, since the value of the
maximum deviation is approximately determined based
on extreme observations (Fig. 1), the approach used to
derive the distribution of the population standard
deviation with a uniform distribution for an observed
sample standard deviation [15] can be used to derive an
approximate probability distribution.

3.2. Calibration Results for the Fluke 8845A
Voltmeter at AC Voltage 750 V, 50 Hz

AC calibration was performed in the range
U, =750V at a frequency of 50 Hz. A Fluke 8508A

voltmeter operating in the same range was used as the
reference standard. The preliminary measurement
results obtained during the calibration of this voltmeter
are presented in Table 2.

Table 2. Initial measurement results of the calibration Fluke 8845A voltmeter of range U,, =750 V, 50 Hz

No Part of | Nominal value Indication U,., V Indication Uy, V Error MPE,
~ | Range (Uies V) Fluke 8845A reference Fluke 8508A Aye, mV mV
1 0 0.0000 0.023 0.0000 23 225.0
2 0.1 75.0000 74.983 75.0035 -20.5 270.0
3 0.3 225.0000 224.952 224.9997 -47.7 360.0
4 0.5 375.0000 374918 374.9875 -69.5 450.0
5 0.7 525.0000 524.878 524.9721 -94.1 539.9
6 0.9 675.0000 674.848 674.9689 -120.9 629.9
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For the Fluke 8845A range U, =750V , 50 Hz
the Minimax calibration line is:
., (U, aim :(9.245—0.2132Uac) mV (13)
Stee =13.76 mV.

When using the least squares method, the line
takes the following form:

Uy (U, ) sy =(5.60952-0.1938U,, ) mV, (13)
-11.57mV <A <17.39 mV.
The experimental data points, calibration lines

U, (U, )uum @and u_, (U, ) g » determined using the

MMM (3) and LSM methods, respectively, are shown in
Fig. 3,ab. This figure also shows the two lines

u, Udun  and  uy, (U, )y at  the  distances
+13.76 mV for MMM, as well as the two lines

uLO(UaC)LSMmf and uUp(Uac)LSM,un[f at the distances

+20.48 mV assuming uniform errors distribution
(Fig. 3,a) and at the distances about
*d, 1w t2.585, 9y =+30.50 mV assuming normal

distribution for p=0.99 (Fig.3,b).

An analysis of the graphs shown in Fig. 3,a,b
reveals that, assuming such uniform and normal
probability distributions of the deviations of the
observed meter errors, and using the LSM method, all
data points lie within the ranges of the corresponding
uLu(Uac)LSM,unif' and uUp(UaL')LSM,unif (a) as well as
uLo( Uac)LSM,norm and uUp( Uac)LSM,norm (b) lines.

a b
40 4
000 AU, ), mV c | 000 A(UL), mV
~ '[ ~
e .
(S hd &
’ : ’ * o unlU)
Uy Uac)m
S N Uy (Uac)mmm MY i
~ A
Sle NS / ~ AR (Use)
_ ~ ~ _ ~ » Uup\Yac)LsM norm
! 7 “.99 » Uy (Uac)LSM,unif 40 A N hd
~ ~ ~
~ L38 S
uro(Uac)vmm *Q ~
. ro(Uac)umant IS
-80 —80 S
Uro(Uae)svtumir ro(Uac) L5V norm
L
S
'S
120 120 teall Uac)rmnmng
Ueal( Uad)vrvim h -~
U:g,V Ucal(Uac)rsm AN EJGOV
-160 —160
0 75 225 375 525 675 0 75 225 375 525 675

Fig. 3. Calibration curves v, (U )vmm (3) and u.,(U,c)rsm and extreme lines u;,(Uy), uyy(Uyc), for the Fluke 8845A voltmeter
in the range U,. = 750 V: uniform (a) and normal (b) distribution for the LSM method

However, assuming a uniform probability
distribution, the width between the boundary lines in the
LSM method is about de, Lsmumir /Svvm = 1.49 times greater
than the width between the extremes in the MMM method.
Assuming a normal distribution, this difference is more
than  do1sMpom /Svm = 2.22  times greater. These are
significant differences in the estimation of the maximum
possible deviations obtained using the LSM method.

4. Conclusions

An analysis of the research results shows that the
method of minimizing the maximum deviation (MMM),
based on the experimental data obtained, directly
determines the calibration line along with the maximum
limits of possible deviations of the experimental data
points from this line. Both extreme lines are located at
the minimum possible distance syyv around the
calibration line. Regardless of the probability
distribution model used, these two extreme lines
certainly encompass all the experimental data points.

Therefore, these two lines can serve as an estimate for
determining the limits of the maximum permissible
error (MPE) of the calibrated measuring instrument.

At the same time, the least squares method, which
is the most sophisticated both in terms of calculating the
parameters of the calibration function and determining
its standard and expanded uncertainties, does not
provide always a completely correct determination of
the limits of the maximum permissible error. After
calculating the expanded uncertainty around the line
obtained using the LSM method, it may turn out that it
deviates significantly from the extreme points, or,
conversely, that even a few points may fall outside the
limits of the expanded uncertainty.

However, in order for the Ilimit values of
calibration line deviations obtained using the MMM to
be used to determine the statistical limits of the MPE of
a calibrated measuring instrument, it is necessary to
conduct a study to determine how the MPE values
depend on the values of extreme deviations, specifically
the probability distributions of the limit deviations.

© M. Dorozhovets, P. Kubiszyn, 2026
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3acrocyBaHHs anpokcumanii MiniMake 1J15 BU3HAYeHHs KaJIi0pyBaJibHOI JIiHil BUMipIOBAJIBLHOI0 NPHJIAAY
M. Jopoxosens, [1. Ky6inmx

AHoTanis

V wiit crarri onmcano cyTh Meroay MiHIMakc Ui BH3HAYCHHs KasliOpyBajbHOI KPHBOI BHUMIipIOBAIBHOTO TMPHIIALY.
JlocmikeHo XapakTepUCTHKU OTPUMAHOI TaKMM YMHOM KaiiOpyBaibHOI KpHBOi Ta MOPIBHSHO iX 3 HapamMeTpamu KpHBOI,
BH3HAYEHOI METOZOM HaiMeHIIMX KBanapaTiB. IlokazaHo, II0 BHKOPUCTAaHHA MeToqy MiHiMake 103Boisie Oe3mocepeHbo
BU3HAYUTH KaNiOpyBaIbHY JIHIIO pa3oM 3 EKCTPEMATbHUMH MEXaMU MOKIIMBHX BiIXUICHb €KCIIEPUMEHTAIBHUX TOYOK Bif M€l
JIiHIi, IKi He3aJIeXHO BiJl BAKOPHCTOBYBAHOI MO IMOBIPHICHOTO PO3IOITY, 000B’I3KOBO OXOILTIOIOTE YCi €KCIIepUMEHTAIbHI
toukn. OTke, Ii JABI JIHII MOXYTh CIYI'yBaTH OLIHKOIO JUIi BHU3HAYEHHS MEX MaKCHManbHO pomyctumoi moxubkm (MJIT)
BiZIKaTiOpPOBaHOTO BUMIpIOBAIBLHOTO Ipuiay. JocnimkeHHs Oyio IpOBEIeHO Ha OCHOBI pe3yJbTaTiB (pakTHYHOI KaliOpyBaHHS
BuMiproBansHoro npunany Fluke 8845 y mianasonax +10 B moctiiiHoro ctpymy Ta 750 B 3MiHHOrO CTpyMy B aKpeIUTOBaHiH
na6opatopii LABBIiKAL (PsiuriBcbka nosmitextika, Psiris, TTosnbia).

Kurouogi ciioBa: kaniGpyBanbHa JIiHis, MiHIMaKCHe HAOJIVIKSHHsI, OL[IHIOBAHHS HeBU3HAYEHOCTI BUMIPIOBAHb.

22 © M. Dorozhovets, P. Kubiszyn, 2026



YK 53.089.6 DOI: 10.30837/2663-9564.2026.1.04

OIOIHKA HEBU3HAYEHOCTI BUMIPIOBAHD IIIJI YAC
KAJIIBPYBAHHA ETAJIOHHUX IIEPETBOPIOBAYIB TUCKY

10.B. Koznos, O.A. HoBocwonos, B.M. Yurep

Xapxiscokuil nayionanvhuil ynieepcumem padioenekmpouiku, M. Xapkis, Yxpaina

AHoTanis

Y poboTi po3rIIHYTO MPOLENyPy OLIHKKA HEBH3HAYEHOCTI BUMIPIOBAHHS il Yac KaliOpyBaHHs €TAIOHHUX MEPETBOPIOBA-
4iB TUCKY. 3a3Ha4YeHa aKTyaJbHICTh NPOOJIEeMH 3a0e3NeUeHHsT METPOJIOTIUHOT MPOCTEKYBAHOCTI PE3yJIbTaTIB KaliOpyBaHb 3aco-
6iB BUMiproBaHb THCKY. [loka3zaHo, 110 po3poOKa CTaHAapPTH30BaHOI MPOLIEAYPH OLIHIOBAHHS HEBH3HAUCHOCTI MiJ Yac Kamiopy-
BaHHs CTAJIOHHUX [EPETBOPIOBAYIB TUCKY € HEOOXITHUM IHCTPYMEHTOM JUIS 3a0€3MeUeHHs €JHOCTI BUMiproBaHb. ONMCaHO 1po-
LeIypy OLIHIOBAHHS HEBU3HAYCHOCTI BUMIPIOBaHb: 3aIlMC MOJIEIi BUMIPIOBAaHb, OLIHIOBAHHS BXiJHUX Ta BUMiPIOBAaHOI BEJIMYHH,
OLIHIOBAHHS CTAaHIAPTHUX HEBM3HAYEHOCTEH BXiJIHUX Ta BUMIPIOBAHOI BEIMYMH, OLIHIOBAHHS PO3LIMPEHOI HEBU3HAYEHOCTI.
VYTouHEHO MOJebHE PIBHAHHS BUMIPIOBAHHS THUCKY IIiJ] Yyac KaniOpyBaHHs €TaTOHHHUX [EPETBOPIOBAYIB, L0 BKIIIOYAE MOMPABKU
Ha PO3MLIbHY 34aTHICTh MEPETBOPIOBaYA THCKY, IIOXHOKY HYJIS, BIIXWIICHHS TEMIIEpaTypy Ha MICLi KalxiOpyBaHHs Bix HOpMOBa-
HOI, Apeli¢ 3HaYCHHS THCKY POo0OOYOro €TajJoHy 3 MOMEHTY HOro OCTaHHBOI'O KaliOpyBaHHsS. 3aCTOCOBAHO METOJ| €KCLECIB JUIs
OTPUMAaHHS JJOCTOBIPHOI OLIIHKY po3uInpeHol HeBu3HayeHocTi. CkiiaieHo OI0KeT HeBU3HAYEHOCTI, 1110 BKIIIOYA€ €KCLECH BXiJ-
HHX Ta BUMIPIOBaHOI BeNWYMH. PO3MIITHYTO NPHKJIA] OL[iHIOBAaHHS HEBU3HAYEHOCTI BUMIPIOBAaHb IIiJ] 4ac KauiOpyBaHHS €TaJoH-
Horo nepeTrBoproBaya Tucky Tuiy I1JIE-010 y Touni 400 xIla 3a monomoroto kamioparopa tiucky DPI612. IIpoBeneno monento-
BaHHsI 3aKOHY PO3MOALTY BUMIpPIOBaHOT BelUUnHE MeTo0M MoHnTe-Kapio mis Bepudikaiiii pe3ysibTaTiB KaiOpyBaHHs €TaIoH-
HOTO [IePETBOPIOBaYa TUCKY. 3p00JICHO BHCHOBOK, IIO OLIHKM 3HAYEHb BUMIPIOBAHOT BEIMYMHK 1 PO3IIMPEHOI HEBU3HAYCHOCTI,
sIKi OyJIM OTpHMaHi 3a IONMOMOT'0I0 METOJIy €KCIECiB, TOKa3aIM J0OPY BIAIOBIHICTH MIXK pPe3yJIbTaTaMH, 1[0 OTPUMaHI METOJIOM
Mounte-Kapio.

Ku1104o0Bi c/10Ba: HeBU3HAYCHICTh BUMIPIOBaHb; pOOOYNii €TaNIOH; METOJMKA KaJiOpyBaHHS; IIEPETBOPIOBAY THCKY; METOJ
€KCIIeCiB; Apei( eTaNoHy; €IHICTH BUMIPIOBaHb; METPOJIOTIYHA IIPOCTEKYBAHICTS.

CKCHCCiB Ha HaHI/Iﬁ Jac HEMae.

1. Beryn

OriHKa HEeBH3HAYCHOCTI BUMIPIOBAaHb IiJ 4Yac Ka-
niOpyBaHHS BUMIPIOBAILHOTO 00JaHaHHA J1abopaTopi-
AMH, aKpeAWTOBaHMMH HallioHanbHMM areHTCTBOM 3
akpenuTamnii Ykpainu (maixi — HAAY) Ha BiIIOBiTHICT
BuMorawm [ 1], mpomoBxye OyTH aKTyaTbHUM 3aBIaHHSM.
Lle noB’s13aHO 3 THM, 11O CEepe] OCHOBHUX O3B Me-
TOJIMKHM KaliOpyBaHHS € PO3/ii OLIHIOBAHHS HEBH3HA-
YEHOCTI BUMIPIOBAHHS.

3rigno myHKTY 6.4.6 [1], BUMiproBambHEe 00mas-
HaHHS Mae OyTH BiikaixiOpoBaHe, SKIIO:

- TOYHICTh BUMIPIOBaHHA a00 HEBH3HAYCHICTH BU-
MIpIOBaHHS BIUIMBAE Ha JOCTOBIPHICTH OTPHUMaHHX pe-
3yJbTaTiB; /200

- KaniOpyBaHHs oOyajHaHHS HEOOXiJHe JUIsi BCTa-
HOBJICHHSI METPOJIOTYHOI MPOCTEKYBAHOCTI OTPUMAaHHX
pe3yJbTaris.

BincyTHICTP CTaHIApTHU30BaHUX METOAMK KajiO-
PYBaHHS, 110 BU3HAYAIOTH OIIHIOBAHHS HEBU3HAYCHOCTI
BHUMIpIOBaHb, CKJIa/ITaHHS PiBHSHHS BUMIPIOBAaHb i/ Yac
KaiOpyBaHHsI, OI0JPKETY HEBU3HAYEHOCTI BHUMIPIOBaHb,
HE BimmoBimae BuUMoram ctatrti 27 [2] Ta Moxe mpuBec-
TH JI0 TIOPYLIECHHS €IHOCTI BUMIPIOBaHb.

AHaJi3 0CTaHHIX J0CTiTKeHb i myOaikamiii. 3acto-
CyBaHHsSI METOMIy E€KCIIECiB Ui OTPUMAHHS TOCTOBIPHOL
OLIHKHM PO3IIMPEHO] HEBU3HAYEHOCTI IiJ] Yac KaniOpyBaH-
HS 3aC001B BUMIPIOBAaHHS SJICKTPUYHOTO OIOPY BHCBITIIIO-
BaJioch y myoOmikarisx [3], [4]. OtpumaHni 3a JOIOMOTOIO
METOJy €KCLIECIB OLIHKHM 3HAaUYeHb BUMIPIOBAHOI BEJIMYUHH
Ta PO3LIMPEHOI HEBU3HAUEHOCTI, TI0Ka3aJIM XOPOIINH 30ir
3 OLIHKaMHM, OTPHIMAaHUMH 3a JONIOMOTOI0 MeToxy MoHTe-
Kapio, 1110 1a€ MOXIIMBICTD TOIIMPUTH LIEH METOA Ha OLi-
HKY PO3MIMPEHOI HEBM3HAYCHOCTI I 4Yac KaaiOpyBaHHS
po0oUnX eTaloHIB THCKY. ICHyrowoi MeTonukn Kamiopy-
BaHHsI €TAIOHHKUX IEPETBOPIOBAYIB THUCKY 3 MPOLEAYPOFO
OLIIHKH PO3IIMPEHO] HEBH3HAUYCHOCTI HA OCHOBI METOMY

Merta cratTi — po3poOKa mpoIeypy OLiHIOBaHHS
HEBM3HAUYEHOCTI BHMMIPIOBaHb IIiJ] Yac KaniOpyBaHHA
€TAJIOHHHX IIePETBOPIOBAYIB THCKY METOJIOM EKCLECY.

2. BukJjiajg 0oCHOBHOT0 MaTepiay

EtanoHHi mepeTBOpIOBaYl THCKY 3aCTOCOBYIOTHCS
NpH KajiOpyBaHHI Ta MOBIPKM BUMIPIOBAIIBHUX HEPETBO-
PIOBaUiB TUCKY Ta MAHOMETPIB Yy JTADOPATOPHUX, MPOMHUC-
JIOBHX Ta TMOJbOBUX YMOBAX SIK pOOOUHIA €TaJIOH.

Hapasi, 3rinso [S5] B YkpaiHi CTBOpEHO Jep)KaBHUIA
MEPBUHHUN €TATOH OJMHMIN THCKY JUISl HAUTUIIKOBOTO
tcky — JIETY 04-03-01, sixuii 30epiraerbest y HarioHans-
HOMY HayKOBOMY LIEHTP] «IHCTHUTYT MeTpoJIorin» M. XapKiB.
Ilepenaya po3Mipy OAMHHII THCKY BTOPMHHHMM €TaJOHAM
BiTOyBa€eThCsI Oe3MmocepeTHiM 3BipeHHSIM BiATIOBITHO 110 [5].

Jiana3oHu 3Ha4YeHb BiATBOPIOBAHOI OJWMHHMII THC-
Ky Ta po3mupeHi HeBuzHaueHocTi JETY 04-03-01 cra-
HOBJISITh HACTYITHI 3HAYCHHS:

- niama3oH — Big 0,05 MIla go 10 MIla;

- HEBU3HAYEHICTH 3a TUIIOM A (1) - 3-10°° Mlla;

- HEBU3HAYEHICTh 32 TUTIOM B (13) - 2,610 MITa;

- CyMapHa CTaHJapTHA HEBU3HAYEHICTE ( u(;)-4'10'6MHa;
- posimpena HeBu3HaueHicTh (U) - 810 MITa.

Ajte, Ha 1ei 4ac, Il BUMIPIOBaJIbHI MOMKIHBOCTI
HamionaneHoro HaykoBoro mneHTpy «lHCTHTYT meTpo-
Jiorii» He OmyOJIiKOBaHO B 0a3i JaHMX KJIFOUOBHX 3Bi-
pes (KCDB) Ha caiiti MixknapogHoro 6ropo 3 Mmip i
Bar (BIPM), 00 He 3aBepiicHI MIXHAPOIHI 3BIPECHHS
JUTSE BAMIPIOBaHb HAJJIMIIKOBOTO THCKY B Jiamma3oHi BiJ
1 MIla mo 10 MITa.

Takum 4yMHOM, aKkpeIUTOBaHI KaliOpyBalbHI Jia-
6oparopii He MOXKXYTh 3a0C3MEUYUTH METPOJIOTIUHY IPO-
CTEXKYBAHICTh PE3YINBTATIB CBOIX KaTiOpyBaHb POOOYHX
€TaJIOHIB IS ITOBIpKH 3ac00iB BUMIPIOBaHbL HAJJIMIIKO-
BOr'0 THCKY B YKpaiHi, Ta BUMYILIEHI KaliOpyBaT# po6o-

© 10.B. Koznos, O.A. HoBocwkonos, B.M. Vurep, 2026
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Yl eTaJOHM 3a KOPJOHOM Yy OpraHizamisx, 110 MaroTbh
JIOKa3W METPOJIOTIYHOI MPOCTEXYBAHOCTI 10 MixHapo-
JTHOI cMcTeMH oauHHIE SI.

Skmo o3naiiomutHcs 31 «Cdepamu akpeauTariin
KamiOpyBanbHUX Jaboparopiii, akpeauroBaHnx HAAY
Ha KaliOpyBaHHSI MEPETBOPIOBAYIB THCKY (BHITHCKA 3i
«Cdoep akpenurariii» npuseaeHa B Tao. 1, naHi B34Ti 31
caiitry HAAY), To MOXHA BiI3HAYNUTH HACTYITHE:

1 — OLIBIIICTh KaIOPYBaIBHHUX JITAOOPATOPIH Mpo-
BOJATH KamiOpyBaHHS 3TiIHO 31 CBOIMH pO3pOOIEHUME
METOAMKAMU KajniOpyBaHHsA 1 jume ABiI jaboparopil
3aCTOCOBYIOTH METOJIMYHY IHCTPYKIIIO HiMEIbKOI Kalli-
OpyBaJIbHOI CITy>K0Hu [6];

2 — nmeski KamiOpyBaibHI J1abopatopii BKa3yIOTh
KpiM NepeTBOPIOBaYiB THCKY iHII 3aCO0M BUMIpIOBaHHSI
TUCKY, IJIS SKUX HaBEACHI OHI W Ti caMi 3HAYEHHS PO-
3IKMPEHOT HEBU3HAUEHOCTI BHUMIPIOBaHb, L0 XapakTe-

PHU3YIOTh KaJiOpyBaJbHI Ta BUMIPIOBAIBHI MOJIMBOCTI
(Calibration and Measurement Capability - CMC) una-
6opatopii. [Tonanns Takoi indopmarii npo CMC He nae
3MOTM 3aMOBHHKaM Mociayr Bu3HaduTH ailicHi CMC
naboparopii 3 KaJiOpyBaHHS IEPETBOPIOBAYIB THCKY;

3 — nmesixi kaniOpyBasbHI J1laboparopii 3acTOCOBY-
Baqu oauH Meron Juis BupaxeHHs CMC - miamazoH

BUMiproBaHHA. 3rigHO [7], HE TOBHHHO OyTH
HeonHOo3HauHOCTI y BupaxkenHi CMC y cdepax
akpemuTamii i, BIANOBiAHO, MIOAO  HAWMEHIIOI

HEBM3HAYEHOCTI BUMIPIOBaHHS, SKOI OYIKYE JOCSITH
nmabopaTopis i yac KamiopyBaHHS.

VY BUI/IKy, KOJIM BUMIpIOBaHa BEINYMHA OXOILTIOE
psin 3HadeHp Ta BuHpakeHHs CMC 3IifiCHIOETBCS
Jiarna3oHoOM, KaniOpyBajbHa J1a0OpaTopis ITOBHHHA
3a0e3NeUNTH HANCXKHY JIHIHHY IHTEpHOJAMmio, MI00
3HaNTH HEBU3HAYCHICTh IIPU CEPEe/IHIX 3HAUCHHSX.

Tabmuus 1 — Burmicka 31 «Cep akpeauTartiin» KaaiOpyBagbHUX JTa00paTopiil 3 KamiOpyBaHHS IIEPETBOPIOBAYIB THCKY

Ne | HaiimenyBaHHs O06’ext Miana3zon abo ToYKa BUMIpIO- Posmupena [To3navyanus
n/n KaiOpyBaJIbHOT KajiopyBaHHs BaHb, y SIKUX IMPOBOJUTHCSA HEBU3HAYCHICTh HOPMATUBHHUX JOKY-
naboparopii KamiOpyBaHHS BUMIpIOBaHb MEHTIB Ha METO/IU
U (k=2) KamiOpyBaHHA
1 2 3 4 5 6
1 | Al «Ykpmerp- | IleperBoproBaui | PoGoue cepenosumie — piau- MKY 100-39/04-2025
TECTCTaHAapT» TUCKY Ha: 0,6 x 10" = 1,8 x 10' Pa (I1a)

0,04 — 0,6 MPa (MIla)
> 0,6 — 10 MPa (MIla)
> 10— 60 MPa (MIla)

PoGoue cepenoumie — ras:
minyc 100 —mixyc 3 kPa (xI1a)
> minyc 3 — 3 kPa (xI1a)
>3 — 25 kPa (xIa)
> 0,025 — 1,0 MPa (MIla)
> 1,0 — 12 MPa (MIla)

2,2 x 10" — 1,4 x 10* Pa (I1a)
3,7 x 10> = 2,5 x 10° Pa (1a)

2,5-0,27 Pa (ITa)
0,7 Pa (I1a)
0,21 — 0,56 Pa (ITa)
0,51 — 13 Pa (IIa)
6,3 x 10' — 5,7 x 10* Pa (I1a)

2 Kpuopizpka Kani6paropu ta minyc 0,1 — 60,0 MITa 0,013 % MK-04/05
¢imis TIepeTBOPIOBayi IMpstvi BUMipIOBaHHS
JIT «JHinpo- TUCKY
CTaHxapT-
METPOJIOTisD»
3 OIT «Xapkis- | IleperBoproBadi minyc 98 — 0 xIa 0,00005xP xIIa COY PV 74.3-
CTaHIAPTMETPO- | THUCKY 3 yHi(iKo- 0-2xlla 0,0002 Ila 04725906-0134:2012
JIoTis» BaHUM a00 nudpo- >2 — 60000 xITa 0,00005xP klla DKD R 6-1
BHUM BHUXI1JIHUM > 60000 — 250000 xIIa 0,0001xP kIla

CUTHAJIIOM nie P 3HaueHHs BIATBOPIOBAHO-
TO/BUMIPIOBAaHOTO TUCKY, KI1a
4 |3anopisbka ¢imis Mpunanu minyc 100 — 0 xPa (xI1a) 0,08 kPa (xITa) MK 2-04-01:2020
AIT «Jainpo- BHUMIipIOBaHHS 0 — 70 xPa (xI1a) 0,004 xPa (xITa)
CTaHIAPT- THCKY > 70 —350 xPa (xI1a) 0,022 xPa (xIla)
METPOJIOTisD) > 350 — 1000 xPa (xI1a) 0,1 xPa (xIIa)
>1-2 MPa (MIla) 0,29 xPa (xITa)
> 2 — 60 MPa (MIla) (0,184 — 5,52) kPa (xI1a)
5 | Al «Binanng- | IleperBoproBaui | wminyc 90,0 xPa (xIla) — 2,0 0,1 xPa (xIIa) MK 032-240-2015
CTaHAapT- THCKY MPa (MIla)
METPOJIOTisH» BUMIipIOBaJIbHI 2,00 — 60,00 MPa (MITa) 1,06 kPa (xITa)
24 © 10.B. Koznos, O.A. HoBockonos, B.M. Yurep, 2026
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[Iponosxenns Tadu. 1.

1 2 3 4 5 6
6 | MuxkonaiBcbka | MaHoMmeTpu Ta minyc 0,1 — 0,0 MPa (MIla) 0,030 kPa (xI1a) MK.PY.011:2022
bimis 1HIII 3aCO0M It 0,0 — 0,7 MPa (MIla) 0,029 xPa (xI1a)
HIT «Opneca- BHMIipIOBaHHS 0,7 — 7,0 MPa (MI1a) 0,076 xPa (xI1a)
CTaHIApT- THUCKY 1 BAKyyMy 7,0 — 60,0 MPa (MIlIa) 0,76 xPa (xIla)
METPOJIOTisD»
7 | Cymceka ¢inist | ManomeTpH, 0,0 — 2,5 xPa (xIla) 0,44 — 1,6 Pa (ITa) MK PH 04.001
JII «IlontaBa- | Bakyym-meTpH, | minyc 0,095 —2,0 MPa (MIla) 0,09 — 0,82 xPa (xI1a)
CTaHIAPTMETPO- | 1HII 3aCO0H IS 0—-69,5 MPa (MIla) 0,062 — 42 kPa (xIIa)
JIOTisD) BHMIipIOBaHHS
THCKY Ta BaKyy-
My
8 JIT «IBanO- punagu ns AOCOIIIOTHHAN THCK MK 033 P/1/04:2023
®dpaHKiBCHK- BHUMipIOBaHHS 75,0 — 115,0 xPa (xI1a) 0,0036 kPa (xI1a)
CTaHAapT- THUCKY TOKa3ylo- HapnumkoBuii Tuck

METPOJIOTisD) 4i Ta 1 poB.i, 0,0 — 7,0 xPa (xIIa) 0,0020 xPa (xITa)
KaHau BuMipro- | minyc 100,0 — 100,0 kPa (xI1a) 0,040 xPa (xI1a)
BaHHS TUCKY 100,0 — 200,0 xPa (xIIa) 0,044 xPa (xI1a)
200,0 — 300,0 kPa (xIIa) 0,050 xPa (xI1a)
300,0 — 400,0 xPa (xITa) 0,058 xPa (xITa)
400,0 — 500,0 xPa (xIIa) 0,072 xPa (xITa)
500,0 — 600,0 xPa (xITa) 0,072 xPa (xI1a)

0,0 — 1,25 MPa (MIla) 0,0010 MPa (MIla)

1,25 - 2,5 MPa (MIlIa) 0,0014 MPa (MIIa)

2,5 -5,0 MPa (MIla) 0,0016 MPa (MIIa)

5,0 - 7,5 MPa (MIla) 0,0018 MPa (MIIa)

7,5 — 10,0 MPa (MIIa) 0,0022 MPa (MIIa)

9 Uepkacbka Manowmerpu, minyc 0,1 — 0,2 MPa (MIla) 0,01 xPa (xITa) MK 06-04-01
¢inis BaKyyMMETpH, 0,2 — 7 MPa (MIla) 0,06 xPa (xITa)
JII «IlonTaBa- | iHmm 3aco0u myst 7 — 60 MPa (MI1a) 0,6 xPa (xIIa)
CTaHIApT- BHMipIOBaHHS
METpOJIOTis» | TUCKY Ta BaKyy-
My
10 | AI «duimpo- | ITeperBoproBaui (0 —250) MPa (MIla) (0,005 - 0,5) mA/kPa DKD R 6-1
CTaHIapTMETPO- | THCKY 3 YHii- ITpsimi BUMiproBaHHS
JIOTis» KOBaHHM €JIeKT-
PUYHHUM CHTHA-
JI0OM
11 | PiBHeHCBKa bi- Manowmerpu, minyc 90 — 0 kPa (xI1a) 0,1 xPa (xITa) KJIMII-MK-014
st MaHOBaKyyMMe- >0 — 50 xPa (xI1a) 0,02 xPa (xITa) Bim 15.01.2024
AIT «JIbBiB- TPH, BaKyyM- > 50— 100 kPa (xI1a) 0,03 xPa (xI1a)
CTaHIApT- METpH, HAIopo- > 100 — 392 xPa (xI1a) 0,11 xPa (xI1a)
METpOJIOTis» | MipH, TATOHAMO- >392 — 1569 kPa (xI1a) 0,22 Pa (xITa)
pomipu Ta nepe- > 1569 — 2000 kPa (xI1a) 0,33 kPa (xIla)
TBOPIOBaYi THC- > 2 —7 MPa (MIla) 11 xPa (xITa)
Ky >7 —10 MPa (MIla) 25 xPa (x[la)
> 10 — 60 MPa (MIIa) 29 xPa (x[la)
12 | TIIT «HaykoBo- | ITeperBoproBaui | wminyc 0,1 — 0,1 MPa (MIla) 0,7 —7,0 Pa (ITa) MK-08:2021

BUPOO-HUYMI | THCKY 3 yHi(i- 0,1 — 0,6 MPa (MIla) 1—10 Pa (ITa)

LEHTp OI[IHKK | KOBAaHHM Ta I[U- 0,6 — 6,0 MPa (MIla) 6 — 360 Pa (ITa)

BIAMOBITHOCTI | ()pOBUM BHUXIiZ- 6 — 60 MPa (MI1a) (0,09 — 6)-10° Pa (I1a)

«OT'» HUM CHUTHAJIOM
13 TOB «JIAB- [epeTBOoproBaui minyc 0,1 — 60,0 MIla U=0,4klIa - 0,28 MIla MK 04-03:01.12.2023
TECT» Ta BUMiproBadi | YHi(ikoBaHi BXiIHI Ta BUXiTHI U=(00,2-4)%
THCKY, B T.4. 3 CHT'HAJIM
yHi(iKOBaHUMH
CUTHAJaMH Ta
iHIme
14 | TOB «PiBHe- Manomerpu, minyc 0,1 — 0,1 MPa (MIla) 0,042 kPa (xIIa) MK-Mp-01-2021
CTaHAapT» MaHOBAKyyMMC- 0,1 — 0,7 MPa (MITa) 0,038 kPa (kITa)
MTGI;‘S;AB’;‘;%{)“&)_ 0,7 — 7,0 MPa (MIla) 0,087 kPa (IIa)
MipH, THFOHATIO- 7,0 — 60,0 MPa (MIIa) 0,087 kPa (xITa)

pomipu, meper-

BOPIOBaYi THCKY
QHAJIOTOBI Ta

udposi, kanio-
paTopy THCKY
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KanibpyBaHHS eTaJOHHUX MEPETBOPIOBAYIB THCKY
MIPOBOIUTHCA i3 3aCTOCYBaHHAM KaiOpaTopiB THUCKY Ta
3MIHCHIOETBCSA METOIOM OE€3[I0CepPeIHBOr0  3BIPEHHS
BUMIpSHHX 3HA4€Hb IIEPETBOPIOBaYa TUCKY 3 BUMIps-
HUMH 3HaYEeHHAMH POO0YOro eTajoHa.

VY KOXHIH ToYli KajgiOpyBaHHsS IPOBOIMIOCS IO
JIBl cepil BUMIpIOBaHb, IPH 301IbIIEH] 1 3HMKEHI THUCKY,
BUKOHYIOUH MO IT’SITh BIJTIKIB [TOKa3aHb B KOXKHIH cepil.

BigxwmiieHHs TOKa3iB nepeTBOprOBava TUCKY, IO
KamiOpyeTbest A Mae HACTYITHUN BUTJISIL:

A=P-FB+AP+A +A,+A +A, e
ne: P — cepelHe 3HAuYECHHS PE3yNbTATIB BUMIPIOBAHHS
(1 mapu cepiit) npy 30UIbIIEH] 1 3HWKEHI THCKY; Py —

THCK, 3aJlaHHi pobounMM eTanmoHoM; AP — IOIpaBka,

10 BPaXxOBYE TOUYHICTH €TaJOHA i3 cepTrhdikara Kaiio-
pyBaHHS; A, — IIOIpaBKa, IO BPaXOBY€E PO3IUIbHY 3/1a-
THICTb IIEPETBOPIOBAaYA TUCKY, IO KaTiOpyeThCs; A,

IONpaBKa, 10 BPaXoBye MOXHOKY Hyist; A, — mompas-
Ka, IO BPAaxOBY€ BiIXWJICHHS TEMIIEpaTypu Ha MicIi
KamiOpyBaHHs Bix HOpMmoBaHOi; A, — mompaBka, IO

BpaxoBye Jpeid 3HaUCHHS THUCKY pOOOYOro €TaloHy 3
MOMEHTY HOTr0 OCTaHHBOTO KaiOpyBaHHS.

OniHIOBaHHSA CTaHJAPTHOI HEBU3HAYCHOCTI BXiJ-
HUX BCJIIMYMH 33 THIIOM A, TOB’S3aHOI 3 PO3CITHHSIM
MOKa3aHb MEPETBOPIOBAYa THCKY, IO KaliOpyeThes,
BU3HAYAETHCS 32 q)opMyHOIo [8]:

Z(P Py’ @

u(P)=
—3) &
ne: P —pesynbrar i-oro BUMiproBaHHs; P — cepenHe
3HAYEHHS Pe3yJIbTaTiB BUMIpIOBaHHS (1151 Tapy cepiid)

NpH 301IbLICH] 1 3HMKEHI THCKY; # — KUIbKICTh BUMI-
pIOBaHb.
CraHgapTHa IHCTpYMEHTaJIbHa HEBH3HAUYCHICTh
THUITy B eTajloHa TUCKY pO3paxoBYeThCs 3a hopMyInoro:
- U
_ S
u(AFy) = T A3)
N
jge Ug — posuiupeHa HEBU3HAYECHICTh BUMIPIOBaHb 31
ceprudikaTy KaxiOpyBaHHSI pOOOYOT0 €TANIOHY THCKY;
kg — xoedinieHT OXoIIeHHs 31 cepTHdiKaTy Kamiopy-
BaHHI.
CranmapTHa HEBU3HAUEHICTH THIy B, dKa
O00yMOBJICHA TIONIPABKOIO, IO BPaXxOBYE DO3IUIbHY
3IATHICTH TEPETBOPIOBaYa TUCKY, IO KATiOPyeThCS, Y

MPUITyIICHHI  PIBHOMIPHOTO  3aKOHY  PO3IOJILTY,
BU3HAYAETHCSA 32 (POPMYIIOF0:
- d
u(A,) =—= “)
23

ge: d — 3HaueHHS HAMMEHIIOI IOJIIKY IIEPETBOPIOBA-
4a THCKY, 1110 KaJIiOpYEThCS;

CrangapTHa HEBU3HA4YeHICTh THUIY B, sKa
00yMOBJICHA TOINPABKOIO, 10 BPAaXOBYE MOXUOKY HYJIs,
y TpUIYHIEHHI pPIBHOMIPHOTO 3aKOHY pPO3IOALTY,
PO3paxoBYyeETHCS 3a GOPMYJIOO:

u(A, )_2[ (%)

Jc: OZ — MaKCHMaJIbHC BII[XI/IJ'ICHHH 3HA4YC€HHA PE3YJIb-

TaTiB BUMIpPIOBAaHHA Ha HYIBOBIA TOUHi (IS mapu ce-
piit) mpu 301NBIICHI 1 3HIKEHI THCKY:

ez:{Pzz_le > Py _BSLst_Pﬂ >[4210 _69}- (6)
CranmgapTHa HEBU3HAUCHICTh THIy B, sKa

00yMOBJIEHa MONPABKOIO, IO BPAXOBYE BiIXHUICHHS
TEeMITepaTypy Ha Micui KajiOpyBaHHS BiJ HOPMOBAHOI,
PpO3paxoBy€eThCS 32 (bopMyHOIO'
L—20°C | P-P. )
20 °c 3

— TeMmeparypa HaBKOJHIIHBOTO CEpEIOBH-

u(A )=

ne. t

TI0B
ma; P — cepenHe 3HAYEHHS PE3yIbTaTIiB BI/IMipIOBaHHSI
(s mapu cepiif) npu 301NbIIEH] 1 3HWKEHI THCKY; P,

€T
— 3a/laHe 3HaYEeHHS TUCKY pOO0YOro eTaoHY.

CrangapTHa HeBU3HAUYCHICTh TUIY B, sxa o0ymo-
BJIEHa MONPABKOIO, 110 BPaxoBYye jApel( 3HaUeHHS THC-
Ky po0O0OYOro eTaJOHy 3 MOMEHTY HOr0 OCTaHHBOI'O Ka-
niOpyBaHHS, Y IPUIYIIEHHI PiBHOMIPHOTO 3aKOHY PO3-
TIOJTLTY, BU3HAYAETHCSA 32 (POPMYIIOF0:

N m |APAP
U )= 36543 ®)

— PI3HHIIA MIX BIIXWICHHSIMH MTOKa3iB po0o-

ne: AP,

YOro €TaJIOHY 3 JIIF0YO0ro Ta MONepeHbOTo cepTHdikaTy
KaiOpyBaHHS; m — KUIbKICTh JHIB, SKa MUHYJIa TICIIs
OCTaHHBOTO KaJiOpyBaHHS pOOOYOTO €TANIOHY THCKY.

OriHKa CTaHAapTHOI HEBHU3HAYCHOCTI BUMIpIOBa-
HOI BEJIMYMHHU PO3PaxoBYyeThCs 32 GopMyInoro:

u(A):W(F)+u2(APS)+u2(AC)+u2(AZ)+u2(A,)+u2(Ad) ,(9)

ne: u(P) — cranmapTHa HEBH3HAYCHICTh THIY A TIOKa-

3aHb MEpeTBOpIOBaya THCKY; u(AP;) — craHmapTHa He-
BU3HAYCHICTh THITy B i3 cepTudikara kaniOpyBaHHS Ha

eTanoH THCKy; u(A,) — craHmapTHa HEBU3HAYCHICTbH

TUILy B NOIpaBKM Ha PO3JUIBHY 3[aTHICTB; u(A,) —
CTaHJapTHa HEBU3HAYCHICTb THUIY B MONpaBKH, IO
BpaxoBy€ NMOXUOKy HyJs; u(A,) — CTaHIapTHA HEBU-

3HAYEHICTh TUIy B mompaBku, mo BpaxoBye BifXHIIEH-
HS TeMIepaTypd Ha MICIi KamiOpyBaHHS Bil HOpMOBa-

HOl; u(A,) — cTaHAapTHA HEBU3HAYCHICTH THITy B mom-

PaBKH, 1[0 BpaxoBye Apeil¢ 3HaAUYCHHS THCKY po0O0OYOro
€TaJIOHy 3 MOMEHTY HOTr0 OCTaHHBOTO KalliOpyBaHHSI.

Po3paxyHOK cyMapHOi cTaHIapTHOI HEBU3HAYEHO-
CTI Ta PO3MIMPEHO] HEBU3HAYCHOCTI 3IIHCHIOETHCS 3
ypaxyBaHHSM €KCLIECY BXIJIHMX BEJIHYHH.

3acToCyBaHHS MPOLEAYPH OLIIHKK PO3MINPEHO] He-
BU3HAYCHOCTI HA OCHOBI METO/1y €KCIIECIB MOXKIIMBE TIPH
BUKOHAHHI HACTYITHUX YMOB:

- MOJenb BUMIpPIOBaHHsS — JiliCHa, SBHA, OIHOBH-
MipHa, JiHiitHa a00 IoITyCcKae JTiHeapHu3allilo;

- 3aKOHU PO3IMOALTY HMOBIPHOCTEH BXiTHUX BEIH-

26
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YHH — CUMETPHYHI;

- 3aKOH PO3MOIUTYy TeHEpaIbHOI CYKYHMHOCTI PoO3-
CIIOBaHHS TOKa3aHb 3ac00IB BHUMIPIOBAJIBHOI TEXHIKH,
IO CTIOCTEPITa€eThCs, — HOPMAJIHHUH.

O1iHKa pO3IIUPEHOT HEBU3HAYEHOCTI BUMIpIOBaH-
HS IIpY KaJliOpyBaHHI €TaJOHHOTO IIepEeTBOpIOBaYa THC-
Ky METO/IOM eKcleciB [8] Bu3Ha4aeThCs 32 (POpPMYIIOLO:

U =ku(A) (10)

Jie KoedilieHT OXOIUIeHHs k st piBHs goBipu 0,9545 B

PO3PaxoBYETHCS 3a (HOPMYIIOIO:
0,121 +0,In+2,

3+1
0,9545;(6/n+4) ~ 34 211 >

npu N <0;
(11)

ko,9545 =

mpu n=0,

BPaxOBYIOUH, IO 1] — EKCIEC BUMIPIOBAHOI BEJIMYHMHH,
SIKMH TOPI1BHIOE:

1 — ~ A
n :7[nﬁu4(P)+nPSu4(APS)+ncu4(A(‘)+
u(A)
4 ~ ~ ~
(At (A) +nut (A1, (12)
Jie 3HAYCHHS CKCLECIB BXIJHUX BEIUIHH Mp, Mg, M,

Mg, M,» M, OepyTbes 3 Tabn. 2 3rigHO 3 NPHUIINCAHUM
M 3aKOHOM PO3MOJIiITY.

Bcest iHopMais mpo BXiAHI Ta BUMIpsHI 3HaueH-
Hs, OTPHMaHa BUIIE, 3BeJIcHa B Ta0I. 3, sika 1 € OropKe-
TOM HEBHU3HAYEHOCTI, SIKUA MOXE CIIyTYBaTd OCHOBOIO
JUIsl CTBOPEHHSI MPOrPaMHOro 3acoly i THM CaMUM aB-
TOMATH3YBaTH PyTUHHHHI MPOLIEC OLIHIOBAHHS HEBU3HA-
YEHOCTI, 3MEHIITYIOYH Yac PO3PAaXyHKIB Ta IMiIBUITYIOYH
iX TOCTOBIPHICTB.

Tabnuus 2 - 3HaYESHHS eKCIeCy IS Pi3HUX 3aKOHIB PO3IOALTY BXI1THUX BEITUYHH

3aKoH po3noniny |  ApKCHHYCHHUI PiBHOMIpHUI TpukyTHuii Hopmanbuuii CTBIOZCHTA 3 YHCIIOM
CTETeHiB cBOOOAN V
n -1,5 -1,2 -0,6 0 6/(v-4)

Ta6nuus 3 - Bro/pkeT HeBH3HAYEHOCTI BUMIpIOBaHb i/ Yac KauiOpyBaHHsS €TAIOHHUX IIEPETBOPIOBAYIB THCKY

. 3HayeHHS CrannmaptHa Excuec .
Bxigna . .. Aap . cn . Koedimient Bruecku
BX1IHOT HEBU3HAYCHICTh BXiTHOT . .
BEJIMYHMHA S Yy TJIUBOCT1 HEBU3HAYECHOCTI
BEJHMYHHU BXI1/IHOi BEJIMYUHU BEJIMYHHU
P P u(P) n, ! u(P)
AP AP, u(AP,) Ny, -1 —u(AP,)
0 A 1 A
A, u(A,) M. u(A,)
0 A 1 A
A z u(A,) Nz u(A,)
0 A 1 A
A p u(p,) N, u(p,)
0 A 1 A
Ad u(Ad ) Na u (Ad )
. 3HayeHHS CranzaptHa Excuec .
BumiproBana . .. . . . Koedimient Pozmmpena
BHMipIOBaHO1 HEBU3HAYCHICTh BUMIpIOBaHOT .
BEJIMYHMHA . .. OXOIUICHHS HEBU3HAYCHICTh
BEJMYHHU BUMIpIOBAaHO1 BETMYMHU BEIMYHHU
A A u(A) n k U(A)

3anpornoHoBaHa mpolenypa Oyia BamiJoBaHa Me-
TonoM MonTte-Kapio [9], sikuit nmoka3as, 110 BOHa MpH-
JIaTHA AJIs1 BAKOPHCTaHHSI 32 IPU3HAYECHHSM.

MPUKJIAJL

Po3srnsiHeMO NpHKIIa] OLiHIOBaHHS HEBH3HAYCHOC-
Ti BUMIipIOBaHb Wi Yac KaxiOpyBaHHsS €TaJOHHOTO IIe-
perBoproBaua Trcky Tuiry I1JJE-010 y Touni 400 xIla 3a
JIOTIOMOT 00 Kasioparopa Tucky DP1612.

VY Touwi KanmiOpyBaHHSI IPOBOIMIIOCS TO JABI cepii
BUMIpIOBaHb, PU 30UIbIIEH] 1 3HW)KEH] THCKY, BUKOHY-
FOYH IO IT’SITh BiJUTIKIB ITOKa3aHb B KOXHIHN cepil.

PesynbraTi BUMiproBaHHS HaBelleHO B Ta0I. 4.

Posmmmpena HEBU3HAYEHICTh BHUMIPIOBaHb 31 cep-
TUdiKaTy KaniOpyBaHHs Ha etanoH Tucky DPI612 nopi-
BHIo€ 0,13 k[la mpu xoedimieHTI OXOTIeHHS k = 2.

Temneparypa HaBKOJIMIITHBOTO CEPEAOBHIIA CKIa-
A t,p5=22,3 °C.

KinmpkicTh AHIB, SKa MHHYJIA TICIIS OCTAaHHBOTO Ka-
ni0pyBaHHS poOOYOTO eTANOHY CKiana m = 369 mHiB.

3HaveHHs BIIXWUJIEHHS TUCKY POOOUYOTr0 €TajoHy, 3
II0YOTO Ta TOTEpPenHBOro cepTudikaty KamiOpyBaHHS
nopiBaIOE - 0,16 kI1a Ta - 0,14 kI1a.

3a pe3yibTaTaMy BHMIpPIOBaHb CKJIJEHO OIO/KET
HEBU3HAYEHOCTI (Tabd. 5).

© 10.B. Koznos, O.A. HoBocwkonos, B.M. Vurep, 2026

27




Metrology and Instruments
Calibration

1/2026

MeTponoria Ta npunagm
KanibpyBaHHs

MonentoBaHHS X BUMIPIOBaHb METOAOM MoOHTe-
Kaprmo 3a momomororo nporpamu [9] mamo 3mMory otpu-
MaTu HACTYIIHI pe3yJIbTaTH:

P =400,14 xI1a; u(A) = 0,069 kIla; U(A) = 0,14 kIIa.

BimxuneHHsT OMIHOK PO3MKPEHOI HEBU3HAYEHOCTI,
SKi OTPIMAHO METOJOM EKCIECiB BiJ OIIIHOK, OTpHMa-
HUX 3a gonomororo MMK, He nepesuiye + 2,5 %.

Ta6nuus 4 — Pe3ynbTaTit BUMIPIOBaHHS TUCKY, SIKHUH 3aJJaHUil pOOOYNM €TalOHOM
i1 yac KajaiOpyBaHHS €TAIOHHOTO MePeTBOPIOBaYa TUCKY

Ne cepii BumipsiHe 3HaueHHs pu 301IblIeHH] TUCKY, K[la | BumipsiHe 3HaueHHs pu 3MEHIIeHHI THCKY, Klla
1 400,1 400,1
2 400,2 400,2
3 400,1 400,2
4 400,1 400,1
5 400,2 400,1

Tabnuus 5 — BroJpkeT HeBU3HAYEHOCTI BUMIPIOBAHHS Mifl Yac KaJliOpyBaHHS €TaJIOHHOTO MEPETBOPIOBayYa TUCKY

CrangapTtHa
. 3HaueHHsA . Excrec .. Buecku
Bxigna L HEBU3HAYEHICTH N Koedirrient .
BX1AHOT .. BX1HOT . HEBHU3HAYEHOCTI,
BEINYHHA BXI1JIHOI BEJIMYUHU, Yy TIUBOCTI
BenmuuHU, Klla Il BEJIMUMHU klla
P 400,14 0,01852 1,2 1 0,01852
AP 0 0,065 0 -1 - 0,065
A, 0 0,00289 -1,2 1 0,00289
A 0 0 -1,2 1 0
A, 0 0,0093 -1,2 1 0,0093
A, 0 0,01167 -1,2 1 0,01167
CrangapTtHa
. 3HaueHHA . Excniec ..
BumiproBana . .. HEBU3HAYEHICTD . .. Koedirmient Pozmmpena
BHMIipIOBaHOT . . BHUMIPIOBaHO1 .
BEJIMYHHA BHMIipIOBaHOT OXOIUIEHHS HEBU3HAYEHICTD
BEJIMYUHNA BEJINYUHA
BEJIUYMHHA
P 400,14 xI1a 0,06927 xlla 0,00477 2 0,139 klla

3. BucHoBKH

1. Po3poOka craHIapTH30BaHUX METOAUK Kamiopy-
BaHHS ETAJIOHHUX TIEPETBOPIOBAYIB THUCKY, € TapaHTIE0
3a0e3neveHHs] €JHOCTI BHMIpIOBaHb y cdepi BHUMIpIO-
BaHHS THCKY.

2. OCKIIBKM BCI BHECKH B HEBHM3HAUCHICTH, IO
BXOJISITh IO MOJEJi BUMIPIOBAHHS, OLIHIOIOTHCS 3a TH-
oM B, IomiabHO po3paxoByBaTH pO3LIMPEHY HEBU3HA-
YEHICTh METOIOM EKCIIeCiB, KW TO3BOJSIE OTPUMATH
OLIIHKY pO3IIMPEHOT HEBM3HAYEHOCTI 3 ypaxyBaHHIM
3aKOHIB PO3IMOJLTY BXiJJHUX BEJIMYMH Ta aBTOMAaTHU3yBa-
TH IIPOLEC 11 pO3paxyHKYy.

Cnucok aitepatypu

3. JInga mepeBipkH OTpUMaHHUX pe3yIbTaTiB OyIo
3MOZAETHOBAHE 3aKOH PO3IOALTY BUMIPSHOI BEIMYHHHU
merogoM MonTte-Kapio, mo mokaszano, o pi3HHISA
3HaYeHb PO3IIMPEHNX HEBU3HAUCHOCTEH pe3yibTaTaMy,
OTPUMaHMMH MeTomaMH ekclecy Ta Monre-Kapmo He
nepeBuIuio 2,5 %.

4. BukopucTaHHSI METOJy €KCLECIB JUIS OLIHKH
PO3MIMPEHOi HEBU3HAYEHOCTI I 4Yac KaiaiOpyBaHHS
BUMIPIOBAJILHOTO O0JIaHAHHS BiJKPHBAE TEPCIIEKTHBH
poOOYMX EeTaNOoHIB, SIKi 3aCTOCOBYIOThCS iJl Yac MOBIip-
KU 3ac00iB BUMIPIOBAHHSI THCKY.

1. ICTY EN ISO/IEC 17025:2019 «3aranpHi BUMOTH 0 KOMIIETCHTHOCTI BUIPOOYBAIIBHUX Ta KalniOpyBalbHUX Jlabopa-

TOPIiii».

2. 3akoH Ykpainu Big 05.06.2014 Ne 1314 — VII «IIpo METpOJIOTit0 Ta METPOJIOTIYHY TisUTBHICTEY.
3. Zaharov 1., Botsiura O., Semenikhin V. Measurement uncertainty evaluation by kurtosis method at calibration of electri-

cal resistance standards wusing a comparator
https://doi.org/10.24027/2306-7039.1.2020.20416610

// Ukrainian Metrological

Journal. 2020. No. 1. P. 12-16,

4. Zakharov 1., Botsiura O., Semenikhin V. Method of kurtosis in estimating the measurement uncertainty during calibra-
tion of the electrical resistance measures using a potentiometer //Ukrainian Metrological Journal, 2021, No 2, 30-34,

https://doi.org/10.24027/2306-7039.2.2021.236078.
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5. ACTY 4007-2001 Mertposoris. epxaBHa moBipoyHa cxema uisi 3aco0iB BUMIPIOBaHb HAJIHMIIIKOBOTO THCKY B Jiana3o-
Hi Bix miryc 100 xI1a go 250 MIla.

6. DKD-R 6-1 Calibration of Pressure Gauges. Edition 03/2014.

7. ILAC-P14:09/2020 «ITonitnka ILAC moxo HeBU3HAYEHOCTI BUMIPIOBaHb B KaJIiOpyBaHHD.
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Measurement uncertainty evaluation at reference pressure transducers calibration
Kozlov Yu.V., Novosyolov O.A., Unger V.M.

Abstract

The article considers the procedure for estimating measurement uncertainty during calibration of standard pressure trans-
ducers. The relevance of the problem of ensuring metrological traceability of calibration results of pressure measuring instru-
ments is noted. It is shown that the development of a standardized procedure for estimating uncertainty during calibration of
standard pressure transducers is a necessary tool for ensuring the uniformity of measurements. The procedure for estimating
measurement uncertainty is described: recording the measurement model, estimating input and measured values, estimating
standard uncertainties of input and measured values, estimating expanded uncertainty. A model equation for measuring pressure
during calibration of standard transducers is given, which includes corrections for the resolution of the pressure transducer, zero
error, deviation of the temperature at the calibration site from the normalized one, and the drift of the working standard pressure
value since its last calibration. To obtain a reliable estimate of the expanded uncertainty, the kurtosis method is used. An uncer-
tainty budget is compiled, which includes the excess of input and measured values. An example of the estimation of measurement
uncertainty during calibration of a standard pressure transducer of the PDE-010 type at a point of 400 kPa using a DP1612 pres-
sure calibrator is considered. The distribution law of the measured quantity was simulated by the Monte Carlo method to verify
the calibration results of the standard pressure transducer. It was concluded that the estimates of the measured quantity and ex-
panded uncertainty values obtained using the excess method showed a good agreement between the results obtained by the Mon-
te Carlo method.

Key words: measurement uncertainty; working standard; calibration method; pressure transducer; kurtosis method; stand-
ard drift; measurement uniformity; metrological traceability.

© 10.B. Koznos, O.A. HoBocwkonos, B.M. Vurep, 2026 29



BUMIPIOBAHHA /| MEASUREMENTS

VIIK 620.172.225

DOI: 10.30837/2663-9564.2026.1.05
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YOUNG MODULUS OF THIN FIBERS
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Abstract

This article describes methods for measuring the Young's modulus of small samples, measuring the stiffness of one-
dimensional materials, measuring the static Young's modulus of thin structural fibers, and measuring the dynamic damping
modulus of polymer fibers. Modifying the diffractometer makes it possible to measure other mechanical parameters of solids.The
results of measuring the static Young's modulus of a basalt fiber 93 mm long and 17.1 um in diameter are presented. An example
of dynamic measurements of the Young's modulus of a polyamide fiber 30 mm long and 119 pm in diameter is provided.

Keywords; diffractometry, static and dynamic module young, thin fibers

1. Introduction

Lasers, as a light source created in 1960 and the
optical fibers appeared soon after, has led to the
development of new optical measurement methods,
including those wusing diffraction and interference
phenomena of the light. They create new possibilities for
studying the mechanical properties of materials. We will
discuss two examples of such applications of light
diffraction.

E

tEY T YYD
d
|
| |
1

(@)

Light diffraction is one of the phenomena that
occurs when there is an obstacle in the path of a light
ray that causes a change in the direction of their
propagation. The phenomenon of diffraction occurs both
when light passes through a slit (Fig. 1) and at the
boundary of a one-dimensional object, i.e. according to
Babinet principle [2] on complementary objects (Fig. 2).

In both of these cases, diffraction bands are formed
on the screen E.

(b)

Figure 1. a) Diffraction on the flat slit of D width. b) Distribution of diffraction bands for two different values of slit D,
D1>D: (lines: D1 - continuous, D> - dashed)

1519 1%

Figure 2. The appearance of diffraction at the boundaries
of the object, named the Babinet principle

The position of diffraction bands is an
unambiguous indication of the width of the gap (Fig. 1)
or the fiber diameter (Fig. 2). The displacement of the
distribution of diffraction bands contains information
about a change in the position or dimensions of the
object under study.

2. Measurement of Static Young's
Modulus of Thin Fibers

The study of the static Young modulus of thin fibers
became possible thanks to the use of diffraction methods.
In a testing machine, a bundle of fibers that make up a
thread is examined. A single fiber is tested in a
diffractometer. The vertical movement required for these
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tests is made possible by the air bearing 2 of its own
design (Fig. 3). Fiber 1 is loaded with mass m. As a
result, it is lengthened, which causes a change in the
width of the gap. As a result, the distribution of
diffraction fringes of light passing through this slit
change. This can be recorded with a CCD camera.

ccop

F igure.3. Measuring system for .determining.the static Ydung
modulus

The recorded pixel values are shown in Fig. 4.

A6 1 Data: pomiar! 41[mg]
Chit2/DoF = 506 51
350 4 Ar2 = 0.85266
300 4 i lo 5000 +0
Cd 1 k BO242887  +1.07447
250 o bs 1A Ho 0.02490 +0
i Bl L 0.344 +0
o 200 I". | 14 le 25 +0
= 1 ‘ :
150 4 "
|| 4 {7
100 4 X1 ‘\a T
) 1!‘4:- J WM .
04

Figure 4. Distribution of light intensity after passing through
the gap at load m

The function of the distribution of light intensity
after passing through a gap is described by the formula
[13]:

Izlo[sin(ksinoc)/ksinoc]z+IC. @9)]

This formula can be transformed as follows:

2
[:Io sin k('xL _xo) k(x, _xo) +Ic )
VE+0s=x) | [VE +0;—x)°
(@)
From the formula (1) it follows that the
dimensionless constant k has the form of k=nD/\.

The theoretical function is matched to the measurement
data by Origin program. After adjusting the distribution
of the diffraction bands to these data, the dependence of

the £ parameter on the load m is determined. The
parameters of matching a function as a simple
k=am+b are calculated using the least squares
method from the following formulas:

n n n
Zm[Zk[ + nZ(m[k,.)
— _i=l i=1 i=1
- 2
[Zn:mlj +ni:m,.2
i=1 i=l

n

imz‘Z(mz‘ki)J“Zn:kiZn:miz

i=1 i=l i=l i=1

2
[i m, j + ni m’
i=1 i=1

The standard uncertainties of the values a and b
are determined from the formulas:

u(a):\/ izidlz ’ ,, n " _
(5

; 2m
u(b)= b d’ =l .
n-24%<" o ( n ]2

a

, (3a)

a= (36)

(4a)

(40)

ani - Zm
i=l i=l
The dependence of the parameter k on the load m

and parameters of the fit are shown in Fig.5, also made

with the Origin program.
750 -

00 o

G50

-

iy model y=ax+b
a 723650 £36163
b 574 59 +4.75

580 o R*2  0.996

500 T T T T 1
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Fig.5. Relation of the adjustment of the parameter & as a
function of load m

The value of the Young's modulus of the studied
fiber is calculated on the basis of information from the
literature [3]. The formula for the material constant can

be written as
F /Al
I=—/—, 5
S/l ®)

where F' — the loading force of the fiber, S — the cross-
sectional area of the fiber, A/ — the elongation of the
fiber, equal to the change in the width of the gap (AD), /
— the length of the fiber.
The width of the gap is
D=D,+AD, (6)
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where Dy — width of the initial gap.

After subsequent transformations of the formula
(5) for a fiber with a diameter of 2r, the following is
obtained:

£ Fl _ mgl2= : mgl ' @
ADS ADmw* mr’(kh/mn—D,)
Hence:
gl nD,
k= +—. 8
B ©

Using the results of the fitting the straight-line
k=am+b, (where a — its slope parameter) we get the
expression for Young's modulus E of (7)

E=¢ ©)

2

in which g — acceleration of the Earth.

Example 1. Measurement results of basalt fibre
with the length of 93 mm and a diameter of 17.1 um.
The value of Young's modulus E=(27.3+2.1) GPa was
determined with an relative uncertainty of 8.6%.

A suitable air bearing was designed and built. It
enables non-resistive movement of the diffraction gap
blade. The elongation of the fiber measured with using
of the light diffraction is the noncontact method.
Measurements of thin single fibers have not been
described in the literature at all. Therefore, there was
nothing to compare the results obtained.

3. Dynamic Young's modulus
measurements of thin fibers

The basic parameters characterizing the
mechanical properties of fibers include the modules of
elasticity, both static and dynamic. Young's dynamic
module is measured by resonance methods with
displacements and by means of wave propagation by
ultrasonic instruments. The most commonly used
method is DMA (Dynamic Mechanical Analyzer). All
these methods are mainly used for metal and ceramic
products. To a limited extent, textile fibers in the form
of a bundle are also tested with them, but please
remember that the holder in DMA is only suitable for
fibers with a diameter of more than 500 pm.

The needs of materials engineering used in industry
also made it necessary to extend the method of
characterizing the mechanical properties of fibers to
include a dynamic modulus of longitudinal elasticity.
This modulus is determined from the elastic deformation
of the fibers in the process of longitudinal vibrations.
Monitoring these vibrations provides information about
the dynamic properties of materials. One way is to
determine the frequency of oscillations that disappear in
the time domain. It is also possible to measure the
dynamic modulus of elasticity using laser techniques [4-
12]. For this purpose, the IMS pulsed mechanical
spectrometer was specially developed and built. It can be
used to determine Young's modulus under dynamic
conditions. The optical method is highly sensitive,

inertial, and non-contact.

The principle of measurement of the dynamic
modulus of Young's modulus is shown in Figure 6, and
the dynamic modulus of filament elasticity used in the
IMS spectrometer is shown in Figure 7.

A description of the structure and operation of the
IMS spectrometer is described in the paper [12]. It also
allows the determination of the dynamic modulus of
thin fibers. Vertical movement is achieved thanks to the
use of an air bearing of its own design.

@

Fig.6. Measuring system for determining the dynamic Young's
modulus

NN,

\ NS

/
—[10

N R

7

Vi

Fig.8. Diagram of the IMS mechanical pulse spectrometer:
1- upper terminal, 2- plate, 3 - glue, 4 - fiber, 5 - bottom

clamp, 6 - connecting frame, 7 bearing moving rod, 8 - air
cover, 9 - air bearing, 10 - compressed air inlet, 11 - air outlet.
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In this IMS spectrometer, a specific sinusoidal
stress is introduced, and the sinusoidal strain is
measured. This is done by introducing the test sample
with additional weight into the vibrations of the force
pulse as a result of the impact of the steel ball (Fig. 8).
The vibration of the movable bar 7 of the bearing
changes the distance between the blades. When the laser
beam passes through the slit, a diffraction image is
created depending on changes in the size of the slit,
including the light intensity in the zero band in which
the detector is placed. It converts the optical signal into
an electrical signal. This signal is amplified and sent to
your computer's 12-bit AC converter, which processes it
using special custom software.

The metal ball dropping system consists of an
electromagnet and a glass tube. When current flows
through the electromagnet, this ball is located on top of
the tube, as it is attracted by the electromagnet. When
the electric current is turned off, the ball falls in the
direction specified by the tube so that it hits the
connecting frame and does not cut the laser beam when
reflected. The air bearing should not create resistance in
the selected direction. This is possible because there is

a)

an airbag between the moving surfaces. An initial fiber
load not exceeding 0.5 cN/tex was applied. (unit used in
textiles).

An analysis of the spectrum in time domain is
performed with the following function:

g(t) = Ae ™ sin(ot + @) . (10)
where 4 — amplitude; V, B — attenuation coefficient, s7';
® — resonant frequency, s!; ¢ — phase, radian; n —
parameter; ¢ — time, s.

The initial values of the parameters were analyzed
using the graphical method. For this purpose, several
dozen periods of mechanical loss spectra and a matching
function were plotted on one graph. You can then change
the parameters (4, B, n, ®, @), by superimposing two
graphs. After entering the obtained initial values of the
parameter into the program, an exact match was
achieved. Its quality was graphically analyzed by
comparing the spectra of mechanical losses on a single
graph. The method of least squares was also used. The
graphic graph is shown in Figures 8 and 9. If n#1, then
the amplitude loss is not an exponential function.
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Fig. 8. Amplitude of vibrations as a function of time:
a) total spectrum, b) magnification of the selected part of it
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If the matched value of the parameter » = 1 and the
amplitude fade is exponential [16,17], then the matching
function is described by the formula (10).

The use of a function of the form (10) means that
the Kelvin-Voigty mathematical model is used for the
test object [16]. The obtained parameters 3, ® allow the
calculation of the Young's modulus £ and the
dimensionless logarithmic damping decrement. The
calculation ignores the mass of the fibers as it is
insignificantly small in relation to the weight of the
weight.

The analysis shall consider the

L ﬁ, k:i, o’ :ﬁ, o =, —B’. (11a-e)

S L AL m
where: o — stress, Pa; F' — force, N; S — cross-sectional
area of the fiber; S=nD?*/4, m?,

¢ — relative elongation, L — fiber length, m, k —
elasticity coefficient,1/m, m — load, kg.

Young's dynamic modulus and logarithmic
damping decrement ¢ calculated from the following
dependencies [16,17]:

c L L 4L
—=——=k—=m o +p%). (12
e SAL S Tch( P a2

mMs

Example 2. Measurements were made of a
polyamide fiber with a length of 30 mm and a diameter
of 119 pum. The value of Young's modulus E was
determined with the relative uncertainty of 4.8% and the
result is £=(5.84+0.28) GPa.
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Judpaxuiiini BUMIpIOBAaHHSA CTATUYHOIO Ta JMHAMIYHOro MoxyJs FOHra ToHKHX BOJIOKOH
Tomam Benuek, 3urmynt Jlex Bapma

AHoTamuist

VY wiit crarti onmcaHo MeToxd BuUMiproBaHHs Moxyis FOHra mamux 3paskiB, BUMIPIOBaHHS JKOPCTKOCTI OJHOBHUMIpHHX
MarepiajiB, BUMIpIOBaHHsS CTaTH4HOro Moxyisi KOHra TOHKHX CTPYKTYPHHX BOJIOKOH Ta BHMIPIOBAaHHS JTHHAMIYHOTO MOMYJIS
nemidyBaHHs MOJIMEPHUX BOJIOKOH. Moaudikaris nudpakromMerpa 103BoJIsIE BAMIPIOBATH iHINI MEXaHI4HI HapaMeTpu TBEPIUX
Tin. IIpencTaBineHo pe3ynbraTy BUMIpIOBaHHS CTaTHIHOTO Moxyist FOHTa 6a3aibToBOTO BOJIOKHA JOBKHHOIO 93 MM Ta giaMeTpoM
17,1 mxMm. HaBeneno npukia AMHAMIYHEX BHMiproBaHb Moxyist KOHra mosiaMiHOTO BOJIOKHA MOBXHHOIO 30 MM Ta JiaMeTpoM
119 MxMm.

Kurouosi ciioBa: nudpaxromerpis, CTaTHYHUN Ta TUHAMIYHUHA Moxyis KOHra, TOHKI BOJIOKHA
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AHAJII3 HEBU3HAYEHOCTI BUMIPIOBAHHA ISPAﬁOBOFO KYTA
3MOYYBAHHA METOJIOM JIEXKAYOI KPAILJII

C.M. BapHa, JI.A. ButBuueka, O.b. bapna

lsano-Ppankiscokuii Hayionanbhull mexuiunul ynigepcumem nagpmu i eazy, leano-@panxiscok, Yrpaina

AHoTamnis

AKTyalbHicTh TeMH. JlOCHi[DKEHHsI MOBEPXHEBUX BIIACTHBOCTEH MaTepialiB METOAOM JiekKadol Kparuli € BaXIHBUM Yy
HU3ILI Taiy3ell, 30KkpeMa, JJIsl Cy4acHOTO Marepiaio3HaBCTBA, MIKPOETICKTPOHIKH, 0i0TeXHOJOTiH Tomo. TOYHICTh BH3HAYCHHS
KpaloBOTO KyTa 3MOYYBAaHHS Ta ITOBEPXHEBOTO HATATY O€3MOCEepeAHbO BIUIMBAE HA SIKICTh aare3idHmx mponecis y 3D-npymi,
e(EeKTUBHICTh CAMOOYHCHHX IOKPUTTIB Ta OIOCYMICHICTh MEIWYHUX IMIUIaHTaTiB. [lompm mmpoxe 3acTocyBaHHS METOY,
npobJieMa JIOCTOBIPHOCTI OTPUMAHHX Pe3yJbTaTiB 3aJMIIAETHECS TOCTPOIO Yepe3 3HAUHy KUIbKICTh BIUIMBOBHX (DaKTOPIB: Bif
YUCTOTU MOBEPXHI Ta MIKPOKIiMATy 10 MOXHOOK HU(POBOi 0OPOOKH 300pakeHb i YMCENBHOTO MOJCIIOBAHHS 32 PiBHIHHIM
IOnra-Jlammaca. Amnami3 jokepen HOXMOOK, IO BHHUKAIOTH HA KOXKHOMY 3 €TamiB JOCHiDKeHHs (opMmMH Kparum, Ta ix
METPOJIOTIYHUI aHaNi3 € aKTyaJbHHUM HayKOBO-IIPUKJIAJHUM 3aBIAaHHSAM, LIO € METOI0 IaHOi cTarTi. ABTOpaMH AOCIIPKEHO
anpiopHy iHpopMamico Ta 3iCHEHO CHCTEMaTH3alil0 [DKepesl HEBU3HAYCHOCTEH Ha KOXHOMY eTami IMPOBEICHHS
EKCIIepHUMEHTIB, MOALIEHO PKepela HEeBH3HAUCHOCTEH Ha ABI OCHOBHI IpYIH — Ti, BIUIMB SIKMX MOXXHa MiHIMi3yBaTH (ame ix
HEMOJKJIBO METPOJIOTIYHO OI[IHUTH) Ta JKEPea, SIKi MiIJIsraloTh METPOJIOTIYHOMY OI[IHIOBaHHIO.

KarouoBi cioBa: MeTponoriuHuii aHaii3, JpKepela HEBH3HAYCHOCTi, HEBH3HAYEHICTh, KpaloBHH KyT 3MOYYBaHHS,
MIOBEPXHEBHUII HATSAT, 3MOUYBaHICTB.

kpaiioBoro kxyta 3mouyBaHHS (KK3) € aktyampHUM i
PO3MOBCIOIKEHIM METOJIOM, 0CO0JIBO npu
MiIBUIICHUX Temrepatypax abo B yMoBax, Je iHII
METO{ MEHII TOYHI.

MeTor0 J1aHOi CTAaTTi € METPOJIOTIYHHN aHai3
(akTopiB, IO BIUIMBAIOTH HA TOYHICTH OTPUMAHHS
pe3yNbTaTiB BUMIPIOBAHHS KOHTAKTHOTO KyTa, a TAKOXK

Beryn

Jocnimkenns ¢opmu jaexaqoi kpami (puc. 1)
BUKOPUCTOBYIOTb Y ¢izumi MOBEPXOHb  Ta
MaTepialo3HABCTBI I KIJBKICHOT OLIHKK B3a€MOJIT
MDX PIIMHOI0 Ta TBEPAOIO IMOBEPXHEIO SK B HAYKOBHUX
JTOCTIJKCHHSX, TaK 1 B IPOMHCIOBUX TEXHOJIOTISX.

Hesixi chepu 3actocyBaHHs METOAY JIEKAYOl  onipjopapnss BBy LMX  (AKTOpiB HA  3araibHy
Kpar: ] HEBU3HAUCHICTH PE3YJILTATY BUMIPIOBAHHSL

-y Oaratbox cdepax MarepiaJlo3HaBCTBA Ta
pPO3pOOJICHHST  PI3HOMAHITHUX  TOKPHUTTIB  BHHHUKAE

S . : L BuxJiag ocHOBHOro Mmarepiaiay
HEOOXIMHICTh BU3HAYCHHS TiapodoOHOCTI (KpalioBHii KyT

3MouyBaHHs O Oimpmmii  90°) abo TiApodiIEHOCTI
(kpaiioBmid KyT 3MouyBaHHA O MeHmmii 90°) MOBEpXOHBL
(puc.1); me BaXIMBO TPU PO3POOJIEHHI PI3HOTO BHIY
CaMOOYHCHHX, BOJIOHETIPOHUKHHUX a00 aHTHOOMEp3arounX

TTOKPUTTIB,;
- IpM KOHTPOJI SIKOCTI HOBEPXHEBOi 0OpOOKH
OLIHIOIOTH  e(EeKTUBHICT,  IIa3MOBOi  00poOKwH,

TpaBlicHHS a00 HAHECCHHS TOHKHX IUTIBOK; 3MiHa KyTa
3MOYYBaHHS BKa3ye Ha 3MiHY TIOBEPXHEBOI CHEPTIi;

- Y TEXHOJOTIYHHX MpOIecaX Ta MPOMHCIOBOCTI,
Hanpukiaan npu 3D-IpyKy Ta CTPYMEHEBOMY APYKY
MM  METOJIOM 3IIIHCHIOIOTh KOHTPOJIb TOBEIIHKU
YOpHWIA/PO3IUIaBy  Ha  MIAKIAI;  ONTHMAaJIbHE
3MOYYyBaHHS HEOOXiTHE I OTPUMAHHS YiTKUX JIiHIHA Ta
apiB.

- TIpu BUPOOHHUIITBI HaITiBIPOBiTHHUKIB
KOHTPOJIIOIOTh 3MOYYBaHHS pu HaHECCHHI
(DOTOPE3NCTEeHTHNX Ta IHIIMX pIAKMX MarepianiB Ha
KpPEMHI€BI IUTaCTUHH;

- IpM BWUTOTOBJICHHI OioMarepialliB  OLIHIOIOTH
010CYMICHOCTI IMIUIAHTATIB; MOBEPXHEBI BJIACTHBOCTI,
30KpeMa 3MOYYBaHHS, BIUIMBAIOTh HA MNPUKPIIUICHHS
KIiTHH, (opMyBaHHA OIOIIIIBOK Ta IMyHHY BiAIOBiIb

[pouenypa Meromy Jexadoi Kparml OXOIUIIOE
OTPUMaHHS  SKICHOTO  300pakeHHS  Kpami  Ta
OMpAIIOBaHHA  HOr0  JOCTYIHUMH  IMPOTPaMHHUMHU
3acobamu. Ha OCHOBI omparjbOBaHUX JaHUX OTPUMYIOTh
IIyKaHi 3HAYCHHS KOHTAKTHOTO KyTa a00 TMOBEPXHEBOTO
HATSATY.

Anamiz GopMH Kparn 3a JOMOMOTOI0 PiBHSHHSI
IOnra-Jlammaca (1) m03BONIIE  TOYHO  BH3HAYUTH
MOBEPXHEBUH HATAT PIIUHA Ta  KPaWOBHUH  KyT
3MOYyBaHHS, OCOOJMBO TIPH IMiABUINEHUX TeMIIEpaTypax
a00 B yMOBax, Ji¢ 1HIII METOIX MEHII TOYHI.

pigwHa C
0 <90 noBsiTps

o

TEEPAE TINO

Pucynok 1 — 3006paskeHHsI J1exadoi Kparuli Ha TBepIii
MIOBEpXHi

Jis nexawoi Kparuli Mif €0 CHIM 3EMHOTO
TSDKIHHSI PI3HHULS THCKIB Ap 3MIHIOETHCS B 3aJICKHOCTI
BiJl BUCOTH z BIJHOCHO OIOPHOTO PiBHS (HANPHUKIAI,
IJIOCKOT TMOBepxHi pimuuu). PiBusHHsS FOHra-Jlammaca

oprasizmy.

TakuM 9uHOM METOJ aHami3zy (GOpMH Kparumi s
BU3HAYCHHS  [OBEPXHEBOI'O  HATITY  PIAMHK  Ta
36
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MOENHY€E B cO0i B3aEMOIII0 CHIIM 3€MHOTO TSDKiHHS Ta
CHJIM TTOBEPXHEBOTO HatAry [1, 2]:

(1

ryctuHa

Ap(z) = Ap, +pgz,

ne Ap, pizHuus THCKIB npu z=0, p

PIAMHHOTO CEepefoBHIIA, g — IPUCKOPEHHS BUIBHOTO
MaJaiHHsA.

Piustuas fOnra-Jlannaca € OCHOBOIOJIOXKHUM Y
BH3HAYEHHI PIBHOBXHOI (HOpPMH KpaIlii, TOB'SI3YIOUH
oJie TUCKY (Ha SIKe BILTUBAE TPaBiTaIlisl) 3 TEOMETPI€I0
MOBEPXHi PO3Iily — KPUBU3HOIO, IO BU3HAYAETHCS
mapaMeTpamMH  piIMHU:  TOBEPXHEBUM  HATATOM,
TYCTHHOIO PiTuHU TOMIO (pHuC. 2).

G / 0

Pucynoxk 2 - IIpodins ngexadoi Kparuti i3 OCHOBHUMH
napameTpami, 110 i OIUCYIOTh

Ile piBHSHHS MOXHAa MEpPENUCATH SK CHCTEMY
3BUYAWHUX TUGEPECHIIIHHUX PIBHSIHD MEPIIOTO MOPSIAKY

s r(s), z(s), e(s) [1, 2]:

de b+ Apgz smqo dx

2
ds Y x ds @

— =Co0S dz =sin
¢ — 7 ?,

IIe @ - KyT MK JOTHYHOIO JI0 TIPO(hiTFo Kparnti Ta Biccro x (Y
Touri TpHu(a3HOTO KOHTAKTy BiH Jmocsrae 3HadeHHs KK3:
¢=0); s — KpuBM3HA MPODLTIO Kparwti; X, z — KOOpAWHATH
TOYOK NMPO(DiTto; Y — IOBEPXHEBHI HATST PiTAHU.

OCHOBHI eTamu JaHOTO METOXy, OMHUC Jii NP
KO>KHOMY €Talli Ta NpU3HaYeHHs JaHo B Ta0uI. 1.

BpaxoByrous, 10 HEBH3HAYCHICTH BHMIPIOBAHHS
3yMOBIIIOETECS  pi3HUMH  (pakTopamu  [3-5], HeoOXimHO
3AIMCHUTH aHaMI3 JHKepes HeBU3HAYEHOCT] y METOIi JIexKadoi
KpaIui, 0 € BaXJIMBUM I 3a0€3MEUCHHS JIOCTOBIPHOCTI
OTprMaHuX pe3yibrartis. Li mkepena MoxkHa KiachpiKyBaTH
3a TPhOMA OCHOBHHIMH €TallaMH METOIY: EKCIIepHMEHTAIIbHA
ITiITOTOBKA, 3HOMKA 1 Bi3yaJli3alisi Ta aHaJli3 TAHWX.

Jxepesa  HeBHU3HAYeHOCTi, 10  TOB'I3aHi
Oe3nocepelHb0 3 (DI3UIHUMH yMOBaMH NPOBedeHHS
eKCIepUMEHTY Ta MiAT0TOBKOIO 3pa3KiB, YMOBHO
MO>KHA TTOIUJTUTH HA 2 TPYIIH.

1. Ilepma rpyma — B 3aJIe)KHOCTI BiJ SIKOCTI
MIOBEPXHI Ta BIACTUBOCTEH 3MOUYBaHHSL.

HasiBHICTP HAaBiTh MIKPOCKONIYHHMX 3a0pyJHEHb
abo aacopOoBaHMX ra3iB Ha TBEpIill NOBEpXHi 3HAYHO
3MiHIOE ii NOBEPXHEBY CHEPril0, 10 NPHU3BOAMTH IO
HEKOPEKTHOTO 3MOYYBaHHS Ta, BIIIOBIIHO, MOXHOKH
npu Bu3HadeHHi KK3 0.

[TopcTKicTh TOBEPXHI TEK Ma€ 3HAYHHWHA BIUIUB HA
nociimkenas. @opmyna lOnra mepembavae imeanmbHO
IJIaJKy TOBEpXHIO. PeanbHa MIOPCTKICTh MOBEPXHIi
CIIPUYWHSE TiCTepe3nc KyTa 3MOYyBaHHS (Pi3HUI MiX
KyTOM HaTiKaHHS Ta BiJITIKAHHA), 0 YCKIAIHIOE BUOIp
€IMHOTO PEIIPEe3CHTATHBHOTO KyTa.

lIle omHMM mKepesnoM HEeBM3HA4YEHOCTI Moxe OyTh
XiMi4YHa HEOJHOPIAHICTh — Pi3HI XIMIYHI TIpynu Ha
MOBEPXHi (HAMPHUKIIA], OKHCICHHS) CTBOPIOIOTH JIOKAJbHI
3MIHH IIOBEPXHEBOI €HEpTii.

Tabmurt 1 — OCHOBHI eTanu Ta IX OIMC IIPU JOCIIUKEHHI IIOBEPXHEBHX BIACTUBOCTEH METOIOM JIeKadoi Kparui

Eran

Omuc aii

[IpuszHaueHHs

1. ITixroToBKa MOBEPXHi
Ta Kparii

OuMIleHHs MiAKIaJAKU: PEeTesIbHE OYMILCHHS TOBEPXHI, Ha sIKy Oye
HaHeceHa Kparuis (3abe3neueHHst XiMidHOT YucTOTH). J{03yBaHH::
HaHEeCEHHs1 Kparuti Bizomoro 06'emy (V) Ha HiArOTOBIEHY MMTiAKIAAKY
3a JIOTIOMOT 00 MIKpPOTOJIKH a00 J103aTopa.

VYcyHeHHs 3a0pyIHEHb, 1110 MOXKYTb
BIUIMHYTH Ha 3MOYYBaHHS.
CTBOpeHHS cTabiIbHOTO 00'eMy
Kparuti Juisi BUMipIOBaHHS.

2. Bigyauizamist kparti

OnTHyHa cucTeMa: BUKOPUCTAHHS KaMepH 3 10Bro(OKYCHUM
00'eKTHBOM JJIs OTPUMAHHS YiTKOro Mpodisro (KOHTYPY) Kparuii Ha
I AKIa .

OTpuMaHHS TOYHOTO 300pa’keHHs,
HEOOXiJHOTO 11 ITOJAJIBILIOTO
a”anizy hopMu.

3. OTpuMaHHs
U(GPOBOTo 300pasKeHHS

3axoruieHHs 300paXkeHHs: 3i{0MKa Kparuti B CTaHi piBHOBary.

dikcarisi reOMETPUYHOTO POdiso
Kparuti 111 KOMI'ToTepHO1 00poOKH.

4. O6poOKa 300pakeHHS
Ta BUALICHHS KOHTYPY

udposa 06pobka: BUABICHHs rpaHuLi po3ainy "piguHa—ra3" Ta
"pinrHa—TBepaa MOBEpXHs'" 3a JOMOMOIOI0 arOPUTMIB (HAIIPUKIIAL,
BHU3HAUYCHHSI KpaiB).

Toune Bu3HaYCHHs POPMH Kparui,
0co0HBO JiHIT KOHTaKTy (6a3u) Ta
BEPIIHHH.

5. AHai3 KOHTYpY
(MOeIIIOBaHHS)

YucenbHe MOJICIIOBAHHS: MiA0Ip TEOPETHYHOTO KOHTYPY, II0
omnucyerbes piBHAHHAM FOHra-Jlamnaca, 10 eKCiepUMEHTAIBHO
oTpuManoro npodimto. Ile notpedye YnceapHOTo iIHTErPyBaHHS.

BusnaueHHs Gpi3MIHUX MapameTpis,
SIKi HalKpalle omucyoTh Gopmy
Kparuii.

6. BusnaueHHs
napaMeTpiB

Po3paxyHok: obuncneHHs KpaifoBoro kyta 3ModyBanHs (0) sk kyTa
JOTHYHOT 10 MpOo(LII0 B TOUI[I KOHTAKTY 3 IOBEPXHEI0. SIKIIo
00YUCITIOETHCS TOBEPXHEBHUI HATAT (), BIH TAKOX € Pe3yIbTaTOM
YHCEIBHOTO Mi00pYy.

OTpuMaHHS KIIFOUOBUX
XapaKTepHCTHK B3a€MOIi pitnHa—
TBEp/Ie TLIO Ta BIACTHBOCTEH
piauHH.

7. Pe3ynbratu

Buxinni nani: 3HaueHHs 0 (kpaifoBUil KyT 3MOUYBaHHS) Ta Y
(TTIOBEpXHEBHH HATAT).

KinbkicHa ominka
rizpodobHOCTI/TiAPOdiNEHOCTI Ta
(hi3MYHUX BIACTUBOCTEH PiIUHM.

© C.M. bapna, JI.A. BurBuuska, O.b. bapna, 2026

37




Metrology and Instruments
Measurements

1/2026

MeTponoria Ta npunagu
BumiptoBaHHS

2. Jlo apyroi rpymH BiTHOCATHCS BIIACHE BIACTUBOCTI
piiMHM Ta  cepemoBumia. Hanpukian, — HasBHICTBH
noBepxHeBo-akTHBHUX pedoBuH (ITAP) y piguni 3HauHO
3HIDKY€ NTOBEPXHEBUH HATST 1 BIUIMBAE HA 3MOUYBaHHSI.

IMporiec  BumapoByBaHHS —  SKIIO  piauMHA
BUIIAPOBYETHCS TMijl Yac EKCIIEPUMEHTY, TO 00'eM Kparut
(V) Ta 1 npodias 3MIHIOIOTbCS, OCOOJIMBO IIpH
BHUMIpIOBaHHI TUHAMITHOTO 3MOTyBaHHSI.

[ToBepxHEBHI HATAT PiAMH TAKOXK 3HAYHO 3aJICKUTH
BiJl MIKpOKJIIMAaTHIHUX YMOB. HectabinbHicTh
TEMIIEPaTypH Ta BOJIOTOCTI B EKCIIEPHMEHTAILHOMY
MPUMIIICHAI MOX€ CHPUYMHUATH 3HAYHI TOXHOKHA Y
BU3HAYEHHI ITIOBEPXHEBUX BJIACTHBOCTEH.

Sk BugHO 3 cucrteMH (2) TOYHE BH3HAUYCHHS
rpaBiTalifHOTO BIUIMBY, a caMe NPUCKOPEHHS BUILHOTO
NajaiHHs Ui KOHKPETHOI reorpadiuyHOi IIMpOTH, a
TaKOX  TOYHE  BH3HAYCHHS  PI3HMLI  T'YCTHH
ra3ononioHoro cepenosuina (HOBITPS) Ta pIAMHH
MOXYTh BIUIMHYTH Ha HEBH3HAYCHICTH BHMipIOBAHHSI
ITOBEPXHEBOTO HATATY UM KPAilOBOTO KyTa 3MOYyBaHHS.

Jxepesa  HeBM3HAYEHOCTi, TOB’sA3aHI 3
MpoIlecaMi  ONTHYHOTO OTPUMAHHSA 300paKeHHs,
30epe:keHHsI Ta BizyaJi3auii oTpruMaHoro 300paskeHHs
BHHHUKAIOTh HA €Talli 3HOMKHU Mpohiao Kparui.

Jkepena HEBH3HAYCHOCTi, MO 3aliCKaTh BiJ
TEXHOJIOTIYHUX XapakTEpPUCTHK 3aco0y OTpHUMaHHS
300pakKeHHS:

- HEJOCTaTHbO BHCOKAa pO3ZUIbHA 3/aTHICTbH
300pakeHHsI 0OMEXKY€ TOUHICTh BM3HAU€HHS KOHTYDY,
0co0JIMBO Y TOUL KOHTAKTY (a3;

- onTtmyHi abepamii (HampuKIan, JIHCTOPCIS)
MOXXYTh BHKPHBHUTH TPOQib Kparuli, Mo MPHU3BOINATH
0  CHCTeMaTHYHOI  MOMWJIKM Yy  BH3HAYCHHI
reoMeTpuIHuX po3MipiB kparuti Ta KK3;

- (oKycyBaHHI Ta apajaKc: HETOYHE
(doxycyBanHs abo0 31oMKa Kparuti He 1o IeHTpy (edekr
napanakcy) MOXe CIOTBOPHUTH 1i popMy, OCKIJIBKH aHaJIi3
4acTo repeadayae, 1o Kparwis € TIOM 00epTaHHSL.

HeBusHaueHicTh, 10  BHUHHKa€  BHACIIIOK
KaniOpyBaHHsS MacimiTaOy: moxuOka Yy BH3Ha4YeHHI
(hi3UYHOrO PO3MIpYy OJHOTO MiKceslsi Ha 300pakeHHI
0e3mocepelHbO0  NPU3BOAUTH [0 TIMOXHOOK Yy BCIX
a0COIOTHUX PO3Mipax (BHCOTA Ta PaaiyCH Kparmi).

Jlxepesia HeBH3HAYEHOCTi, 0 BHUHUKAWTH B
pe3yJbTaTi 00poOKH 300pakeHHsI Ta aHAJI3Y JaHUX -
HEBHM3HAYEHOCTI, MOB'A3aHI 3 MAaTEMaTUIHOIO 00POOKOIO
Ta YHUCENEHUM MOJICTIOBAHHSM.

1. BusHadeHHsI KOHTYpY KpaIuli Ta JIiHil KOHTaKTy

AnroputMu  00poOKHM  300pakeHb  (BU3HAYCHHS
KpaiB) MOXKYTh HETOYHO BH3HAuaTH Mexy 'piamHa-Ta3"
(ocoOnMBO mHpM HU3BKOMY KOHTpAcTi) Ta Micue, [e
npo(iib 3yCTPIYAETHCSA 3 TBEPIOI IMOBEPXHEIO (JIHIIO
KOHTAKTY).

SAxmo kpailoBUl KyT BHM3HAYAETHCS MUIIXOM
PYYHOTO HaKIaJaHHS MJOTHYHOI, BBOIWTHCSA 3HAYHA
cy0'eKTHBHA MTOXUOKA.

2. UYwucenpHe wMopaemoBaHHs (piBHsHHsA HOHTa-
Jlaruraca)

HerouHicTs BU3HAYEHHS BXIIHUX IMapameTpiB: K
3a3HaueHo y [6], KpUBHM3HA IpH BepLIMHI Ry Ta 00'eM V
€ B3a€MO3AJIC)KHUMH, aje IXHS HEBH3HAYEHICTH INPSIMO

BIUIMBAE HA TOYHICTh YHCEIBHOTO IHTETPYBaHHI.
IMomunka y BHM3HaueHHI Ry MOXE NPHU3BECTH JIO
HEBIIOBIAHOCTI MK TEOPETUYHUM Ta
EKCIICPUMCHTAJIbHUM KOHTYpPaMH.

OOMeXeHHsST MOJeNI: TNpUITYIICHHS, IO Kparws €
aKciaJIbHO-CHMETPHYHOIO (TLIOM 00epTaHHs), MOXKe OyTH
HEBIPHUM JUISl Jy’KE€ BEJIMKUX Kpamnesib abo Ha HepiBHHX
MTOBEPXHSIX, III0 BHOCHTH MOXUOKY Y PO3PaxXyHKH.

3. CrarucThYHAa HEBU3HAYEHICTH: HENOCTATHS
KUIBKICTh TIOBTOPHUX €KCIIEPUMEHTIB IS OJHOTO THUITY
piarHa/TBEpAE TiNO HE J03BOJISIE MPOBECTH KOPEKTHHUH
CTATUCTHYHUHN aHalli3 Ta OMIHUTH BUTIAIKOBY MMOXUOKY.

4. HeBHW3HAYCHICTHh 3yMOBJICHA BiIXUJICHHSIM
€KCIIEPUMEHTAIILHOTO KOHTYPY BiJI TEOPETUYHOTO.

Buacnimok aHamizy BCiX €TamiB  MPOBEACHHS
JIOCIIKEHb MOXHa MIOJTUTHTH JoKepena
HEBU3HAUCHOCTEH, 1[0 BIUIMBAIOTh HA PE3yJbTAaTH, HA
JIBl YMOBHI I'pYIIH.

Jlo mepmoi Tpymm BiZHOCATHCS Ti JpKepena
HEBH3HAYCHOCTEH, AKi HEMO>KJTHBO YHCEIBEHO
po3paxyBaTu i pu 00YHCIIeHH] CyMapHOi
HEBU3HAYCHOCTI pe3yJbTaTy BpaxyBaTH ix BHECOK. Tomy
IIPH TIPOBEJICHHI JOCIIKEHbh HEOOXiTHO BXKUTH 3aXOJIiB
JUTS 3MEHIIIEHHS TAKHUX JPKEpesl HeBU3HAYCHOCTI:

- 3a0pyIHEHICTh MOBEPXHI, Ha SIKY PO3MILIYIOTh
kparno. HeoOxinHO noOpe OYMCTHTH TOBEpPXHIO, aje
TaK, mo0 He 3aIMIIWIKCh 3anuimku [TAP, ockinbku 1€
TEX HETaTUBHO BILUIMBAE HA PE3YyJIHTAT;

- I[IOPCTKICTh Ta MIAAKICTh TOBEPXHI — IS
JOCHI/KeHHsT  o0MparoTh  HEOOXimHMHM  MaTepian
MOBEPXHi, JJIsi SKOr0 BIACHE ¥  MPOBOAUTHCS
TIOCITIIPKEHHS,

- BIUIMB TEMIepaTypd Ta BOJOrOCTI  Ha
BUMIPIOBaHHS ~ MOXHa  3MIHIMI3yBaTH  IIAXOM
MOBTOPEHHSI KIIMaTHYHUX ~ YMOB  TIPOBEJCHHS
eKCIIEpUMEHTY (0 TPHKIATy, KOJIU HEOOXiaHO

NOPIBHATH 3MOYYBaJlbHI BJIACTUBOCTI JIBOX DI3HHX
pinuH — nyOIrOI0TE YMOBH ITPOBEJICHHS €KCIICPUMEHTY );

- NoxXuOKHM ()OKyCyBaHHS, Napaiakcy, a TaKoxX
BUPIBHIOBaHHS  JOCIIJUKYBaHOI  ITOBEPXHI  CTPOTO
TOPU30HTAJIbHO MOXHA 3MEHIIUTH IIISXOM pPETEIbHOT
IIATOTOBKY JI0 TIPOBE/ICHHS €KCIIEPUMEHTY .

HeBm3HadeHocTi kepen apyroi Tpymu Ta ix
BHECOK Yy CyMapHY HEBH3HAYEHICTh MOXKHA YHCEJIHHO
po3paxyBatu. Po3riisiHeMo 11 pKepenia HeBU3HAYEHOCTI
Ta MPOBENEMO X METPOJIOTIYHUM aHali3. Bpaxyemo, 1mo
Yy BUNAQJKY, KOJIM B TEXHIYHIN MOKYMEHTAIlii 4M iHIIIi
anpiopHiii iHpopMalii MPo BUMIPIOBAHY BEINYUHY
BKa3aHWW JIOBIpUMi iHTepBan y Bursiai +a 0e3
3a3HaueHHs JIOBIPYOro PiBHS, TO MPUHAMAIOTH 3TiHO [3-
5] npsAAMOKYTHHI PO3MOILN i3 CTAHIAPTHAM BIIXUIICHHSIM
a/ V3 — xom KpaiiHi 3Ha4eHHs HACTUILKHM XK BIPOTiHI, K
1 3Ha4YeHHS B LEHTpi, a00 TPUKYTHUH pPO3MOALT 13
CTAQHIAPTHUM  BIIXWICHHAM a/ J6 - xom KpaitHi
3HAYEHHS MaJIOBIPOTi/IHi.

OpHiero 3 TepeyMOB MPOBEACHHS SKCIIEPUMEHTY
€ BUMIpIOBaHHS 00’eMy kpami. B paHomy Bunanxy
00’eM Kparuti BUMIPIOETbCSI MIKpOIINETKo. 3riaHo [7]
y mineTii 06’ emom 0,5 Mt iiHa moauIku craHoBuTh 0,01
M. TakuM 4MHOM a0CONIOTHA MOXMOKAa BHMipIOBAaHHS
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00’emy AV=%0,005 ™. HeBu3HadeHiCTh, IO MOXeE
BUHHMKHYTH BHACIIIOK BUMIpPIOBaHHS 00’ €My, piBHa:

5-107

uB(Va):T:2,9-10*9(M3).

Bigomo, mo TycTHHa cepenoBHWINA 3MIHIOETHCS B
3aJIeKHOCTI Bix Temneparypu. Tak, HanpHKJIa:, UIS BOJIH
HaKOIIbIIa TYCTHHA CTAHOBUTH MNpw Temrepatypi 4°C
(~Ir/cm®), a mpum Temmeparypi 20°C TycTMHA BXKe
cranosuth 0,998203 r/cm® [8]. ToMmy mis oGUMCIEHHS

HEBM3HAUYCHOCTEH TYCTMH KOHTAKTyloumx ¢az p,
(rycruna  pigkoi  dasum) Ta  pg  (rasonoxiGHoi)
BUKOPHCTAEMO  TEXHIYHYy JIOKYMEHTAIlil0  CepilHMX
ryctuHoMipiB  (meHcuToMetpiB). CydacHi abopatopHi
JICHCUTOMETPH  MaioTh  CTAHIAPTHE  BIIXWICHHS
pe3yJbTaTiB  BUMIPIOBaHHS ~ TI'yCTHMHH  CEPEIOBHIIA

Ap =+(0,1+0,0005) xr/m® (B 3aI€XHOCTI Bifi Camoro
CepeNIOBHIIIA — PiMHHE, YX ra3omnofioHe). BpaxoByrouwn,
IO BCEepeAMHI 3aJaHMX MEXK 3HA4YeHHs [yCTHH
T AMOPSIIKOBYIOTECS  PIBHOMIPHOMY 3aKOHY pPO3TOLTY,
CKJIaJIOBUMHM  HEBU3HAYCHOCTI BUMIPIOBAHHS  PIi3HUIT
TYCTHH KOHTakTytounx (a3 € HeBH3HA4YeHOCTI Triy B [3-
5] BUMIprOBaHHsI T'YCTHHH KOXXKHOT 13 (a3, To0TO:

uy(p,) =0,1/3/3 =0,0577 (xr/m),

uy(p) =0, 0005/\/5 =0,00029 (xr/m%),

nae uB (pa)
piaMHHOTO CcepenoBuIa, uy(Py)

— HEBHM3HAYCHICTh BUMIPIOBAHHS TyCTHHH
HEBHU3HAYEHICTH

BUMIPIOBaHHS T'YCTHHH Ia30BOI0 CEPEJOBUIIA.
HeBusHaueHicTh BHUMIpIOBaHHS DI3HMLI T'yCTHH

Ap =p, —py piBHA:

u(Ap) = \Ju(p, )’ +u(p,)” -

[Tpn 3a0KpyrieHHI HEBH3HAYEHOCTI, SIK NPaBHIIO,
BiIKMJa€eThes il Apyra 3Hauyma muppa. Menma 3a
3HAQUEHHSAM CTaHAapTHa HEBHU3HAYCHICTH MOXeE OyTH
BIIKMHYTOIO B TOMY BMIIAJIKy, SIKIIO NPH ii BpaxyBaHHI
KOMOIHOBaHAa HEBHM3HAUYCHICTb HE 3MIHHTbCA 32
3HaUeHHSAM B Tmepmniid 3Hauymid mudpi [9]. Takum
YUHOM, KOJIU BUKOHY€EThCA yMoBa: u, <0,3-u,, e u, Ta

4, BIANOBiAHO Oinblla Ta MEHIIA HEBU3HAYEHOCTI,

MEHIIIOI0 HEBU3HAYCHICTIO MOXKHA 3HEXTYBATH.
OTxe, HEBH3HAYCHICTh PI3HUII TYCTHH MOXHA
MIPUPIBHATH JO HEBU3HAYECHOCTI TYCTHHU PiIMHHOTO

cepenoBHUIIIa.
B nporieci BH3HAYCHHS KOOpAWHAT
CKCIICPUMCHTAJIBHOTO  KOHTYPY  Kpalli ~ BUHHUKAE

HEBH3HAYEHICTh, IOB’s3aHa i3 00pOOKOI0 300paskeHHs,
BU/IUICHHSIM KOHTYpPY MEHICKa, II€pEeBEACHHSM TOYOK
npodiro y po3MipHuid opmar.

Jlnst otpuMaHHs 300pakeHHs! Kparul y nudpoBomy
BUTJISIII BHKOPUCTOBYIOTH [133-marpuiro 1udpoBoro
MIKpOCKOTIa 1 B pe3yJIbTaTi OTPUMYIOTh 300paKeHHS Y
BUTIIAZI MaTpHUIll PO3MipoM (nxXm) TOYOK (TIKCENiB).
Koxunii mikcenp BiAmoBimae AeAKId 1HTEHCHBHOCTI
(sckpaBocTi)  300pakeHHA.  TOYHICTH  OTPUMAHHS
300pakeHHs y mudpoBomy (opmari ckimamgae 0,5 mikcens
300pakeHHs. OCKUTbKH, KOHTYP KpaIuli BHOUIAETHCS 3

TOYHICTIO 70 +1 MiKCEeNb, TO 1 HEBU3HAYEHICTh BUIIJICHHS
KOHTYpY NPUHMEMO PIiBHOIO 1 ITiKCeb.

TakuM  4yuUHOM CyMapHa  HCBH3HAYCHICTh
OTPUMAHHS KOOPIMHAT TOYOK KOHTYPY (X, z) piBHA:

u,. (x,z)= {J0,5% +17 =1,12 (mikcens).

J11 TIOpIBHAHHSA EKCIIEPUMEHTAIBEHO OTPHMAHOIO
KOHTYpYy 13 3MOJENBOBAHMM HEOOXiZHO NepeBecTH
KOOPJIMHATH TOYOK KOHTYpY y po3MipHuii ¢dopmar. st
OO HEOOXiJJHO 3HAWTH KOE]ILEHT MEepPEeTBOPEHHS
OIITUYHOI CHCTEMH 32 JIONIOMOTOI0 KaJliOpyBaIbHOI CITKH.
Hanpukinan xamiOpyBasibHa CiTKa, SIKa BXOAUTH Yy
KOMILIEKT MikpockoriB cepii MBC, Mae HaneceHi JiHii 3
toyHicTio (1+0,01) mMm. Jlnst Bu3HaueHHs KoedilieHTa

neperBopens K, KanbpysaibHy citky dororpadysaim

TaKUM YHAHOM, H[00 JiHII CITKM a00 MOMIIKK IIKaJIA
Kaniopa OyJi CTPOr0 BEPTHKAIBHI a00 TOPU30HTAIBHI 1
posmimeHni B meHTpi  300paxenHs.  Koedimient
nepeTtBopeHHss K 3HAXONATh SIK BiJHOIICHHS BiJCTaHI

opt
MDK JIBOMa ONOPHUMH JIHIAMU CITKM y MilimMeTpax n,,,
JI0 1i€i K BiicTaHl Ha HU(POBOMY 300paskeHHI B MIKCENSX

n,. . bByno pospaxoBaHo, w0 KUIBKOCTI  MOALIOK

KaniopypaneHoi citku n,, =10 MM BiamoBizazo y

AaHoMy Bunanky n, =1065 mikcess. Toni:

10 .
oot = Pom - —_ 9,4-107 (Mm/miKcess).
n,. 1065
HeBusHaueHicTh PO3paxyHKy koediwieHra

NEPETBOPCHHA ONTHUYHOI CHUCTEMH npujiaany K

(7[7’
3aJIEKUTH BiJ TOYHOCTI BUTOTOBJIEHHS CITKHM 1 TOYHOCTI
3MIHCHEHHS BIUTIKY BiJICTaHI MDK JIHISIMH CITKH Ha ii
300paKeHHi.

AOcomoTHa TOXMOKa BIACTAaHEH MIDK JIHISIMH

CiTKHM, 5Ky OyJI0 BHUKOPHCTaHO [UIsl KaJliOpyBaHHS
OINTUYHOT CHCTEMHU npunany, CTaHOBHTh
An, ==0,01 MM, Toni HeBM3HaueHicTb TuMy B ams

3a/laHuX TPaHWIlb TPY PIBHOMIPHOMY 3aKOHY PO3IOIITY
piBna uy(n,,)=An,, [\3=5774-10" mm.
AOcCoIIoTHAa TOXHMOKA, 3 KO0 3MIMCHIOIOTH BIIIIK
BiicTaHI MDK JIHIAMH CITKH Ha IMQPOBOMY
300paxeHHl, CTaHOBUTb An,, =t1 miKceins.
HeBusnauenictp Ty B ams 3amaHuX TpaHUIb
pPIBHOMIDHOMY  3aKOHY  pO3IOALLY  piBHA
) = Anpix/\/g =0,577 mikcens. 3rigno [3-5]
PO3paxoBYIOTh CyMapHy CTaHAapTHY HEBHU3HAUYCHICThH
IIpH OOYHCIICHHI KOe]iIlieHTa ONTHYHOTO TEPETBOPEHHS
cucremun K,

npu
uy(n

2 2

a[<0pt Kopt
u(Kopz) = ?'uﬁ’ (nmm) + 'uB (npix) =

mm pix

2 2 2
= |:uB (nmm )/np[x:| +|:nkuB (npix)/npix] :
Po3paxoBaHe 3HaYeHHS HEBU3HAYCHOCTI KoedilieHTa

IIePETBOPEHHS ONTHYHOT CHCTEMH:
u(K_)=7,43-10"° mm/mikcens.

opt
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Jnst oTpUMaHHS KOOPOMHAT TOYOK KOHTYpY Y
po3MipHoMy ¢opmati (MM) 3HAYEHHS KOOpAMHAT B
MKCENsIX ~ MHOXKaThb Ha  KOE(ILIEHT  ONTHYHOTO
neperBoperHsi. CyMapHy CTaHAapTHY HEBHU3HAUYCHICThH
BU/IUJIGHHS KOOPIMHAT TOYOK EKCIIEPUMEHTAIBLHOTO
KOHTYPY PO3TOPHYTOTO MEHicKa y po3MipHOMY (opmarTi
BU3HAYAIOTh TAaKHMM YHHOM:

2 npix
u, (x,z)= [Kgpt Uy, (x,z)] +

10 u(K,,)|

u, (x,z)="0,0106=0,01 (Mm).

HactynmauM etamoM  OCHIDKEHHS TOBEPXHEBHX
BJIACTUBOCTEH € MOJEIIOBAHHS TEOPETHYHOTO KOHTYPY
Kparoni HaOUThII MOAIOHOTO 10 EKCIIePUMEHTAILHOTO.
[pu upOMy BMHHMKA€ HEBU3HAUYEHICTD, SIKa MICTHTH B cO0i
JIBI CKJIa[OBi: HCBH3HAYCHICTh METOAMKH TMOOYIOBH
TEOPETHMYHOTO KOHTYPY Kpaiuli Ta BIIXMJICHHS TOYOK
3MO/IENIbOBAHOT'O MEHICKA BiJl EKCIIEPUMEHTAIILHOTO.

Ha  HeBu3Ha4eHiCTh  METOMUKH  1OOYIOBH
TEOPETHYHOT0 MEHICKa MalOTh 3HAYHUH BILIMB MOXHOKHU
3a0KpyIJIeHHS Ta OOMEXEHHS, II0 BHHHKAIOTH B
mporeci  OOYMCIICHbh 3a  JIONIOMOTOI0  Oyab-SKOTO
nmporpamMHoro 3acoby. B OGiibmIoCTi mporpamMHHX
3acobax s po3paxyHKy BUKOPHUCTOBYIOTH THII YHCIIA 3
(dikcoBaHOIO Kpamkoio Real, po3mip MaHTHCH SKOTO
cknagae 16 mudp. Takum guHOM 16-Ta 3HAUyIIA TTUdpa
Oyle  3a0KpYyINIIOBATUCH  MiJi  4aCc  OOYHUCIICHb.
AbcomoTHa mnoxuOka AE 3aokpyrieHHs B TakoMmy
BUNAKy He Oyne nepesuiryBaru 10714,

BpaxoByioun piBHOMIpHHH pO3NOALT 3HAYEHHS

171 1mudpu npH  3a0KpYIVICHHI  HEBU3HAUYCHICTH
3a0KpYTJICHHS B pe3yJIbTaTi 00YMCIIeHb piBHA:
107" -
u(rnd) = =5,77-10",

NG

o0 € y TOPIBHAHHI 3 IHIIUMH HEBU3HAYEHOCTSIMHU
HE3pIBHSHHO MaJiolo, a TOMY BKJIAIOM JaHOl
HEBH3HAYEHOCTI Y CyMapHy HEBU3HAYCHICTh HEXTYEMO.

UwcenbHe iHTETpYyBaHHS CHCTEMH IUGEPEHITIHHNX
PIBHSHD (2) 3MIMCHIOETHCS Y MPOTPAMHOMY CEpEIOBHIII
MatLAB BOynoBaHOIO (YHKII€IO IHTErpyBaHHS 3a
MmerogoMm Pynre-Kyrra 4-5 nopsakis. 3amporpamoBaHa
TOYHICTh IHTErPYBaHHS PH [LOMY CTaHOBUTEL 107 (Mm).

Ha TouHicTh BM3HA4YEHHS NOBEPXHEBOI'O HATATY
po3unHiB [IAP Mae 3HauHM BIJIMB TOYHICTB, 3 SIKOIO
OynyTh OOYMCIIECHI MapaMeTpy TEOPETHYHOTO KOHTYPY
PO3TOPHYTOTO MEHiCKa, o1i0HOTO hi(s)
EKCIIEPUMEHTAILHOTO KOHTYpY. BimXwWieHHS KOXHOT
TOYKH EKCIIEPUMEHTAIBHOTO i TEOPETHYHOTO KOHTYPIB
PO3TOPHYTOTO MEHICKa pPO3pPaxOBYBAIM SIK CEpPEIHE

KBaJlpaTUyHe BIAXHJICHHS TOYOK peasbHOro
300paKeHHS BiJ 3MOJIeIHOBAHOTO 3riaHo [1]:
n
Yl =)+, 2)"]
i=1
E .= o .
[Ipomec mimbopy mMOAIOHOTO 3MOJEIHOBAHOTO

KOHTYpPY Kparuli 3IiHCHIOETBCS TAaKUM YHHOM, II00
CepelHE 3HAYEHHA BEIUYUHU FE . He IepeBHIyBajo

3HAYCHHS Ex,z <10” wmMm. HeBusHaueHicTs miaoopy
TEOPETHYHOTO KOHTYPY JI0 EKCIIEPUMEHTAILHOTO PiBHA:
U(E, )= Ex:[3=0,577-10° (m).

Jos OLIIHEHHS CyMapHO1 CTaHIapTHOL
HEBH3HAYCHOCTI METO/Iy JIeXKa4yOi Kparwli, Ha OCHOBI SKOT
PO3paxoBYIOTh PO3IIUPEHY HEBU3HAUYEHICTh, HEOOXiTHO
po3paxyBaTu BHECKH KOXXHOTO 3 (hakropin
HEBU3HAYCHOCTI Yy BJIaCHE HEBU3HAYCHICTh BUMIPIOBAHHS
KK3 panmm wmetogoM. Ile HEMOXIHMBO 3AIHMCHUTH
TIPSIMAM METOJIOM, OCKUTBKH BiZICYTHsI TIpsiMa aHAITHIHA
3aJICXKHICTh MK BUMIPSHMM 3HAUCHHSM Ta BXiTHUMHU
BCIIMYMHAMYU, TOMY OI[IHKA BHECKY HEBHU3HAYCHOCTI
u,(y) KoxHoi BXisHOi BenMuuHM OyJe NpUAMaTHCh

PIBHOIO BUMIpSHIN 3MiHI BUXIJHOT BEIMYWHH Y, IO
BHUKJIMKAaHA 3MIHOIO 3aJlaHOI BXiHOI BenuuuHU X, Ha ii

HEBU3HAYEHICTh u(X;), NpPU IbOMY 3HAYEHHS IHIIMX

BXiJTHUX BEJIMYHH MiATPUMYBATHMYTHCS CTAJIFMHU.

Takox  3HAYHMM  BHECOK y  PO3LIUPEHY
HEBHM3HAUEHICTh Ma€ HEBU3HAYCHICTh THUNY A, SKY
PO3paxoByIOTh CTaTHCTHYHUM METOJI0M pu
ONpALIOBaHHI ~ pE3yJbTaTiB  EKCIICPUMEHTIB IO

BuMiproBanHio KK3 mMeronom neskauoi kparui.
i mBi 3amaui OymyTh pO3B’si3aHi aBTOpaMH y
MOJATBIINX JOCIIIKSHHSIX.

BucHoBxku

VY po0oTi 3aifiCHEHO METPOJIOTTYHUI aHai3 METOLY
JIe)Kauol Kparli SIK OJHOTO 3 HaiOLIbII yHiBEpCalbHUX
IHCTPYMEHTIB Ul BH3HAUCHHS  (DI3UKO-XIMIYHHX
BJIACTUBOCTCH MMOBEpXOHb Ta piauH. OCHOBHY yBary
MPUALUICHO (haKTOpaMm, IO BIUIMBAIOTh Ha HEBH3HAUYCHICTH
BUMIPIOBAaHHSI KpPaHOBOTO KyTa 3MOYYBAHHS METOJIOM
JIeKATOL KparuTi. CucremaTrn3oBaHO JoKeperna
HEBH3HAYEHOCTi, INO BHWHHUKAIOTHP Ha BCIX eTamax
eKcrieprMeHTy. BuiieHo BI OCHOBHI TpyNy YHHHHKIB:
(daxTopy, MO MUIATAIOTH MiHIMi3amii Ta (GakTopH, M0
T IJISTAF0Th METPOJIOTTYHIN OTTiHITI.

Y Xomi [OCHIIDKCHHS JCTali30BaHO  CTaIH
peamizamii MeToJy — B MIATOTOBKM MOBEPXHI JIO
mig0opy 3MOJCIBFOBAHOTO KOHTYPY Kparuli Ta aHami3y
MMOBEPXHEBUX BJIACTUBOCTEH 3MOYYBaHHS PIAUHOO
TBEpI01 MOBEPXHi. 3AICHEHO METPOJIOTIYHUI aHai3 Ta
OI[IHEHO HEBHM3HAYCHICTh KIIIOUOBUX (HaKTOPIB BIUIMBY
Ha KO)KHOMY 3 IMX €TAaITiB MPOBEACHHS JOCIiIKEHb.

ABTOpaMu KJ1acu(iKOBaHO JoKepena
HEBHM3HAUEHOCTI 32 TpboMa Tpymamu: (i3udHi yMOBH
eKCIIEpUMEHTY, TapaMeTpH ONTHUYHOI Bi3yamizamii Ta
nmoxubku 1mudpoBoi 00poOku gaHmx. PospaxoBaHi
HEBM3HAYEHOCTI BHUMIPIOBaHHS 00’eMy Kpami Ta
pi3HMLi TycTHH (a3; KaniOpyBaHHS ONTUYHOI CHCTEMH
Ta  BHU3HAYCHHSA  KOOPAMHAT  TOYOK  KOHTYDY;
HEBU3HAUCHOCTI, 10 BUHHUKAKOTH TMPH YUCCIHLHOMY
interpyBanni B cepenoBuiii MATLAB Ta mninbopi
TEOPETHYHOTO NPO]IIIO JO eKCIIEPUMEHTAIBLHOTO.

PoGota cTBOprOE TEOpETHYHE MMIAIPYHTS IS
MOJAJIBLIOr0 PO3PaXyHKY PO3MIMPEHOT HEBH3HAYCHOCTI
BHMipIOBaHb METOJIOM JISXKAdO0l KparuTi.
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Uncertainty analysis of contact angle measurement using the lying drop method
Barna Serhii, Vytvytska Lidiia, Barna Olha

Abstract

Topic Relevance. Researching the surface properties of materials using the sessile drop method is critical across numerous
fields, particularly in modern materials science, microelectronics, biotechnology, and others. The accuracy of determining the
contact angle and surface tension directly impacts the quality of adhesion processes in 3D printing, the efficiency of self-cleaning
coatings, and the biocompatibility of medical implants.

Despite the widespread use of this method, the problem of result reliability remains acute due to a significant number of
influential factors: ranging from surface cleanliness and microclimate to errors in digital image processing and numerical
modeling using the Young-Laplace equation. Analyzing the sources of errors that arise at each stage of droplet shape research,
along with their metrological analysis, is a relevant scientific and applied task, which serves as the objective of this article.

The authors investigated a priori information and systematized the sources of uncertainty at each stage of experimentation.
These sources of uncertainty were divided into two main groups: those whose influence can be minimized (but cannot be
metrologically evaluated) and sources that are subject to metrological evaluation.

Keywords: metrological analysis, sources of uncertainty, uncertainty, contact angle, surface tension, wettability.
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Abstract

Optimal conditions for the complete extraction of analytes from food samples have been established. The efficiency of
ultrasonic sample preparation, which ensures the homogeneity and stability of the analyzed solutions, is demonstrated. The
sensitivity of atomic absorption determination of copper and lead has been enhanced by optimizing dilution parameters, sample
preparation procedures, and the use of aqueous Triton X-100 solutions (w=4%). The accuracy of the analytical results was
confirmed by the standard addition method; recovery values were 90-94% for copper and 91-107% for lead. Using atomic
absorption spectrometry, the limits of detection of the analytes (cn;,) were determined: for copper, i, (pg/mL) = 0.003
(literature ¢y, (ng/mL) = 0.004); for lead, cy, (ng/mL) = 0.003 (cpn w(pg/mL) = 0.005). It is shown that the accuracy and

reproducibility of the results obtained by this method meet the requirements of analytical control of food samples.
Keywords: lead, copper, ultrasonic treatment, metrological characteristics, food products.

1. Introduction

Trace elements such as copper and lead affect
human health safety and play an important role in food
quality formation. Copper is an essential element
involved in metabolism and enzymatic processes,
whereas lead is a highly toxic cumulative metal, and
even small amounts ingested with food pose a risk to the
human body.

Therefore, monitoring copper and lead content in
food products is an important task in modern analytical
chemistry and food toxicology. The determination of
trace elements in food is associated not only with the
need to control their concentrations but also with the
requirement to use selective, highly sensitive, and rapid
analytical methods.

One of the most widely used instrumental methods
is atomic absorption spectrometry (AAS), which
provides high accuracy and enables determination of
low metal concentrations in complex matrices. At the
same time, proper sample preparation plays a crucial
role, since extraction efficiency, solution homogeneity,
and elimination of matrix interferences directly affect
the reliability of analytical results.

Food products are the main source of trace element
intake in the human body. Therefore, their monitoring

ensures food safety, compliance with regulatory
requirements, and prevention of toxic effects.
Modern analytical methods include: atomic

absorption spectrometry [1-4], inductively coupled
plasma atomic emission spectrometry [5—7], mass
spectrometry [8—11], and other techniques [12—19].

Modern sample preparation methods include
ultrasonic, autoclave, and microwave treatments [20-25].

High accuracy and precision in multicomponent
samples can be achieved through ultrasonic treatment
and the use of surfactant-based media.

The aim of this work is to develop, optimize, and
evaluate a method for atomic absorption determination
of copper and lead that meets the principles of green
chemistry and provides improved metrological
characteristics.

2. Experimental Part

An atomic absorption spectrometer I-CE3500 (flame
type) was used. Hollow cathode lamps were applied.

Measurement conditions:

Copper: acetylene-air (lean flame),
wavelength 324.8 nm

Lead: acetylene-air (stoichiometric flame), 1.2
L/min, wavelength 285.2 nm

Electronic analytical balance OHAUS (65/0.001)
was used.

Ultrasound treatment was carried out in an
ultrasonic bath (Coduson PS-20 Jeken, 120 W, 40 kHz).

Calibration solutions were prepared using standard
aqueous solutions of copper and lead ions (Bogatsky
Physico-Chemical Institute A.V., Odesa). Initial metal
ion concentration: 0,1 g/L, Triton X-100, C;4H,,0
(C,H,0)n 3 n=9-10, M=631 g/mol, CMC=2,9-10*. The
following food products were selected for the study:

1) Polished round-grain rice («Rozumnyi Vybir»);

2) Buckwheat groats («Rozumnyi Vybiry);

3) Lentils («Attual»);

4) Pea groats («Rozumnyi Vybir»);

5) Cocoa powder («Mriiay);

6) Ground turmeric («Svoia Liniiay);

7) Coffee beans («Lavassa» Qualita Rossa);

8) Dark chocolate («Millennium» Favorite Brut,
cocoa content >74%);

9) Multivitamin juice with pulp («Sadochok»);

10) Tap water from a well.

Sample preparation of food product samples

Solid samples. Before sample preparation, all solid
food products are ground using a coffee grinder to a fine
powder. Chocolate is pre-frozen to obtain a firm
consistency, which facilitates grinding and ensures the
formation of a homogeneous fine-dispersed powder
while preventing sample loss and uneven distribution of
trace elements.

After grinding, a series of food sample portions
weighing 10 g (£ 0.0002 g) are taken using an analytical
balance with accuracy to four decimal places and dissolved
in 10 mL of concentrated nitric acid. The solution is

1 L/min,
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evaporated on a hot plate to the state of wet salts while
continuously stirring and preventing burning onto the
vessel walls. The sample is brought to the “wet salts” stage
and removed from heating. After cooling, 10 mL of 1,5%
nitric acid solution is added. The mixture is then subjected
to ultrasonic treatment for 30 minutes to homogenize the
sample and remove residual organic matrices and physical
impurities. The resulting solution is filtered into 25 mL
volumetric flasks. After filtration, 2 mL of Triton X-100 is
added to each flask, the solution is diluted to the mark with
1,5% nitric acid, and thoroughly mixed.

Water. A 250 mL aliquot of well water is placed into
a heat-resistant beaker and evaporated until the volume
reaches 25 mL (tenfold concentration), with simultaneous
acidification using a few drops of concentrated nitric acid.
After evaporation, the solution is cooled and transferred to
a 25 mL volumetric flask, diluted to the mark with distilled
water if necessary, and thoroughly mixed.

Juice. The juice sample in a beaker is subjected to
ultrasonic treatment for 30 minutes. After treatment, it is
filtered, if necessary, to remove pulp and other physical
impurities.

3. Results and Discussion

The sensitivity of atomic absorption measurements
was enhanced by introducing surfactants (Triton X-100,
® = 4%) into both calibration and sample solutions. This
reduces the surface tension and density of the analyzed
solution while increasing its microdispersion, leading to
more complete atomization and improved metrological
characteristics. It should also be noted that the flame
shifts to a reducing regime, which promotes achieving the
maximum analytical signal. As a result, the sensitivity of
atomic absorption determination was increased by a
factor of 1,80 for copper and 1,40 for lead.

The concentrations of analytes in food samples
were determined by atomic absorption spectrometry
(Table 1); the maximum permissible concentrations are
presented in Table 2.

A comparison of analyte contents in the samples
with the maximum permissible concentration (MPC)
standards shows that in some samples a slight
exceedance of lead limits is observed (e.g., in lentil,
buckwheat, and pea samples). This may be justified
either by insufficient quality of sample preparation (for

Table 1 —Determination of copper and lead content in food products by atomic absorption spectrometry (n=5; p=0,95)

Ne C(Cu), mg/kg or mg/L S C(Pb),mg/kg or mg/L S
1 1,21 + 0,04 mg/kg 0,03 0,21 + 0,03 mg/kg 0,03
2 2,76 + 0,04 mg/kg 0,03 0,73 £ 0,01 mg/kg 0,02
3 5,51 + 0,04 mg/kg 0,03 0,69 + 0,03 mg/kg 0,04
4 2,63 + 0,05 mg/kg 0,02 0,75 + 0,04 mg/kg 0,02
5 17,02 + 0,03 mr/kr 0,03 1,00 + 0,10 mg/kg 0,03
6 1,38 £ 0,05 mg/kg 0,03 0,72 + 0,16 mg/kg 0,04
7 6,04 = 0,03 mg/kg 0,03 0,57 = 0,16 mg/kg 0,04
8 6,91 £ 0,31 mg/kg 0,04 0,62 + 0,06 mg/kg 0,04
9 0,08 = 0,06 mg/L 0,06 0,12 £ 0,06 mg/L 0,05
10 0,03 £+ 0,05 mg/L 0,06 0,03 £ 0,06 mg/L 0,05

Table 2 - Maximum permissible concentrations of copper and lead in the studied food products

Food product name MPC (Cu), mg/kg or mg/L MPC (Pb), mg/kg or mg/L
Rice 10 mg/kg 0,20 mg/kg
Buckwheat 10 mg/kg 0,20 mg/kg
Lentils 10 mg/kg 0,20 mg/kg
Peas 10 mg/kg 0,20 mg/kg
Cocoa 50 mg/kg 1,0 mg/kg
Turmeric 30 mg/kg 2,0 mg/kg
Coffee 30 mg/kg 0,50 mg/kg
Chocolate (cocoa content >50%) 30 mg/kg 1,0 mg/kg
Juice 5 mg/L 0,20 mg/L
Water 1,0 mg/L 0,01 mg/L

example, excessive evaporation of the product at the
initial stage of acid mineralization or incomplete
destruction of the organic matrix) or, more generally, by
specific growth conditions of cereal crops. All other
samples comply with the established standards, and the
obtained values fall within the maximum permissible
concentrations according to Ukrainian regulations for
raw material and food quality control.

The accuracy of atomic absorption determination of
copper and lead was verified using the standard addition
method (Tables 3 and 4).

The analyte spike-and-recovery test is an important
analytical procedure that allows assessment of how
accurately a method determines an analyte in a real
sample. For this purpose, a known amount of analyte
(spike) is added to the sample, and the extent to which it
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Table 3 — Validation of the accuracy of atomic absorption determination of copper in food products using the standard
addition method (Mean£SD; n=5; p=0,95)

NeSample | Content Cu, mg/kg (mg/L) | Entered, mg/kg (mg/L) Find, mg/kg (mg/L) S % Recovery
1 1,21 +0,11 mg/kg 1,25 mg/kg 2,39+ 0,10 mg/kg 0,04 94,4%
6 1,38+ 0,15 mg/kg 1,25 mg/kg 2,52+ 0,18 mg/kg 0,04 91,2%
10 0,34 + 0,00 mg/L 0,30 mg/L 0,61 + 0,00 mg/L 0,00 90%

Table 4 — Validation of the accuracy of atomic absorption determination of lead in food products using the standard
addition method (Mean£SD; n=5; p=0,95)

NeSample |Content Pb, mg/kg (mg/L) Entered, mg/kg (mg/L) |  Find, mg/kg (mg/L) S, % Recovery
2 0,73 + 0,01 mg/kg 0,75 mg/kg 1,44 £0,07 mg/kg 0,05 94,7%
4 0,75 + 0,25 mg/kg 0,75 mg/kg 1,43 £ 0,21 mg/kg 0,04 90,7%
7 0,57 £ 0,16 mg/kg 0,75 mg/kg 1,36 + 0,12 mg/kg 0,04 105,3%
10 0,31 + 0,00 mg/L 0,30 mg/L 0,63 £ 0,00 mg/L 0,00 106,6%

is “recovered” relative to the standard is determined. This
approach enables identification of issues such as matrix
effects influencing the sample:
Find-Content
Entered

Recovery = 100 . €))
This method enables method validation by
ensuring consistent detection of analytes in complex
matrices, thereby guaranteeing the reliability of
analytical measurements and research outcomes.

The analysis of metrological parameters
demonstrates that the systematic mistake is negligible,
while the recovery rate for the method lies within 90-
110% for all experiments performed using this
approach. This indicates satisfactory accuracy of the
method and the reliability of the obtained results.
Minor deviations may be associated with matrix

Table 5 — Evaluation of the detection limit Cy;, (ng/mL)
of copper in atomic absorption analysis

effects of the analyzed food products; however, the
selected method is the primary approach for the
quantitative determination of copper and lead in these
samples.

The detection limit of analytes was evaluated using
the atomic absorption method (Tables 5 and 6).

To assess the detection limit, blank solutions
without analytes were prepared: into a 25 mL volumetric
flask, 10 mL of a 1.5% nitric acid solution was added,
followed by 2 mL of a 4% solution of the surfactant
Triton X-100. The mixture was carefully homogenized
and diluted to the mark with distilled water.

The direct evaluation of the detection limit was
carried out by measuring 20 blank solutions, each with 5
parallel measurements for each element. Subsequently,
the standard deviation of the background signal was
calculated:

Table 6 — Evaluation of the detection limit Cmin (Mxr/mir)
of lead in atomic absorption analysis

Ar | A | 43 | 44 | 45 | 2 | So | Cmin, pg/mL Al | A2 | A3 | 44 | As | 4 | So | Cmin, pg/mL
0 1 1 0 1 0.6 |0,293 0,003 2 3 - 1 3 1260672 0,003

0 2 1 0 1 0.8 |Cmin(pg/mL)1=0,004 1 2 3 1 3 Cmin(pg/mL )1i=0,005
1 1 2 0 1 1 2 3 3 2 2 124

1 2 1 0 1 1 | 1 2 0 1 1

0 1 2 0 1 0,8 | 2 0 1 1 1

1 2 1 0 1 1 0 1 3 1 0 1

1 0 0 2 0 0.6 2 0 2 1 1 1.2

1 2 0 2 1 12 1 2 3 3 4 |26

1 0 2 2 1 1.2 2 1 0 4 3 2

0 0 1 0 0 0,2 0 2 1 0 2 1

1 2 1 2 0 12 0 1 0 1 2 |og

0 |1 N 1 1 1 1| 3[3[2]0]1L8

0 1 0 2 1 0,8 1 2 3 1 2 1.8

1 0 1 1 0 0.6 2 2 1 1 2 1.6

1 0 1 2 1 1 1 2 2 1 3 |18

1 2 1 0 1 1 2 0 2 0 0 |08

1 2 1 0 0 0.8 1 2 1 2 2 1.6

1 0 1 0 |2 038 3| 2] 2|1 ]2]2

0 1 0 2 1 0.8 2 1 3 0 2 1.6
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)= |2 (A=A @)

Next, the detection limit was calculated as follows:
Cmin = 380/S (3)

where S is the sensitivity coefficient, which is equal to tgo.

The detection limits of copper and lead were
evaluated and found to be 0,003 and 0,003 pg/ mL,
respectively. Both values are lower than those reported in

4. Conclusions

Complete extraction of analytes from the samples
and homogeneity of the analyzed solutions were
achieved through ultrasonic treatment. The use of
aqueous surfactant solutions resulted in increased
sensitivity of analyte determination in multicomponent
samples. The developed method complies with the
principles of “green chemistry” and is characterized by
enhanced metrological characteristics, including
accuracy, sensitivity, and precision.

the literature, which is attributed to the improved
sensitivity of analyte determination achieved in this study.
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ATOMHO-20copOuiiiHe BUBHAYCHHS Milli Ta CBUHLIO B IPOAYKTAX Xap4yBaHHS 3 BUKOPUCTAHHAM YJbTPa3BYKy
O.I. FOpuenko, T.B. Uepnoxyk, I.P. llleBuenko, O.M. baknanos

AHoTauis

BcranoBneHo onTHManbHI yMOBH JUIS HOBHOTO BHUIyYSHHS aHANITIB i3 3pa3KiB XapuoBuUX MNpoxykTiB. IlokazaHo
e(EKTHBHICTh YJIBTPa3BYKOBOI MpPOOOIMIArOTOBKH, sKa 3a0e3ledye OJHOPIMHICTE Ta CTaOUIBHICTh aHANI30BAaHUX PO3YHHIB.
[ligBuIleHO YYyTIAMBICTH BHU3HAYCHHS Milli T4 CBUHIO ATOMHO-a0COPOIIMHMM METOJOM MUISXOM ONTHMI3allil MmapamerpiB
pOOOIIArOTOBKY, PO3BEACHHS Ta BUKOPUCTAaHHS BOXHHUX po3unHiB Tputon X-100 (o = 4%). MeTonoMm cranmapTHUX 100aBOK
HiJTBEPIUKCHO NMPaBUIIBHICTh PE3YJIbTATIB aHajidy, NMOKa3HUK BIIHOBIEHHS CTAHOBUTH 1 Mini 90-94%, nns cBunIo — 91-
107%. ATOMHO-abCOpOLIiHIM METOAOM BH3HAYEHO MEXI BHSBICHHS aHAMITIB (Cpiy): I Mil Cpy, (Mxr/min)=0,003
(Conin nir(MKT/MIT)=0,004), 178 CBHHIIO Cpyy (MKT/MI)=0,003  (Cpiy nir(MKT/M1)=0,005). IlokazaHo, 0i0 NpaBUIBHICTE Ta
BiTBOPIOBAHICTh OTPHMAHHUX PE3yJbTATiB, 32 JaHOK METOIUKOIO, BIIMOBiAa€ BHUMOTaM AaHATITUYHOTO KOHTPONIO 3pa3KiB
XapuOBHUX MPOJIYKTIB.

Koniouosi cioBa: cBuHEIb, Miflb, yITPa3ByKoBa 00pOOKa, METPOJIOTiYHI XapaKTePHCTHKH, IPOIYKTH XapayBaHHSI.
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PREREQUISITES FOR THE DECOMPOSITION OF NOISE
AND RANDOM ERRORS IN PRESSURE MEASUREMENT
ON COMPLEX TECHNICAL OBJECTS

O. V. Poliarus, Ya. S. Medvedovsksa

Kharkiv National Automobile and Highway University, Kharkiv, Ukraine

Abstract

The article analyzes the possibilities of noise and random errors decomposition in pressure measurement on complex
technical objects, which is an important task for non-destructive testing of sensors, the dynamic characteristics of which are
determined by the accumulation of hydrodynamic noise. Statistical approaches to separating measurement errors from noise are
considered and their limitations are demonstrated. Mathematical modeling is carried out for different signal-to-noise ratios, and
the influence of noise and error characteristics on measurement results is investigated. It is shown that at high signal-to-noise
ratio values (above 20 dB), effective separation of noise and random errors becomes possible. High-quality separation is achieved
using the maximum likelihood method when a priori information about the signal is available. For multichannel systems, the
effectiveness of singular value decomposition (SVD) and improved empirical mode decomposition (IEMD) methods is studied.
These methods allow for the decomposition of signal, noise, and measurement errors with varying efficiency depending on the
conditions. It is established that the best separation results are obtained when IEMD is combined with preliminary signal
processing. Neural networks also provide high-quality separation in extreme cases where either noise or errors dominate. The
obtained results confirm the feasibility of separating noise and random errors in practical pressure measurement applications,

although precise determination of their instantaneous values remains a challenging problem.
Key words: non-destructive testing, pressure measurement channel, separation of noise and random measurement errors

1. Introduction

In information and measurement technologies,
uncertainty and measurement errors of signal parameters
are among the most important indicators. Their accurate
estimation is achieved at high signal-to-noise ratios (SNR).
This leads to the requirement of minimizing noise during
measurements, which often results in additional costs.

However, there are cases where noise carries
information about the state of a technical object. In such
situations, reducing the noise energy is not meaningful. For
example, the time constant of a pressure measurement
channel (PMC) in large technical systems can be determined
by accumulating hydrodynamic noise from the measurement
line, which is a water-filled pipe transmitting pressure from
the installation to the sensors [1]. Along with noise, random
measurement errors are also accumulated in such cases,
since they are difficult to distinguish from noise. As a result,
the accuracy of estimating the PMC time constant decreases,
and the non-destructive testing method for the measurement
channel may become ineffective. In addition to large
technical systems, hydraulic measurement lines are also
implemented in micro-measurement systems, where similar
problems may arise [2], [3], [4]. Therefore, the problem of
separating noise (or multiple noise components) from
random measurement errors becomes highly relevant.

The aim of this paper is to analyze the conditions
under which effective separation of random
measurement errors and noise can be achieved for
application in non-destructive testing of pressure
measurement channel parameters.

2. Problem Statement

In the general case, distinguishing between noise
and random measurement errors is impossible, since their
statistical characteristics may be similar. However, in
many situations they can differ. In addition, the absolute

values of measurement errors are typically proportional to
the signal amplitude, unlike noise. Therefore, there exists
a certain correlation between the signal and the absolute
measurement errors, whereas noise is independent of the
signal. This creates the possibility of distinguishing
between noise and measurement errors.

3. Analysis of Recent Publications

The separation of measurement errors from the
signal itself and from noise is also an important problem
in imaging, geophysics, remote sensing, and
spectroscopy. This problem often requires regularization
of an ill-posed problem and the decoupling of
deconvolution from denoising steps in order to improve
noise suppression while preserving signal integrity [5].
In [6], robust projection filtering is introduced to suppress
seismic noise outliers without degrading the
informational content of the signal. The concept of
multiresolution serves as a theoretical foundation for
stepwise denoising methods that separate signal and noise
at different scales [7], [8]. A similar two-stage procedure
of denoising and deconvolution for magnetic resonance
imaging is presented in [9]. A pragmatic conclusion
regarding the necessity of accurate modeling for
separating noise and measurement errors is drawn in [10].
The use of generative adversarial networks (GANs)
enables the separation of signals and non-stationary noise
[11]. The combination of GAN and WGAN-GP improves
adaptation to nonlinear noise patterns in physiological
signals [12]. Multi-scale and transform-domain
approaches are capable of separating structured or non-
stationary signal-dependent noise from the true signal
content [13]. For non-Gaussian noise, outlier-aware
denoising frameworks are more effective than simple
Gaussian smoothing [14]. An analysis of recent
publications shows that many studies focus on noise
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suppression while ensuring minimal signal distortion.
Random measurement errors are rarely considered in
most works. Such limitations may become critical in non-
destructive testing of PMC. This paper evaluates the
possibilities of separating noise and random measurement
errors in both single-channel and multi-channel PMCs.

4. Possibilities of Separating Noise and
Random Measurement Errors in a Single-
Channel Measurement System

The results were obtained based on mathematical
modeling under the following conditions. At the output
of the pressure measurement channel there is a random
process y(t) , whose realization is represented as the
sum of a deterministic signal s(¢), random measurement
errors g(¢) and noise n(¢) . Three cases are considered.
In the first case, the deterministic signal consists of the
sum of a constant component 4, and three harmonic
components with different amplitudes 4, frequencies

f; and phases ¢, (i =1,3). The measurement error &(t)
is assumed Gaussian with zero mean and a standard
deviation proportional to the signal amplitude |s(t)| ,
while the noise n(¢) is uniformly distributed. This has

been confirmed experimentally in [15].
The signal model is described by the following
expression:

y(@) = s(t)+e(@)+n(@), (1
where
s(t)= 4, + ) A, sin(2nf,1 + 9, ). )

The modeling was carried out for the following values of
amplitudes 4; , frequencies f; and phases ¢; and phases

(i=13) Ay=3% A4=20, 4,=12 4 =07, f=5
f,=13; f,=37 Hz; ¢, =0; ¢,=1/4; ¢,=n/3.

Case 1 (uniform noise)

Case 2 (log-transform)

In the second case, the logarithm of the realization
is used instead of the realization of the random process,
while all other conditions remain the same as in the first
case. Logarithmic transformation is applied to break the
multiplicative relationship between the absolute values
of measurement errors and the signal amplitude. The
signal model is described by the following expression:

z(r) =log(y +¢), )

where ¢ is a dynamic offset that ensures positivity — the
logarithmic transformation compresses the amplitude
range, reduces right skewness, and shifts the probability
density function toward symmetry.

The third case is identical to the first one, except
that the noise follows a Gaussian distribution, similar to
the distribution of measurement errors.

The three modes are controlled by two parameters
e, (error scale the proportional error coefficient) and

the noise amplitude o,. During the modeling, specific
values of these parameters e, and o, were selected, as
presented in Table 1.

Table 1 — Characteristics of regimes by variance level

Regimes | e, c, Dominant effect
A 0.40 | 0.05 | Error variance >> noise variance
B 0.02 | 1.80 | Noise variance >> error variance
C 0.18 | 0.55 | Both variances are comparable
The three regimes differ in the criterion of

variance dominance and the presence of logarithmic
transformation and Gaussian noise.

Examples of time-domain realizations of the
random process for the three cases and three regimes are
presented in Fig. 1. The deterministic signal is
superimposed as a reference. The probability density
functions with superimposed Gaussian reference
distributions are shown in Fig. 2. The summary bar
charts of the mean value, standard deviation, skewness
magnitude, and kurtosis are presented in Fig. 3.

Case 3 (Gaussian noise)
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Fig. 1. Examples of time-domain realizations of the random process over the interval up to 0.5 s
for three cases and three simulated regimes
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Case 1 (uniform noise)

Case 2 (log-transform)

Case 3 (Gaussian noise)
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Fig. 2. Probability density functions with superimposed Gaussian curves and annotations of skewness and kurtosis
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Fig. 3. Summary bar charts of the mean value, standard deviation, |[skewness|, and kurtosis

From the analysis of Figs. 1-3, as well as other
simulation results, the following conclusions can be
drawn:

1. When measurement errors dominate over
noise, the kurtosis deviates from 3 (non-Gaussian
residuals are visible in the tails of the probability
density function (PDF)), the lower bound of the power
spectral density (PSD) increases at all frequencies, and
the autocorrelation function (ACF) exhibits a persistent

similarity to the signal structure S(t) .

2. When noise dominates over measurement
errors, the PDF broadens toward the noise distribution
(nearly uniform in Cases 1-2 and Gaussian in Case 3),
the ACF rapidly decorrelates, and harmonic peaks in the
PSD are masked.

3. When measurement errors and noise are
comparable, mixed statistics are observed; the kurtosis

takes intermediate values between the two extremes.
Case 3 produces a PDF that is noticeably more Gaussian
than in Cases 1-2.

4. The skewness of the probability density
distribution differs significantly for the logarithmic
signal representation compared to Cases 1 and 3 (Fig.
3), which may serve as an indicator for distinguishing
between the three cases.

5. Changing the noise distribution and making it
identical to the distribution of measurement errors does
not lead to significant changes in the statistical
characteristics of the signals.

The generalized statistical characteristics of the
random process are presented in Table 2.

General conclusion: no reliable statistical
indicators for separating random measurement errors
and noise have been identified.
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Table 2 — The results of statistical analysis of the random process in different regimes

Case A: Measurement errors dominate
Process characteristics Mean Variance Symmetry Kurtosis
Uniform noise distribution 2.9820 4.8805 0.8043 3.5875
Logarithm of the signal 1.6700 0.1526 -0.2733 4.0763
Gaussian noise 2.9830 4.8810 0.8044 3.5910
Case B: Noise dominates
Process characteristics Mean Variance Symmetry Kurtosis
Uniform noise distribution 2.9913 6.2275 0.0076 2.5079
Logarithm of the signal 1.8267 0.2073 -1.4043 6.5600
Gaussian noise 2.9789 6.2287 0.0192 2.7466
Case C: Measurement errors and noise are comparable
Process characteristics Mean Variance Symmetry Kurtosis
Uniform noise distribution 3.0067 3.6121 0.2289 2.6256
Logarithm of the signal 1.4615 0.2271 -1.1294 5.4004
Gaussian noise 3.0109 3.6200 0.2316 2.6396
To simplify the problem, let us assume that the signal ~and statistical hypothesis testing (hypothesis H; :

shape s(¢) is known, for example, from reference
measurements. To distinguish between noise and
measurement errors, it is reasonable to use well-known

methods such as maximum likelihood estimation (MLE)

measurement errors exceed a threshold; H, : errors do not

exceed the threshold). The maximum likelihood estimate
of the pointwise standard deviation of measurement errors
as a function of the signal-to-noise ratio is shown in Fig. 4.

5NR =5 dB | kappa,, =0.100 kappa,, =0.001 5NR =10 dB | kappa,, =0.100 ki
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0.5 0.5
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E E
202 % 02
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Fig. 4. Maximum likelihood estimation of the pointwise standard deviation of measurement errors as a function
of the signal-to-noise ratio (SNR)

From Fig. 4 it follows that for SNR values
exceeding 20 dB, the application of MLE makes it
possible to accurately estimate measurement errors
under the given conditions. The root mean square error
(RMSE) estimates with a confidence probability of
95%, obtained using the MLE method, are shown in
Fig. 5. For SNR values above 25 dB, these estimates
are close to the true value determined during
modeling.

Histograms of the distribution of random
measurement errors at different signal-to-noise ratios
are presented in Fig. 6. For different hypotheses H;

and H, they are well separated when the SNR
exceeds 10 dB.

MLE Estimate of Mean MSE with 85% Canfidence Interval

Estimated mean mse

1w 15 20 25 30 35 40
ShR; B

Fig. 5. Variation of measurement uncertainty
with increasing SNR.
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Fig. 6. Histograms of the distribution of random measurement errors under the conditions where they exceed the threshold ( H; )
and are below the threshold ( H)) for different SNR values

Fig. 7 shows the dependence of statistical power
(1- /) on the SNR. This represents the probability of

correctly rejecting a false null hypothesis and is
typically set at 80% or higher to avoid false negatives
(Type II errors).

The obtained results show that the statistical
power approaches 100% at signal-to-noise ratios
exceeding 10 dB.

Conclusion: High performance in separating noise
and measurement errors is achieved due to the
availability of prior information about the signal form.
At SNR values above 20 dB, and in some cases even
above 10 dB, MLE and statistical hypothesis testing
methods are able to separate noise and random
measurement errors.

In the absence of prior information about the
signal form, neural networks can be used to separate
noise and measurement errors. The correlation between
the absolute measurement error and the signal amplitude
serves as the basis for training the neural network. Since
the bandwidth of the noise spectrum is much wider than
the sum of the signal and its measurement errors, this is
used to train it. The trained neural network classified
previously unseen noise and measurement errors
according to the following criterion: if the noise
amplitude exceeded the amplitude of the absolute
measurement errors, the output was 1, indicating noise
dominance; otherwise, the output was 0, indicating that
measurement errors dominate over noise. The entire
dataset of generated random signal realizations was
divided into training (70%), validation (15%), and test
(15%) sets. For classification of noise and random
measurement errors, a neural network with one hidden
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Fig. 7. Dependence of statistical power on the signal-to-noise
ratio

layer containing 20 neurons and a sigmoid activation
function was used. The simulation was performed in
batch regime with forward and backward propagation,
using 1000 realizations per batch. The learning rate was
set to 0.01, and the number of epochs was 100.

Examples of simulation results for the case of
dominant measurement errors are presented in Fig. 8.

For the case where noise dominates over
measurement errors, similar plots can be obtained. Thus,
even a simple neural network makes it possible to
separate noise and measurement errors based on the
dominance criterion, which is of great importance for
utilizing noise in non-destructive testing of PMC.

Unfortunately, it is not possible to estimate the
level of comparable noise and measurement errors in
this way.
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Fig. 8. Examples of sensor input and output signals with noise and measurement errors and their prediction by a neural network
in the case when measurement errors dominate over noise

5. Possibilities of Separating Noise and
Random Measurement Errors in a
Multichannel Measurement Information
System

Let's consider a situation that is typical for
measuring pressure at man-made hazardous facilities.
Through the measuring line (water pipe), the same
pressure is transmitted to several linear inertial pressure
sensors at once, ensuring the reliability of obtaining
pressure  information.  Thus, a  single-channel
measurement system is transformed into a multichannel
one. Four identical pressure sensors were selected for
modeling, the inputs of which receive the same random
process, which is the sum of the deterministic signal,
random measurement errors, and noise (see expression
(1)). The mean value of the sensors’ time constant is 0.2
s, while a small variation in the time constants follows a
Gaussian distribution. As before, the absolute values of
random measurement errors are proportional to the
amplitude of the deterministic signal. The distribution of
measurement errors differs from that of the noise. The
main objective is to separate noise and measurement
errors based on the output signals of the sensors. The
possibility of separating noise and signal in a
multichannel system using singular value decomposition
(SVD) was evaluated in [16]. In this paper, the problem is
more complex, as it requires separating random noise and
measurement errors that are correlated with the signal
amplitude. To solve this problem, it is advisable to use
SVD and supplement it with improved empirical mode
decomposition (IEMD) [17].

SVD enables the separation of signal components
(low-rank matrices) from noise components (higher-
rank matrices) in multichannel datasets. IEMD
improves the standard empirical mode decomposition
(EMD) by overcoming its limitations, such as mode
mixing and sensitivity to noise. Key improvements
include the use of enhanced interpolation methods and
mitigation of mode mixing.

The outputs of the four pressure sensors form an
observation matrix Y=UX V", where the unitary
matrices U and V contain the left and right
orthonormal singular vectors, respectively, and 2. s
the matrix of singular values. After computing these
matrices, the singular values are separated based on
cumulative energy: components that account for >
99% of the total energy are considered as the
correlated subspace (signal + proportional error), while
the remaining components are treated as the incoherent
noise subspace. The noise estimate is obtained as the
mean value of the low-energy reconstruction. Within
the correlated subspace, sensors whose bandwidth
matches the signal spectrum extract the signal, while
the residual is treated as an estimate of the
measurement error.

First, the signals from the four channels are
averaged to suppress independent noise by
approximately 6 dB (coherent gain). The averaged signal
is decomposed into intrinsic mode functions (IMFs)
using a dedicated function implementing the standard
sifting algorithm with cubic spline envelopes. IMFs
represent simple oscillatory modes from high to low
frequencies, providing localized instantaneous frequency
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analysis, which generally outperforms the Fourier
transform for non-stationary data. The mean frequency
of each IMF is estimated based on its zero-crossing rate.
The IMFs are then classified according to the following
criteria: frequencies above 80 Hz correspond to noise;
frequencies from 30 Hz to 80 Hz correspond to
proportional measurement error; and frequencies below
30 Hz correspond to the deterministic signal.

Examples of the decomposition of the signal

realization y(t) into IMFs are shown in Fig. 9.

Frequency-based classification made it possible to
isolate noise in the first mode and signal components in
the remaining five modes. However, it was not possible
to isolate the measurement errors.

The results of decomposing the signal realization

y(t) into the signal s(¢), noise n(t) and measurement

error 8(t) components using IEMD are presented in

Fig. 10. The nature of the components obtained using
SVD is similar.
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Fig. 10. Results of decomposition a random process realization into signal, measurement errors, and noise based on IEMD
for three SNR levels
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From Fig. 10, it follows that the SVD and IEMD
methods effectively extract the mean values of
measurement errors and noise, as well as the signal
dynamics. The instantaneous signal values are
determined unsatisfactory.

The quality of separation between noise and
measurement errors is illustrated in Fig. 11, which
shows the increase in SNR achieved by removing either
noise or measurement errors. Indeed, the greater the
amount of noise removed from the random process, the
higher the resulting SNR; conversely, when

w A

measurement errors are removed while the noise level
remains unchanged, the SNR decreases.

Fig. 11 shows that IEMD is more effective than
SVD in extracting both noise and measurement errors at
SNR values below 15 dB. When the SNR exceeds 20
dB, SVD demonstrates better performance. On the other
hand, the maximum SNR improvement is relatively
small, amounting to about 2.5 dB.

The empirical probability density functions of
noise and measurement errors obtained using SVD and
IEMD are shown in Fig. 12.

Measurement Error Separa

Noise Separation Quality
16 T T
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Fig. 11. Diagrams of SNR improvement for the SVD and IEMD methods
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Fig. 12. Empirical probability density functions of noise and measurement errors with superimposed Gaussian approximation

From Fig. 12, it follows that the IEMD method
provides more accurate estimates of noise and
measurement errors than the SVD method.

In the presented simulation results, the mean time
constant of the sensors was 0.2 s, meaning that the sensors
had a limited bandwidth, which led to distortion of both

54

© O.V. Poliarus, Ya.S. Medvedovsksa, 2026



Metrology and Instruments
Measurements

1/2026

MeTponoria Ta npunagu
BumiptoBaHHS

noise and signal. Reducing the time constant to 0.01 s
improves the quality of separation between noise and
measurement errors under certain conditions; however, it
does not significantly change the overall picture.

6. Conclusions

The problem of separating noise and measurement
errors is relevant in tasks involving the determination of
dynamic characteristics of information and measurement
systems that utilize hydrodynamic noise. To prevent the
accumulation of measurement errors similar to
fluctuations, noise must be separated from measurement
errors. In the general case, this problem cannot be solved
without prior knowledge of the differences between these
components. In this paper, the possibilities of
distinguishing noise and measurement errors were
investigated under the assumption that they have different
probability density distributions and that the standard
deviation of random measurement errors is proportional
to the signal amplitude. It is shown that separation of
noise and measurement errors can be achieved in many
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IlepeaymoBH /151 AeKOMIIO3ULII IIYMY T2 BUIIAJKOBHX HOXHOOK NPH BUMIPIOBAHHI THCKY HA CKJIAJHHX TeXHIYHHUX
00'ekTax
[Monspyc O.B., MenBenoscbka S1.C.

AHoTanis

VY crarTi npoaHasi3oBaHi MOXKJIMBOCTI AEKOMIIO3ULII IIYMIiB Ta BAIAAKOBHX MMOXMOOK BHMIPIOBAaHHS THCKY Ha CKIAQIHHX
TEeXHIYHHX 00’€KTaxX, IO € BAXKIMBUM 3aBIAHHSIM JUIsl 0€31eMOHTaKHOTO KOHTPOJIO JAaTIUKIB, AMHAMIUHI XapaKTEPHUCTHKU SIKHX
BU3HAYAIOTHCS IIUIIXOM HAaKOIMWYEHHS T'iPOJHHAMIYHUX ITyMiB. PO3MIIHYTO CTaTHCTHMYHI MiJXOIM 10 BiXOKPEMIICHHS HOXHOOK
BUMIPIOBaHb BIJ] IIyMy Ta HpPOJEMOHCTPOBAaHO ixHI oOMexeHHs. IIpoBeeHO MaTeMaTHYHE MOMENIOBAHHS JUIT PI3HHX
CIIIBBIJHOLICHb CUTHAI/IIYM 1 ZOCHI/KEHO BIIMB XapaKTEPUCTHK IIyMy Ta IOXHOOK Ha pe3yibTaTH BUMipioBaHH:A. [TokasaHo,
IO MPH BHCOKMX 3HAYCHHSX BiHOUICHHs curHain/myM (moHan 20 ab) moxiiiBe edekTHBHE PO3ALICHHS IIYMIB i BUMAAKOBHX
MoX1OOK. BHCOKOSIKICHE PO3MiNEHHS JOCATAeThCS 33 JOINOMOIOI0 METOAYy MAaKCHMAJIbHOI MPaBAOMOMIOHOCTI HpH BimoMmiii
anpiopuiit iHpopmanii mpo curHan. [ns GaraTokaHaIbHHX CHCTEM JOCITIDKYEThCS €(EKTHBHICTh METOMAIB PO3KIIaIaHHS
CHHTYJISIpHHX 3HadeHb (SVD) Ta mokpamieHoro emmipuaHoro poskiaganas moj (IEMD). Lli meTonu 103BOJSIOTH IPOBOIHUTH
JIEKOMITO3HIIII0 CHUTHAy, IIyMy Ta HMOXMOOK BHMIPIOBaHHS 3 Pi3HOI0 €(EKTHBHICTIO 3aJISKHO BiX yMoB. BcraHoBieHo, mo
HalKpami pe3ylbTaTH pPO3JUICHHS oTpuMyroTh, komu IEMD mnoenHyersest 3 momepenHbolo oOpoOkoio curHamy. Heiiponwni
MepesKi TakoXk 3a0e3MeuyI0Th BUCOKOSIKICHE PO3JIUICHHS B eKCTPEMalbHUX BUIIAJKAX, KOJIH JOMIHYIOTh a0 IIyM, a00 MOXUOKH.
OtpuMaHi pe3yJbTaTH MATBEPUKYIOTh MOXIIUBICTh PO3AUICHHS LIyMy Ta BUIAJAKOBHUX MOXMOOK y MPAaKTUYHUX 3aCTOCYBAHHAX
BUMIPIOBAHHS THCKY, XO4a TOUYHE BU3HAUCHHS IX MUTTEBUX 3HAUCHb 3AIMIIAETHCS CKIAAHOIO IIPOOIEMOIO.

KirouoBi cioBa: Ge31eMOHTaXHMII KOHTPOJb, BUMIPIOBAIbHMH KaHaJl THUCKY, PO3DI3HEHHS ILIYMiB Ta BMIIQJKOBHX
MOXUOOK BUMIipPIOBAHHSI.
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AHoTanis

Enepretnka € QyHZaMEHTOM TOCIONAPCHKOi MisUTBHOCTI, KA BH3HAYA€ TEMIM €KOHOMIYHOTO 3pOCTaHHS, COOiBapTicTh
HOPOAYKIi{ Ta TEXHOJOTIYHWH pIBEHb CYCHIIbCTBA. Y KOHTEKCTI TJIO0AJBHOTO 3pPOCTAHHS EHEPrOCHOXKUBAHHS OCOOIHMBOL
aKTyaJIbHOCTI HaOyBa€e PO3BUTOK aTOMHOI €HEPreTHKH; SIK OJHOTO 3 HalOLIbII HaiifHUX Jukepern reHepanii. Ha ceoroxHi y cBiti
eKCIuTyaTyeThes 439 siiepHUX peakTopiB, ki 3a6e3neuyoTh 13,8% CBITOBOr0 BUPOOHHIITBA €ICKTPOCHEPTII.

Haiinommpenimoo koHcTpykuiero atomuoi enekrpocrannii (AEC) € Bomo-BomsHuMH peaktop mix TuckoM PWR
(Pressurized Water Reactor), e Boja BUKOHY€e (yHKIIT TEINIOHOCIS MEPIIOro KOHTYPY Ta CIIOBLIbHIOBa4Ya HEUTPOHIB. OCKIIBKH
po6ota AEC 6a3yeTbcs Ha reHepaltil Ta nepegadi BeJMKOI KiIbKOCTI TEIIOBOI eHepril, Npenun3iiiHe BUMIPIOBaHHS TEMIIEPaTypH €
KPUTHYHO BOKIIUBHUM JUIs 3a0€3eUeHHsI K Oe3MeKH, Tak i eheKTUBHOCTI TEXHOJIOTIYHOTO MPOLIECY.

Ha cywyacanx AEC KOHTpoJIb YMOB €KCIDIyaTalii sIEpHOrO MajiBa Ta KIIOYOBUX MAapaMETPiB PEaKTOPHOI yCTAaHOBKHU
3IIHCHIOETBCS CHCTEMOIO BHYTPIITHBOPEAKTOPHOTO KOHTpOto. Ls crctema 00’ eHy€e YnCIICHHI TEPETBOPIOBAYl Ta KOHTPOJIEPH,
II0 IPAIIOIOTh y PeXXuMi peanbHoro yacy. OIHi€Io 3 MPIOPUTETHHUX 3a/1ad rajysi € 3a0e3NeUeHHs JOCTOBIPHOCTI BUMiPIOBAHHS
TEeMIIepaTypH TEIUIOHOCIS MEepIIoro KOHTYpPY, BiJl BUPIMICHHS SKOI 3aJeXHTh HaAIHHICTB, Pecypc Ta eKOHOMIYHI IOKa3HUKU
peakropa [1].

VY crarTi npoaHayi30BaHO METOAM KOHTPOJIO CTaTMYHUX XapaKTEPHCTHK PE3UCTHBHHX TepMolieperBopioBauiB (RTD)
6e3mocepeIHRO B yMOBax ekciutyaraiii. OkpeMy yBary HOpHIICHO aHali3y aaiabaTHYHOl AUISHKH MEePeXiIHOi XapaKTepUCTHKH
HArpiBy 4yTJHBOTO €JIEMEHTa, IO JO03BOJISE MIarHOCTYBAaTH CTaH IMEpeTBOpIOBada Ta BepuQikalilo HOro Kiacy TOYHOCTI Oe3

JIEMOHTaXy 00JIaTHaHHS.

Kuro4oBi cj10Ba: aToMHa eHEpreTHka, TepMoIepeTBopioBay onopy, RTD, agiabaTnaHmii HarpiB, KJIac TOYHOCTI.

Beryn

Exonomika KpaiHu 3HAYHOIO MIpOIO 3aJI€XKHUTh Bif
enekTpuyHOi eHeprii. E(QeKTUBHICTE EKOHOMIKHM Ta
MPOMHUCIIOBE 3POCTAHHS 3aJIe)KaTh Bil BHUKOPUCTAHHSI
eHeprii B cyyacHOMY BHpOOHMITBI. J[epema guctol
eHeprii, Taki sSK BITEp, COHIIC Ta sIACPHA CHEPTis,
HaWOUTBIN BiIOMi CBOIMH €KOJIOTIYHHMH IepeBaraMu —
3a0e3MeueHHM €JICKTPOCHEPTIEIO, 30epeKEeHHAM
YUCTOTO TIOBITpS Ta 3MEHIIEHHSAM BHUKUIIB. Y
CYKyMHOCTi IIi TepeBarn CTBOPIOIOTH IMO3UTHUBHUI
BILUIMB Ha BUKOPUCTAHHS IIEPHOT €HEeprii.

ATOMHI  eNeKTpOCTaHIlli CIPOCKTOBAaHI TaKHM
YUHOM, 00 BOHM Oyiau Oe3NeYHUMHU IMijJ  dYac
eKkcIulyaramii  Ta Oe3nmeyHuMH Yy  pasi  Oyab-sKOl

HECIIPaBHOCTI YM aBapii, ajile MOMHUIKOBO BBaXKaTH Oy Ib-
SIKYy MPOMHKCJIOBY MisJIbHICTh T'apaHTOBAHO HAJIIHOIO.
[HIMaeHTH Ta aBapii MOXKYTh TPAIUIATHCS, ajic OTPUMaHI
3HaHHS Ta JOCBil TPU3BEAYTh JO IOCTYIOBOTO
migBuIieHHs Oe3nekd. 1[I moKpameHHsT CTOCYIOThCS SIK
HOBUX KOHCTPYKIiH, TaKk 1 MoOJepHi3alii iCHYIYHX
craHmiii. JIOBrocTpokoBa eKCIUTyaTallis ICHYIOUYHX
CTaHIIN TOCATAETHCS 3aBISKMA 3HAYHUM IHBECTHIIISIM Y
ix  mopmepHizamito.  besmeuna Ta  edekTuBHa
eKCIUTyaTaris craumii BHMarac IMOCTIHHOTO
MOHITOPHHTY KPHUTHYHHUX [apaMeTpiB, TaKuX fAK
Temmepatypa. Ii BiIXWIEHHS MOXe NPH3BECTH IO
3HWKEHHS TNPOJNYKTHBHOCTI a00, HaBiTh CTaHOBHTH
3arpo3y oesmeri. Jloceix aBapiii Ta iniuaeHTiB Ha AEC

MoKasye, 110 Maibke yci aBapii MOram OYTH BHUSIBIICHI
orepaTopaM IpH CBOE€YACHOMY PO3Ii3HABaHHI CHTHANIB
KOHTPOJBHO-BUMIPIOBANBHUX TpwiafiB [2]. 3 morisamy
kimacudikamii aBapiif Ha aTOMHHX €INEKTPOCTAHIIISX,
aBapii B aKTHUBHIH 30Hi BITHOCATHCS IO MAJIOMMOBIpPHUX
monii. [Ipore dWepe3 TSDKKICTH IX HACHIOKIB, yMOBaM
eKCIUTyaTallii akTHBHOI 30HH Ta KOHTPOIIO ii Oe3mexu
NPUALTSIETHCS 3HAYHA yBara.

KinbkicTh KOHTPOJIbOBAHHX TOYOK
MEepPeTBOPIOBAaYaMH, 110 MPHIAJAIOTh Ha PEaKTOPHY
YCTaHOBKY, MOXE CTaHOBUTH KiIbKa COTEHb, 1 HaBiTh
THCSY. BUbIIICTh KPUTHYHHMX TEMIIEpaTypHUX HPOLECIB
Ha AEC Bumipiorotees 3a  jgomomororo  RTD
(mepeTBOprOBaUIB oropy TeMIIepaTypu) Ta
TEPMOCJIEKTPHYHUX TIepeTBOproBauiB  (Tepmomap). Ha
ycraHoBui PWR  Temmeparypa mepmioro  KOHTYpY
TEIDIOHOCIT Ta TeMIlepaTypa TEXHOJOTIYHOI BOIH
BUMIpIOIOTHCS 3a noniomoroto RTD, a Temmepatypa Bow,
II0 BUXOAWTH 3 aKTUBHOI 30HN PEAaKTOpa, BUMIPIOETBCS 3a
jormomororo Tepmomap. Lli TepMomapu B OCHOBHOMY
BUKOPHCTOBYIOTBCS JUISl KOHTPOJIIO TEMIIEPATYpH 1 TOMY
3a3BUYail HE MiUBITaloTh Iy>KE BHUCOKMM BHMOTaM [0
TOYHOCTI Ta 4acy Biaryky. Ha mporusary mpomy, RTD
MEpUIOro  KOHTYPY TEIUIOHOCIS — 3a3BHYail  BHAIOTH
CUTHAJM I CHCTEMH KepyBaHHs Ta Oe3NeKkd cTaHmil i
TOMY HOBHHHI OyTH TOYHMMHM Ta MaTH XOPOLIi JUHAMIYHI
xapakrepuctukd. OcHoBHI nepeBarn RTD nopiBusHO 3
IHOIMMHA THIIAMH TIEPETBOPIOBAYIB TEMIIEpaTypu — I
BHCOKa TOYHICTh, INHUPOKUHA  [ialla3oH  poOOUYMX
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TeMIieparyp, Majli po3Mipu, CTilKicTh g0 BiOpariii,
THIMHICTE HOMIHAIBHOI CTATUYHOI XapaKTePUCTHUKH Ta
BIZTHOCHO BHCOKE 3HauCHHS KOe(ili€HTa TeMIIepaTypHOTO
omopy. Meroau, sKi BHKOPHUCTOBYIOTH [UIS TEPEBIPKU
CTaHy  NEpeTBOpIOBaYa Yy  SIOEPHHX  PEaKTopax
BHUKOPHCTOBYIOTh 3aHYpIOBaJIbHI BHIPOOYBaHHS. BoHH €
HE3pYYHUMH, OCKUIBKM  IEpETBOPIOBAaY  HEOOXITHO
BUIMaTH 3 TPYOOIpPOBOLY TEIUIOHOCISI peakropa Ta
JIOCTaBJISATH JI0 JlabopaTopii a1 BUIPOOYBaHb. YMOBH
eKCIDTyaTalii sepHoro peakropa 150 6ap ta 300°C Baxko
BinTBOopuTH B Jsaboparopii. Tomy yci mabGoparopHi
BUINPOOYBaHHS NPOBOIAThCA 3a Habarato “‘M'SIKIMX’
YMOB, a pE3ylbTaTd EKCTPAroIOIOTECS HAa YMOBH
ekcroryaranii. Lle mpr3BomuTs 10 3HAYHUX MOXHOOK IIpH
BUMIPIOBaHHI TEMITEPATypPH.

B crarti mpencraBiieHi JOCHTIKEHHS METOIUKU
nepeBipku RTD 06e3 BuwiyueHHs Horo 3 yMOB
excrutyataunii ta BukopucranHs meroxy LCSR (Loop
Current Step Response) Ha OCHOBI HarpiBy YyTJIHBOTO
€JIEMEHTA CJIEKTPUYHUM CTPYMOM.

Oco0uBocTi exciuryaTanii TepMonepe-
TBOPIOBAYiB OMOPY B siAEPHUX peaKTopax

Po3BHTOK ~ cHCTEM  BHYTpILIHBOPEAKTOPHOI'O
KOHTPOJIIO HEPO3PHBHO TIIOB'SI3aHUHA 13 TOCHIICHHIM
BUMOI' JI0 HAJIMHOCTI MOHITOPUHTY  PO3IOJILTY
EHEeproBUIICHHS B aKTUBHIM 30Hi. Excrutyararis
BHMipIOBTBHUX MepPETBOPIOBAYiB y SIIEPHUX
CHEPIreTUYHUX YCTAHOBKAX XapaKTCPHU3YETHCA HHU3KOIO
cnenuiyHIX YNHHHKIB:

o O0MeskeHMii TPOCTIP Ta BaKKOTOCTYMHICTH:
KOHCTPYKIIHHI 0co0mBOCTI PEaKTOPHOI 30HU
3YMOBJIIOIOTH BUCOKY IIUTEHICTh PO3MIIIICHHS 00JIaJHAHHS
Ta CKJIaIHICTh MOHTa)Ky EPBUHHHX I1EPETBOPIOBAYIB;

o [HTeHCMBHe BHNPOMIHIOBAHHSI: TIOCTIHHUIA
BIUIMB HEWTPOHHHX Ta TaMMAa-TIOTOKIB Ha MaTepiajd
MIEPETBOPIOBAYIB;

o MexaHiuni HaBaHTa)KeHHsI: BHCOKWH piBEHb
BiOpauiiHUX Ta YJapHUX BIUIMBIB i 4ac poOOTH
IMUPKYJISNIHHAX HACOCIB,;

e CKIagHicTh  METPOJIOTiYHOT0  KOHTPOJIIO:
HEMOXJIMBICTh ~ JIEMOHTaXY  I€PETBOPIOBAYIB IS
nepioguyHOI TOBIpKM abo KamiOpyBaHHS B Ipoleci
eKCIUTyaTari;

e HepemoHTOnpuaaTHicTh: BiJICYTHICTh
MOJJIMBOCTI PEMOHTY Ta CKIQJHOMI B EKCIEpPTHIH
OIIHIII 3aJHIIKOBOTO PECypcy Uepe3 palliOaKTUBHICTh
KOMIIOHCHTIB.

Kpim Toro, mpare3aaTHiCTh MEPETBOPIOBAYIB MA€E
30epiraTucss B aBapiiHUX PEeKUMax, KOJIHM OOJIaqHAHHS
HiIa€ThCA BIUIMBY CBDKOI Iapyd BHCOKOI'O THCKY, a
3rofIOM — arpeCUBHUX JE€3aKTUBALIHUX PO3UMHIB.

BumiproBaHHsI TemIeparypu y IepuioMy KOHTYpi
SIIEPHOTO PEAKTOPa BUCYBA€ )KOPCTKI TEXHIYHI BUMOTH
1o RTD:

e Bucoka auHaAMIiYHiCTB: MocTiiHa ~ 4acy
teroBoi iHepmii (t = 0,63) 3a3BWuail He MOBHWHHA
MIEPEBUIIYBATH 2,2 CEKYHIIH;

o [Ipeuusiiina TOYHICTh: 3a0e3neueHHs
MiHIMaNbHOI MOXMOKM BHMIDIOBaHHS B POOOYOMY
nianasoHi;

o TexHoJioriunicTh 00CTyroByBaHHS:
MoxJuBicTh 3aMiHi RTD 6e3 posrepmernsaitii ta 3;uBy
TETJIOHOCIS MIEPIIOTo KOHTYPY;

o CriiikicTb 10 TmapameTpiB cepeaoBHINA:
BUMIpIOBaJIbHA CcHCTeMa Ma€ (YHKLIIOHYBAaTH IIpH
temrepatypax mo 400 °C, tucky mo 170 6Gap Ta
MIBUIKOCTI MTOTOKY TEIUIOHOCIA 10 15 M/c;

e Panianiiina cTilikicTh: 3MaTHICTE BUTPUMYBATH
eKCTpeMallbHi J103M BHUIIPOMIHIOBaHHs 0€3 CyTTEBOTO
Ipetidy XapaKTepUCTHK.

Ha cporogHi XapakTepHCTHKH IHAYCTPiaJbHUX
RTD pernameHTyIOTbCSI MIKHAPOJAHUMHU CTaHIApTaMHu,
cepel SIKMX HalMoMMpPEHINMH € «eBponenchkuin» IEC
60751 (DIN/EN 60751) Ta «miBHIYHOAMEPHKAHCHKUIY
ASTM E1137. 3okpema, cranaapt IEC 60751 BuszHauae
napaMmeTpu IulaTHHOBUX TepMomerpiB omopy (PRT) 3
R,=1000Mm (Pt100) Ta

TemnepaTypauM koedimiearom o = 0,003851°C .

TemneparypHuii KoedillieHT TepMOMETpa OIOpYy
XapakTepH3ye 3MiHy OIOpy BijJ TeMIepaTypH:

o= (R _RO)/(RIOO 100°C), (1)
ne Rig, Ro — 3HauenHs omopy PRT 3 HOMiHagbHOL
cratrnyroi xapakrepuctuku (HCX) mpu 100°C i 0°C
BIIITOBITHO.

st RTD icHy!0Th KJIacH TOYHOCTI, SIKI BU3HAYCHI
Takumu crangaptamu, sk DIN EN 60751 ta IEC 60751.
i xmacu, 3a3Buyaii AA, A, B ta C, BuU3HAYaIOTH
JOIYCTHMHH Jliara3oH AOMYCKiB IJIs 3HaYEHb OIOpy Ta
TemmepaTypu  IeperBoproBaya. Kmac AA €
HalToyHimMM, TOAl sk kinac C Mae HaHIIUpIINiA
nmomyck. IIpomuciioBi PRT wampuknaa, Pt100 marors
touHicTh Bix 0,15°C + 0,6°C [3].

[IpoBenennst BumpoOyBanr RTD Ha
MOHT@XY  MalOTb  IepeBary, OCKUIbKH
TEXHOJIOTIYHOTO TMpOLECY 3HAa4yHO BIUIMBAIOTh Ha
XapaKTepPUCTHKHA  IIEPETBOPIOBAYIB  TEMIIEPATYpH.
Tpagumiiine kaniOpyBaHHS, IO Hepeadadae JEeMOHTaX
MEPETBOPIOBAYiB  Ta  iX  TPAaHCIOPTYBaHHSA IO
nabopaTopii, nenai yacrimnre BHU3HAETHCS
HEC(PEKTHMBHUM dYepe3 BHUCOKI METPOJIOTIYHI PH3HMKH:
MeXaHiYHe TIOIIKO/DKEHHsI MEepeTBOPIOBAYiB IiJl 4ac
MOHTaXY/JIEMOHTaXy, 3MIHY XapaKTEpPUCTUK IpH
OXOJIO/KEHHI Ta TpUBaJli 3yITMHKNA BUPOOHHUIITBA.

Bigomi myOmikamii [4, 5] mpo BUKOpPHCTaHHS
XIMIYHO YHMCTUX €JIEMEHTIB (200 EBTEKTHYHHX CILIaBiB)
SK ONOpPHUX TeMIepaTypHuX (ikcaTopiB ycepeauHi
KOHCTPYKLIi TepMonepeTBopioBaya. B 0OCHOBI meTomy
JMEKAUTh BHUKOPUCTAHHA (DyHIAMEHTATbHUX —(DI3UIHUX
KOHCTaHT — Temreparypy (a3oBUX MNEpEeXoJiB XiMIYHO
YUCTUX  €JEMEHTIB  Ta  EBTEKTHYHHMX  CIUIABIB.
BukopucTanHs MpoIeciB MUIaBIeHHs, KpucTamizarii abo
noTipopMHHX ITepexoIiB (3MiHA KPUCTAIIIYHOI PEIIITKH B
TBEPIOMY CTaHi) I03BOJISIE CTBOPIOBATH PETIEPHi TOUKH 3
HAJ3BUYAMHO BHCOKOK  crabumpHicTO. [lim wac
IUIABJICHHsT 200 3aMep3aHHs €Hepris BUTPAavyacThCsl Ha
3MiHYy arperaTHoro CTamy, o Gpopmye Ha TeMIepaTypHii

HOMIHAJIBHUM  OTIOPOM

micmi
YMOBH
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KPHBIH «TepMivHEe IUIaTO» (CTAIllOHAPHY NUIAHKY), II€
noxinHa Temneparypu 3a yacom dT/dt mpsmye 10 Hyss.

Came 1 [OUITHKA CIYTye pemepoM st Bepudikarii
neperBoproBaya. DizuyHa TpHposa LMX MPOIECIB
rapaHTye, IO TPH JOCATHEHHI (Hha30BOTO Iepexomy
TEeMIepaTypa MaTepialy 3aJMIIa€TbCs  HE3MIHHOIO,
CTBOPIOIOYM iJICaJIbHUI CeTalOHHUH CHUTHAI yCepeuHi
KOHCTPYKIi  TepMomeperBoproBaua. lle  rapanrtye
JIOCTOBIPHICTh JaHUX O€3 TepephBaHHS BUPOOHHYOTO
UKy Ta J03BOJISIE BYACHO BHSBISITH JCTPAAALIIO
TepmoriepeTBoproBada. Jlis 3abe3neyeHHss MiHIManbHOT
HEBU3HAYEHOCTI KanmiOpyBaHHs Ta BHOIp poOoyoro
Mmarepiaiy (ikcaropa € IIepIIOYeproBUM 3aBJaHHSIM.
KiouoBoro  BHUMOrol0 €  4YiTKICTh ~ BH3HAYEHHS
Temmeparypu (asoBoro nepexozny Ta ii BiJTBOPIOBaHICTb.

TaTerparris METPOJIOTIYHOTO eTaJIoHa
6e3nocepearpo B Kopnyc RTD cTBOprOE€ BUKJIHK IIOJIO

OajaHCy MDK  METPOJIOTIYHOI  TOTYXKHICTIO  Ta
JUHAMIYHUMH XapaKTePUCTUKAMHU
TEPMOIICPETBOPIOBAYa, IO OOMEXKY€E 3aCTOCYBaHHS

IILOTO METO/A.

Bepudikariist BOy10BaHHX CHUCTEM KalliOpyBaHHS €
00’€KTOM TIPHCKIIUIMBOi yBarW TaKHX IHCTHTYLIH, SIK
NIST (CHIA), PTB (Himewunna) ta VNIIM. Ixmi
JIOCHI/DKEHHST  30CEepe/DKeHI Ha  OILIHII  CcyMapHOI
CTaHAAPTHOI HEBU3HAUCHOCTI B pEalIbHUX MPOMHUCIOBUX
yMOBax.

Takmit  mioxig 10  BA3HAYEHHA  CTATAYHOL
xapaktepuctuk  RTD  Moke 3a0e3neynTet  BUCOKY
TOYHICTB, ajie BIiH Ma€ HH3KY HEINONIKIB: 3HAJHEe
ycknaHeHHs koHeTpykiii RTD, 30uibiiye nocriiiHy yacy
RTD. Kpim Toro, Ttemmeparypa ¢a3oBHX MEpPEXOIiB
BHECEHHX €JIEMEHTIB Mac Oe3Jid CIUIbHUX 3 CTaTUYHOO
XapaKTePUCTUKOIO YYTIMBOTO eJIeMEHTa AeCTablIi3yr0unX
(haxTopiB (HanmpuKIaa, AMQy3iiHI mporecH).

Cnocid TecToBOro 30ypeHHsi B yMoBax
excruryarauii aiist RTD

Y  cyyacHii NPOMHUCIOBOCTI  mepexim  Bif
perIaMeHTHOTO  OOCIyroBYBaHHS 1O  CTpaTerid
00cITyroByBaHHs 332 (PAKTUYHHM CTAHOM € KPUTHYHUM
(hakTOpOM TIJBUIIEHHS EKCIUTyaTalifHOi TOTOBHOCTI
00'extiB. Po3podka merogy LCSR y cepemuni 1970-x
poKiB  crasa  (DyHAAMEHTAIIBHUM  TEXHOJOTIYHUM
MPOPHUBOM, JO3BOJMBIIM 3IIHCHIOBATH AWCTaHIIHHY
miarHoctuky — TepmomerpiB  omopy  (RTD) Ta
TEPMOEJIEKTPUYHHUX TMEPEeTBOPIOBAYIB O€3MoCcepeHbO B
pobounx yMmoBax.

Posyminas (hizuaHOi TIPUPOIH ILOTO
JICTAHLIHHOTO aHaNi3y BHMAarae JETaIbHOTO PO3IIILY
MEXaHI3MiB TEIUIOBOTO 30Y/KEHHsS, [0 BHHHUKAIOThH
ycepenuHi caMoro meperBoproBada [6, 7, 8]. Meron
LCSR 0a3yerbcst Ha BUKOPHUCTaHHI €IEKTPHYHOTO KOJa
MIepeTBOPIOBaYa K aKTHBHOTO €JIeMEHTa 30y KeHHS, 1110

BiJIMIHY BiJl 30BHILIIHBOTO HarpiBy, TyT JUKEPENO TeIlia
3HAXOAUTHCS BCEPEAMHI KOHCTPYKIii. OCKUIBKH TETuIo
MOITUPIOETHCS BiJl YyTIMBOTO €JIEeMEHTa JI0 30BHIIIHBOT
3aXHMCHOI OOOJIOHKM Yepe3 yci BHYTPIIIHI MapH 130JIsIil
Ta 3alIOBHIOBAYA, PEAKIlis BPAXOBYE yCi TEPMiuHI OMOpU
Ta €MHOCTI  KOHCTpykmii. HaiBaxumBime, 1o
BunpoOyBanHs LCSR BimoOpaxaioTs peanbHy AUHAMIKY
CHCTEMH «IIEPETBOPIOBAY-CEPEIOBHIIIE, sIKe
HEIOCTYIHO i JabopaTopHUX TecTiB. LleHTpanbHOIO
npobnemoto LCSR € kopemsmis MK aKTUBHUM
CaMOHArpiBaHHAM IIEPEeTBOPIOBaYa Ta HOTO MAaCHBHOIO
peaxiiiero Ha 3MiHU TeMIepaTypH poOOYOro cepeIoBHIIA.

3aranbHe pIBHSHHS TEIUIOBOrO OajlaHCy, MIO
onucye AWHaMiKy HarpiBy uytnuBoro enemenra (UE)

TEpMOIIEPETBOPIOBAYa, 6azyeTncst Ha 3aKOHI

30epeKeHHs! €Heprii Ta Ma€ BUIJISA:
E@0)=0x:0)-00), 2

ne E(t) — emexTpuvHa eHepris, IO TCHEPYETHCS B

MPOBITHUKY MPU MPOXOKEHHI CTPyMYy, fKa IMifBeneHa
oo YE: E(f)=P-t (sxuo P = const); Oy (f)— gacTka
eHeprii, sika BUTpayeHa Ha MiJBUILEHHS BHYTPILIHBOT
eHeprii TmeperBopioBada (Wge Ha HWOro Harpis):
O:()=C-T(¢t); O(f) — Temno, MmO BiABOAUTBCA Y
HABKOJIMIIHE CepeAoBHINE (Yepe3 TeIUIONPOBIIHICTS,
KoHBekIif0 Tomo). C — rtemroemuicte UE mpotsrom
HarpiBy (C = const).

i xomnoHeHTH nepeOyBalOTh y CTaHi JAUHAMIYHOL
piBHOBaru, NpoTe€ B MOMEHT II0Jadi CTPHUOKOIOIiOHOI
MOTYXHOCTI PO3IOALT €Heprii Mae SICKpaBO BUpaKEHHUI

HecTamioHapHHMit  xapakrep.  Qi3MYHMI ~ MeXaHi3M
BiIBElCHHS TeIla y  HAaBKOJMINHE  CEpEIOBHILE
XapaKTEePU3YEThCd YACOBOIO 3aTPUMKOIO, 3YMOBJICHOIO

KIiHIIEBOIO IMBHUAKICTIO PO3MOBCIODKEHHS TEIUTOBOI XBHIIL
Yyepe3 KOHCTPYKTHBHI LIapH TIePeTBOPIOBaYa. AHAIITUYHO
e O3Hauae, M0 B TEPII JISCATKH CEKyHA TPaIi€HT
TeMIepaTypu Ha MeXi IepeTBOpIOBad — CEpPEIOBUIIE I11e
He BcTUrae c(hopMyBaTHCS TIOBHICTIO, TOMY BTPaTH TeIUIa
O(¢) € HEXTOBHO MaJWMH MOPIBHSIHO 3 IHTCHCHBHICTIO

eHeprii, W0 NiABOOMTBCS. Y  3a3HAYCHHH mepion
BUKOHYETBCS yMOBA aJiabaTHYHOTO HATPIBY: MPAKTUIHO
BECh MiJIBEJICHNI TEIUIOBUH IMITYJIbC TpaHC(HOPMYEThCS B
enepriro HarpiBy camoro UE ( E(f) = QO (?) ). Lle ctBoproe
YacOBUI IHTEpBAJl MPSIMOTO BU3HAYCHHS IapaMeTpiB, B
SIKOMY (iznuni BJIACTHBOCTI HepeTBOpIOBayYa
TIPOSIBILTIOTECST O€3 CIIOTBOPEHb 3 OOKY HABKOIMIITHBEOTO
cepenoBuiia. OCKUIBKM TIOYaTKOBa (haza HIBENIOE 3MIHHY
0(¢), mubepeHiianbHe pPIBHAHHS TEIUIOBOTO OaaHCy

CIIPOLIY€ETHCS, II0 € MATEMATHYHOIO MEPEeIyMOBOIO IS
NPsIMOi  €KCTPAKIii MarepiallbHUX KOHCTAHT HPHCTPOIO.
Bukopucranas amiadaTMyHOi  UIAHKH JIO3BOJISIE
MPOBOJIUTH METpoJIoriuHy arecraiito RTD He3aiexHo Bif
30BHIILIHBOTO BIUIMBY, IO € CYTTEBOIO IEPEBArOI0 IPU

KOHTPOJII  MapaMeTpiB  IEepeTBOpIOBaya B yMOBax
A03BOJIIE  NOCHIZKYBAaTH  BHYTPULHIO  TEIVIOBY  ekcIulyaTalil. Mexi aniabaTHIHOTO peXIMy
apxiTeKTypy — TEpMOIEPETBOpIOBaYa. Y  UyTIMBOMY  BU3HAYAIOTHCS HACTYITHUMHU YMHHHKAMMU:
enemenTi (apoti RTD abo 3mi0Ti TepMOENEeKTPUYIHOTO ® KOHCTPYKTHBHUMH napameTpamu T4
MIepeTBOpIOBaYa) BHHHUKAE JDKOYJIEBE HarpiBaHHs, SKe MatepianomicTkicTio koncTpykuii YE;
CTBOPIOE JIOKAIBHUN HAIJIMIIOK TeruioBoi eHeprii. Ha
© L. Iurens, P.M. Iax, 2026 59
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® BJIACHOIO TEIIOEMHICTIO MaTepiaiis BukoprucranHsi kepamidHOT TpyOKH B TIO€IHaHHI 3
MepeTBOpIOBaya; npioHoaucepcHnM mopomkoM Al,Os; 103BOJISIE TOCSTTH

® TEIUIOMPOBIIHICTIO CEPEIOBHIIIA.

Hapezeni mapamMeTpy BH3HAYAIOTh IOCTIHHY dacy
TEepMOIIEPETBOPIOBAYA. e gac, HEOOXiTHMI
MIEPETBOPIOBaYY, 100 3MIHUTH CBOI MoKa3u Ha 63,2% Bix
cTpubKa TemMIiepaTypH HaBKOJIMIIIHBOTO cepeoBuina [9]:

=< (3)

as

ne m, S — Maca Ta 1ioia gatuuka, C — TEIIOEMHICTD,
0 — TeTUIONPOBITHICTH CEPEIOBHUIIA.

TpuBanicte 30ypeHHs1 Mac OyTH OOMEXeHa 4acoM
(0,2-0,3)t, 11106 rapanTyBaTH MiHiMansHe 3HaueHHS O(f)

Ta 3abe3neuntd pobory RTD B amiabaTHIHOMY PEKUMI.
B upomy pexxumi Bu3HauawoTh nerpananito RTD, to6to
3MIHH O 32 paXyHOK 3a0pyIZHEHHS, peKpHCTaji3amii Ta
MEXaHIYHOro  3a0pyAHEeHHs 1 3MIiHM  TeIUIOBHX
BJIACTUBOCTEH MaTepialliB Ta NOTIPIIEHHS KOHTAKTY.

KoHCTpyKTHBHI eJleMeHTH YyTJIHBOIO
eJIeMeHTY Ta ioro BJacTUBOCTI

3  mno3umid  Terogi3uYyHOr0  MOJIENIOBAHHS,
koHCTpyKuis YE posrmsmaeTscs sk OararomapoBa
cucTeMa 3 PO3HOAITEHUMH rapameTpamH.
EdexTuBHicTs Tepemaui  TEIIOBOI  €Heprii  Bif
IUIATMHOBOT cmipayi 10 ceperoBumia (i HaBIakw)
TMMITYETBCI ~ TEePMIYHMM  OIOPOM  KOHTaKTiB  Ta

TETUIONPOBITHICTIO 130JISIHHUX MartepianiB. B aroMHii
EHepreTulli IIHPOKE 3aCTOCYBaHHSA HaOyIm
tepmope3ucTuBHi neperBoproBadi TCII-1390 ta TCII
1790. B3aemue po3mimenHs kommoneHTiB y TCII-
1390/1790  crnpoeKTOBaHO TakUM  4YHMHOM, MO0
3a0e3neunTH MiHIMabHE 3HAa4eHHs Kputepiro bio, mo €
nepenyMoBOl0  Juisi  BHCOKOT  mBHAkoxii. Hmxue
HaBEJCHO OCHOBHI TI'E€OMETPHYHI Ta KOHCTPYKTHBHI
HapaMeTpy, 10 BU3HAYAIOTh IPAaHUYHI YMOBH TEIUIOBOL
3agadi (Tadun. 1, puc. 1) [10].

Tabnuus 1 — ['eoMeTpuyHi Ta KOHCTPYKTHBHI ITapaMeTpH

YE TCII-1390
ITapametp 3HavyeHHs
J10BXMHA Uy TJIMBOIO €JIEMEHTa 40 MM
30BHIIIHIN AlaMeTp KepaMiyHOTO 2.8 Mm
Kapkacy
[liameTp IIIaTHHOBOTO APOTY CHipai 0,03 mm

TuIr 13051IHHOI0 HAIIOBHIOBAYA
KaHaIiB

Iopomok oxcumy
amroMiHito (Al,O3)

Kepawmiuyna TpyOka 3 2

KoHCTpyKTHBHE pillICHHS .
MO30BKHIMY KaHAJIaMH

[locriitna yacy TCII-1390 3

. S5c
niaMeTpoM 3aHypeHHS 4,9 MM, T

1

2 \3\4\

TrrTTTTT LTI

ANNNANNANANNNNN
Pucynok 1. Konerpyxkuist UE TCII-1390:
1 — BuBOIM, 2 — KepaMiuHuil Kapkac, 3 — MOPOILOK,
4 — naTUHOBA CITipallb.

BHCOKOI €JIEKTPUYHOI MIIHOCTI i30JIIii MK BHTKaMH
cripajii NpU OJHOYACHOMY MiJBHILEHHI €(QEKTUBHOTO
KoedilieHTa TEIIONPOBIAHOCTI BHYTPIIIHBOI CTPYKTYPH.
Taka xoHgirypauis MiHIMI3ye TOBITPsIHI  3a30pH,
3HIDKYIOUH TETUIOBUH OIip KOHTAKTY «IpIiT-HATIOBHIOBAY,
II0 € KJIIOYOBMM I cradumizanii mocriiiHoi wacy PTD B
yMOBax  IIBUIKOIUIMHHMX  TponeciB.  ['eomerpuuHi
mapaMeTpu CHCTeMH Oe3rmocepeTHb0 (POPMYIOTE YMOBH
JUTS TIPOTiKaHHA HECTaIliOHAPHUX TEIUIOBHX IIPOIIECIB TIPH
HoJa4i eeKTPUYHOTO HABaHTAYKESHHSI.

JiarHOCTHKA CTATHYHHMX XapaKTepuc-
THK RTD

dizuka LCSR mnpouecy Ha mouyaTkoBiit IUISHIN
BU3HAYAETHCSA HEePexiJHOI0 TEIIOBOIO
XapaKTEePHCTUKOIO, 110 BUHUKAE BHACIIIOK PKOYJIEBOTO
HarpiBy cmipaji BUMIpPIOBaJbHUM CTPYMOM. Y MOMEHT
mojgavi crpyMy ToHka riatuHoBa HHTKa (0,03 MM)
NPaKTUYHO MHUTTEBO TE€HEPYE TEIUIOBUH IMITyJIbC.
TouHICTh BUMIpIOBaHHS Yy LM IHTEpBaJ 3aJICKUTH Bij
MIBUAKOCTI PO3NOAUTY €Heprii MDK CHipaulio  Ta
HaloBHIOBaYeM. BpaxoByrounm Manuii Jiamerp ApoTy,
HOTro BIIACHA TEIUIOEMHICTH € Mi3€PHOIO, IO CIPUINHSIE
CTpiMKe 3pOCTaHHS TeMIIepaTypH MPOBiAHUKA BiITHOCHO
TeMIIepaTypu cepelOBHIIA.

PosrissHemMo JuHAMIKy HarpiBy Ha IOYaTKOBIid
JIJISTHIN 332 YMOBH ITiIBECHHS MOCTIMHOT OTY>KHOCTI.

[pumnyiieHHs uis aHasi3y noyatkoBoi aiistHke [11]:

e [loryxuicte Harpisy YE miarpumyerscs
cranor: P=1I1"R=1Br=const .

e Temnoemuicts C uymimBoro enemenra (/x/K)
BBA)KAETHCS MTOCTIHHOIO B 00paHOMY Jiiara3oHi.

e [lpoumec HarpiBy Ha cTapTi € ajniabaTHYHUM
(TeroBigmavya B cepeIOBUINE IPAKTUIHO BiJICYTHS).

[TouaTkoBa AMHAMIKa HATPiBYy HACTYITHA.

PiBHAHHS eHepreTHYHOro OalaHCy UII MOMEHTY
t— 0 (mo moYaTKy iHTEHCHBHOTO TEIUIOOOMIHY) Mae
BUIJIAL

P=C-dT/dt @)
ne P — moryxnicte HarpiBy, C — TEIUIOEMHICTh
YyTJIHMBOIO eleMeHTa, T — TeMIepaTypa eJieMeHTa.

3BigcM MBHUIKICTE 3MIiHH TeMIlepaTypd Ta il

4acoBa 3aJIE)KHICTh!

dar_»p
d C’
P-t

T =T,+—. 5

(=T, c (%)

OTxe, NOKN TEepeBaXkae BHYTPIIIHE HarpiBaHHS,
TeMIlepaTypa 3pocTae JiHiiHHO. BpaxoByloun miHiiiHY
3aJIEXKHICTH OIOPY IUIATHHHM BiJl TEMIIEpaTypH:

R(T)=R,(1+aT), (6)

JIMHaMIiKa 3MiHH OTIOpY BU3HAYA€THCS SIK:

R(T)=R, 1+a(1’0+gtj =R0(1+aTO+ocgtj. 7
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TakuM dYuHOM, Ha amia0aTHYHIA MIISHIN OIip
3MIHIOETECS 32 JIIHIMHUM 3aKOHOM:

R(t):A+B-t,B:cngO. ®)
3a xoe(ilieHTOM Haxwiy B MOXHa OI[HUTH

METPOJIOTIYHI XapaKTepUCTUKU TepeTBOproBada. Ko
MOTYXHICTh HarpiBy P Bijoma, TOAlI TeMmepaTypHHii

KoedirieHT omopy (abo 3MiHa  TEIUIOEMHOCTI)
BU3HAYAETHCS SIK:
B-C
o= . )
P-R,

3BizcH BUXOAUTH, III0 MOYKHA A1arHOCTYBATH 3MiHY
CTaTMYHUX XapaKTePUCTHK Ha TPOTA31 I0YaTKOBOI
sk niepexigHoro npormecy PTD. 11lo6 Bu3HauuTu
MEXyY aJ1adaTHUHOI JUISTHKH (TOOTO NMPOMIKOK Hacy, 1e
TEII0OOOMIH 3 HaBKOJIMIIHIM CEpe/IOBUILEM Maiike
BiZICYTHii1), TOTPiOHO aHaIi3yBaTH, KOJIM BTPATH TeIlIa

o) CYTTEBY
migBenenoi eneprii E(z).

MMOYHMHAKTh CTaHOBHUTH YaCTUHY

TeopernuHi po3paxyHKH Ta EKCIIEPUMEHTAJbHI
nani s neperBoproBadiB tumiB TCII-1390 ta TCII-
1790 (kmac TouHocTi B) miATBEpIKYIOTH, IO NPH
notyxHocti 1 BT TpuBamicte aaiabaTHYHOrO HarpiBy
cTaHOBUTH NpuoIM3HO 100 Mc.

Bynb-sika nerpapauisi  marepiany YE  (3mina
XIMIYHOTO CKJIaJly CIUIaBY, IOSIBA MEXaHIYHHUX Je(EeKTiB
a00 3a0pyTHEHHS TMOBEpXHi) Oe3MocepeqHbO BILUIUBAE
Ha TeMmmeparypHuii koedimieHT omopy a. lLle
npu3BoIUTh A0 Tpanchopmanii ¢yHkmii R(7) 1, gk
HACIIZOK, O 3MIHU HaXWUIy B=dR/ dt nepexigHoi

XapaKTePUCTHUKH Ha aaia0aTHUYHII TUISHII.

[opiBHIOIOYM  EKCHEPUMEHTANBHO  BUMIpSHUIA
Haxwi B i3 HOMIHaJBHUM 3HAYCHHSAM, MOXXHA
ONepaTuBHO OMIHUTH BinmoBimHicTh PTD 3amanomy
KJIaCy TOYHOCTI Oe3rmocepeIHhO B YMOBAX SKCILTyaTarlil
(puc. 2). Sxmo BumipsHa kpuBa (abo ii KyToBHil
KOE(QIIi€eHT) 3HAXOAUTHCS B MEXaxX IOIYCKY UL Kiacy
TOYHOCTI, TEPMOIIEPETBOPIOBAY BBAXKAETHCS IPUIATHUM
JIO TIOAAIBIIOT POOOTH.

Hdns  xopekTHOi  peamizaimii  Meromy — Ta
3a0e3neveHHsT JOCTOBIPHOCTI  pe3yJjbTaTiB  MaloTh
BUKOHYBATHCA TaKi YMOBHU:

e CradinbHicTh 0: TeMrepaTypHUil KoedilieHT

Mae 3aJIMIIATHCS HE3MIHHUM y BCHOMY
JIOCITI/PKYBaHOMY Jlialia3oHi TeMIeparyp.
e [Ilocriiinicte  TemioemHocti C:  3MiHa

TEIUIOEMHOCTI UYTJIIMBOTO €JEMEHTa IIiJ] BIUIMBOM
TEMIIEPATYPHU MOBUHHA OYTH HEXTOBHO MAJIOKO.

e CrabinbHicTe moTy:kHOCcTi P: mxepeno
KHMBJICHHSI Ma€ 3a0e3MevuyBaTu He3MIHHICTh MOTYKHOCTI
HarpiBy (cTaOuibHHI CTpyM 30YyIOKEHHS) MHpPOTArOM
YCBOTO iHTEpBaly BUMIPIOBaHHSI.

Tolerance wedge (Class B, LCSR)

— Nominal e
- Lower bound
-—- Upper bound

100.020

100.015 4

100.010

Resistance (Ohm)

100.005 4

100.000 4

- - - T T T
0.00 0.02 0.04 0.06 0.08 0.10
Time (s}

Pucynok 2. Bepuoikauis kinacy Tousocti PTD nuisxom
TIOPIBHIHHS EKCIIEPUMEHTAIFHOTO HaXWTy B 13 HOMiHaIbHAM
Iliarma3oHoOM JOMYCKY

Bucnosokx

AHami3z MeroniB imeHTH(IKALIi XapaKTEePUCTHK
TepmoneperBoproBadiB  omopy (RTD)  mo3Bomus
BCTAaHOBUTH, IO IHTETPOBaHI KaliOpaTopu MaroTh
CYTTEBI METPOJIOTIYHI Ta eKCIUTyaTalliiiHi HeIOJIKH.
30KkpeMa, BOHU CIPHYMHAIOTH JeTpajlallilo dyTIHBOTO
eneMeHTa uepe3 Judy3iiiHi mporecH, 30UIBLIYIOTH
TEIJIOBY 1HEPUiMHICTH IEpeTBOpIOBaYa Ta 3HAYHO
YCKIJIATHIOIOTh HOTO KOHCTPYKIIIFO.

AJBTEpHATUBHUM BHCOKOE(DEKTUBHUM PIlIEHHSIM
e meroq LCSR, peanizoBaHnii y KOHTPOJIBEOBAHOMY
ajiabatnyHOMy  pexuMi. BuxopuctaHHs — edekty
KOPOTKOYacCHOTO CaMOpO3irpiBy YyTJIMBOTO €JIEMEHTa
JTO3BOJISIE iHIMIFOBATH BHYTPIMIHIN TEIUIOBUHA BIATYK Oe3
3aMydeHHs ~ 30BHIMMHIX  Jpkepen — eHeprii.  Came
3a0e3neuyeHHs  amiabaTMYHUX ~ yMOB M Hac
BUMIPIOBaHHS J03BOJIIE BU3HAYUTH PEajbHYy CTaTHYHY

xapakrepuctuky PTD  0Ge3mocepenHbo B KaHami
eKCIuTyaTartii.
ExcniepumeHTanbHO BCTaHOBJICHO, 110

KOMIIapaTHBHUH aHaji3 po3paxoBaHOro KoedilieHTa
Haxwily B 3 [oro HOMIHaNbHMM 3HAUEHHSM €
00’€KTUBHUM JiarHOCTHYHUM KpuTepieM. JloTpuMaHHS
BCTaHOBJICHUX MeX Bimxwienb (1 % mig xiacy A Ta
+2 % pns kmacy B) miaTBepIKye MeETpOJIOTIUHY
CIPaBHICTH MepeTBOproBava. BUxin 3a 1i Mexi CBITUYUTH
PO HE3BOPOTHI 3MIiHH CTPYKTypH MaTepiamry abo
BUHHMKHEHHS HECIIPaBHOCTEH.

Ha BigMiHy BiJl CTATUYHOI IIEPEBIPKH:

e He MOTpiOHA cTablTi3allis TeMIeparypH;

® He MOTPIOEH TOCTYI JI0 MPOIIECy.

3ampornoHoBaHWi miAXin Ha 0a3l  cydyacHHX
ITOPUTMIB  OOpPOOKHM CHIHANIB CTBOPIOE HAIiHHY
METOJIUYHY OCHOBY JUIS OIIEPATHBHOIO BH3HAYEHHS
KJlacy TOYHOCTI TEPMOIICPETBOPIOBAUiB 0e3 IXHBOTO
JIEMOHTaXY.
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Control of resistance thermothermal converters in operating conditions
1.D. Pytel, R.M. Ivakh

Abstract

Energy is the foundation of economic activity, which determines the pace of economic growth, the cost of production and
the technological level of society. In the context of global growth in energy consumption, the development of nuclear energy is of
particular relevance as one of the most reliable sources of generation. Today, 439 nuclear reactors are operated in the world,
providing 13.8% of global electricity production.

The most common design of a nuclear power plant (NPP) is a pressurized water reactor (PWR), where water acts as the
primary coolant and a neutron moderator. Since the operation of an NPP is based on the generation and transfer of a large amount
of thermal energy, precise temperature measurement is critically important for ensuring both the safety and efficiency of the
technological process.

At modern NPPs, the operating conditions of nuclear fuel and key parameters of the reactor plant are controlled by an in-
reactor control system. This system combines numerous converters and controllers operating in real time. One of the priority
tasks of the industry is to ensure the reliability of the measurement of the temperature of the primary coolant, the solution of
which determines the reliability, resource and economic performance of the reactor [1].

The article analyzes methods for controlling the static characteristics of resistance temperature transducers (RTD) directly
under operating conditions. Special attention is paid to the analysis of the adiabatic section of the transient characteristic of the
heating of the sensitive element, which allows diagnosing the condition of the transducer and verifying its accuracy class without
dismantling the equipment.

Key words: nuclear power, resistance temperature transducer, RTD, adiabatic heating, accuracy class.
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AHoTanis

Po3rssHyTHiT KOHUENTyalnbHHH MigXin A0 peami3aiii eKCIpec-KOHTPONO SKOCTI eJIeKTpUYHOI eHeprii Ha 3acagax
KBaIIMETPUYHHUX METOJIIB OLiHIOBAaHHS. [IpoaHai3oBaHO HOPMATHBHI MOKa3HUKH SKOCTI €JIEKTPUIHOI €HEeprii, IX 9acoBi iHTepBaIH
BUMIPIOBAaHHS Ta MPOOJIEMH, TT0B’s[3aHi 3 PI3HUMHU TPHBAJIOCTSMH IX BUMIPIOBAaHHS. 3alPOIIOHOBAHO BUKOPHCTAHHS KOMILIEKCHOTO
MOKa3HHUKa SIKOCTI, KU (OPMYEThCS Ha OCHOBI TaKMX CEMM OJMHHMYHHX ITOKAa3HHKIB: HAIpyra eNeKTPONOCTa4YaHHs, 4acToTa
Hampyry, TMOKa3HWK (Jiikepa, MPOBAIM HANPYTH, MEPEHANpPYrH Mepexi, Koe(illieHT TapMOHIYHHMX CIIOTBOPEHb, KoedilieHT
MOTY)KHOCTI. BHUKIaeHi alropuTMH po3paxyHKy Koe(]illieHTIB BaroMOCTi KOXKHOTO i3 MepenideHHX MOKa3HHUKIB. Po3pobienuit
miaxig 0a3yeTbes Ha BHMIPIOBAJIBLHO-PO3PAXYHKOBOMY METOII MOPIBHAHHA (DaKTHYHUX IapaMeTpiB OJMHUYHHUX ITIOKAa3HHUKIB i3
HOPMaTHBHUMH 3HAa4YEeHHSAMH Ta MOXKe OyTH BHUKOPHCTAHMH Ui NMOOYJOBH aBTOMAaTH30BaHHX CHCTEM MOHITOPHHTY SIKOCTi

CJICKTPUYHOI eHepril.

KurouoBi cioBa: enexkTpuuHa €HEpris; MOKAa3HUKH SKOCTi; BaroBi Koedili€HTH; y3araJbHEHUI MOKa3HHK SKOCTi;

KBaJIIMETpisl; HOPMATUBHI IOKYMEHTH 3 SIKOCTi €HEeprii.

1. Beryn

SIKICTB eJIEKTPUYHOI €HEpril € OJTHUM 13 KIIFOUOBHX
YMHHHUKIB HAJIHHOCTI, €QEeKTUBHOCTI Ta Oe3neKH
(YHKIIOHYBaHHS CIICKTPOCHEPTETUYHHX CHCTEeM. B
YMOBaX 3pOCTaHHS KiJIbKOCTI HENHITHIX HAaBaHTaXXCHB,
BUKOPUCTAHHS BiJHOBJIIOBAHUX JDKEpEN eHeprii Ta
CKJIQHUX  CXEeM  CJEKTPOIIOCTAYaHHSI  IHTaHHA
OIIHIOBAaHHS Ta 3a0e3MeYeHHS SKOCTI EIeKTPUIHOI
eHeprii HabyBae 0COOTUBOI aKTyaJIbHOCTI.

[Mokasznuku sikocti enekrpuuHoi eneprii (SIEE)
PErIaMEHTYIOThCS MDKHAPOIHHUMH Ta HAIllOHAIBHUMHU
craggaptamu (3okpema, JICTY EN 50160 [1], IEC
61000 [2]) 1 BKIIOYAIOTH Taki MapaMmeTpH, SK
BIJXHMJICHHS Harnpyry, 4acToTH, KoediLieHT
TapMOHIYHUX CIIOTBOPEHB, HECUMETPIt0, (hIIKEpH TOIIO.
BumiproBanHS ~ KOXKHOTO 3 [UX  IOKa3HHKIB
3MIMCHIOETBCST  CHELialli30BaHUMU  TIpHJIaJlaMy
aHaji3aTopaMy TapMOHIK, peecTparopaMu (iikepis,
BOJIbTMETpaMH, dacToToMipamu Tomlo. OpHak Ha
CBOTOJHI HE ICHY€ YHIBEpCAIIbHOTO BHMIipPIOBAaIHHOTO
IPUCTPOIO, 30aTHOTO OJHOYACHO BH3HAYaTH  BCi
nokasuuku SIEE Ta HamaBaTu y3araJbHEHY OLIHKY
SKOCTI enekTpu4Hoi eHeprii. Lle cTBoproe TpyaHoIIi y
MPOBEACHHI KOMILTEKCHOTO MOHITOPUHTY Ta
yHi()IKOBaHOTO IOPIBHSAHHS SIKOCTI €Heprii B pi3HHUX
€HEeprocucTeMax Ta 3a Pi3HUX MOMEHTIB 4acy.

KpiMm Toro, 3HayHy mnpoOiieMy CTaHOBHUTbH
HECHHXPOHHICTh BHMIPIOBaHb OKPEMHX MOKa3HHKIB.
binpmiicts npuinaziB 3xiiicHIOE dikcaliiro mapamerpis y
pi3HI 4YacoBi iHTepBamu, MO YCKIATHIOE (HOPMYBaHHS
JOCTOBIPHOI KapTHHH 3arajbHOi SKOCTi €JIeKTPOSHEePrii.
Hanpukian, xoeQillieHT TapMOHIYHHUX CIOTBOPECHb
MOJKE BUMIPIOBATHCS 3 IHTEPBAJIIOM y JEKiNbKa CEKYH],
TOJI K 3MIHH HaNpPyTH 9d (IIiKepu — MPOTATOM XBUINH

a6o rommH. Taki pi3HI YacoBi BiKHa peecTpallii He
JO3BOJISIIOTH OTPHMATH IMOBHICTIO Y3TOMKEHI JaHi Iuist
KOMIUIEKCHOTO aHaJIi3y.

VY 1pOMy KOHTEKCTi AOIIBHUM € 3aCTOCYBaHHS
METOZIB KBaJIMETpii, IO MO3BOJIIIOTH 3HIMCHIOBATH
KUJIbKICHY OILIIHKY SIKOCTI CKJIQJIHUX TEXHIYHUX 00’ €KTIB,
Y TOMY YHCIIi €JIEKTPHUYHOT eHeprii.

2. AHaui3 BitoMux myOJsikanii

Y crarri  aBropamu  [3]  3ampoONOHOBAaHO
KoMOiHOBaHuii migxix g0 omiHoBanHs SIEE, sxuii
BPaxoOBY€ OJHOYACHY Jil0 TapMOHIYHHX CHOTBOPEHB Ta
acuMeTpil Hampyrd. BBeneHO IHTErpalbHUIA MOKAa3HHK
SIKOCTI, 111(0) JI03BOJISAE KITBKICHO OILIIHIOBAaTH
y3araJpHEHHI BIUIMB pI3HUX BHIIB CIOTBOPEHb Ha
€leKTpuuHy cucteMy. IlokazaHo, WO LEH NOKa3HUK
MOJKE CITy)KUTU OCHOBOIO JUIsi HOPMYBaHHS Ta KOHTPOJIIO
SEE, a Takox Uil pO3paxyHKY HEBU3HAYEHOCTI
BUMIpPIOBaHb 3T1IHO 3 MDKHAPOTHUMH CTaHAAPTaMH.

Y poboti [4] aBTOpaMu pPO3POOIEHO METOAUKY
OLIIHKH SIKOCTI €JIEKTPOEHeprii Ha OCHOBI MaTpPU4HOTO
MiAXomy, 1Mo 3a0e3neuye KOMIUICKCHHH MOHITOPUHT
napaMeTpiB Hanpyrd B eNEKTPUYHHX Mepekax. Merox
JTO3BOJISIE OHOYACHO BpPAXOBYBATH SIK IOBUIbHI, TaK 1
[IBUIKOIUIMHHI npouecu TIOTipIICHHS SIKOCTI,
(opMyBaTn y3araJbHEHY KapTUHY CTaHy Mepexi Ta
imeHTH(IKyBaTH JDKEpena BiIXWICHb. 3alpOIIOHOBAaHA
CHCTEMa MOXE CIIyTYBaTH €(QEKTHBHHM IHCTPYMEHTOM
nmiarHoctuky ¥ ympasiiaHA SEE y mpommcioBux Ta
MOOYTOBUX EHEPrOCHCTEMAX.

Y crarri  [5] nOpoaHami30BaHO — TOYHICTH
BUMIPIOBaHHS PEAKTUBHOI €Heprii B CICKTPUYHUX
Mepexax 13 HECHHYCOiaJbHUMH CHTHANaMH. ABTOPH
MOKa3yloTh, LIO Cy4YacHI HOPMATHBHI JIOKYMEHTH HE
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PErIIaMEeHTYIOTh KOHKPETHOTO AJITOPUTMY PO3PaxXyHKY
PEaKTHBHOI MOTYXHOCTI B JIYIJIBHUKAX, a OTXKE, ICHY€
METOMOJIONiYHa  HEBU3HAYeHICTh Yy  (iHAHCOBHX
pO3paxyHKax MiX MOCTa4YaJbHUKAMU Ta CIIOKHBAYaAMHU
enekTpoeHeprii.  Pi3Hi  TeopeTHuyHI  BHU3HAUCHHS
(Budeanu, Fryze, Iliovici Tomo) paoTh pi3Hi
pe3yabTaTh MPHU HASBHOCTI FAPMOHIK, TOMY HEOOXITHO
OHOBHTH CTAaHAApPTH 1 UITKO BHU3HAYUTH €JUHUH
AITOPUTM JJIsl IPOMHUCIIOBHX 1 TOOYTOBHUX BUMIPIOBAHb.

oneceki crarmapta (PN-EN IEC 62053 Ta inmmi)
nepen0avyarTh, M0 JHYMIBHHKA PEAKTHBHOI €Hepril
MalTh OyTH NEpeBipeHi JHIIe Uil CHHYCOIAIbHUX
CUTHAJIIB 13 YaCTOTOK OCHOBHOI rapmoHiku. Ile o3Hauvae,
mo odiuiiiHi BUMOTM HE BpPaxOBYIOTb CIOTBOPEHHS
(hopMu XBuIIi, XapaKTEPHI AJIs CYYaCHUX MEPEK.

VY crarti [5] HaBeOEHO OIS OCHOBHHUX TEOPiil:
TPUKYTHUK TIOTY)KHOCTI  (KJIacMYHMH  METOH IS
CHHYyCOINaNIbHUX curHaiiB); Teopis Ppize (Fryze) —
MOJIT CTPyMy HAa aKTUBHY Ta PEaKTUBHY CKJIAJIOBI;
teopist byneany (Budeanu) — po3paxyHOK MOTY>KHOCTI
3a rapmoHikamu; minxim Lmeiioiwa (Iliovici) -
IHTerpajibHe BHM3HAUEHHS PEaKTUBHOI MOTY)KHOCTI Ha
OCHOBI Iwromii merTin i—u abo ¢—y, eKBIBaJCHTHA
peakTuBHA MOTYXHICTh (Q.,) — CepenHs reoMeTpHJHa
MDX JBOMaA IHTCTPpaJIbHUMH BUSHAYCHHAMMU.

ABTOpY BUKOHaIH 4uCiIoOBi cumyssnii B8 LabVIEW
[5], BukopucroByrouu pi3Hi (HOpPMH CHUTHATIB i3
BEJIMKMM BMICTOM rapMoHik. Pe3ynbratn nokasanu, 1mo
IIpU HECHUHYCOIIbHUX (GOpMax CTPyMy Ta HalpyrH
3HAUEHHS PEaKTHBHOI HOTY)XHOCTI, OTpHMaHi Pi3HUMH
METOJaMH, MOKYTh BiJIPi3HATHCS Ha JECATKU BiICOTKIB.

Yci MeTonu TaroTh OJJHAKOBHUI pe3y IbTaT JIHIIE IS
CHHYCOIIJIbHUX CHTHANIIB. JIJIsl COTBOPEHMX CHUIHAIIB
pe3yJbTaTh CYTTEBO PI3HSITHCS, IO POOUTH JEsSKI METOIU
(HanpuKITaz, i3 mpocTUM 3cyBoM Ha 90°) HempuaaTHUMHI
JUIE TOYHOTO PO3PaxyHKy. BHPOOHUKH JYMWILHHUKIB HE
MalOTh YITKMX BKa3iBOK LI0A0 BUOOPY aJITOPUTMY, TOMY
Pi3HI MpUJIaIM MOXYTh JaBaTH Pi3Hi pe3yJIbTaTH.

TakuM 4MHOM Ha J@aHWH Yyac BiACYTHS METOJMKa
BU3HAYCHHS! KOMIUIEKCHOTO Toka3Huka sikocti (KIIA),
SKUH OM BpaxoByBaB pe3yJbTaTH HAWOIIBII BaroMHX
OIMHNYHUX (nudepeHiansanx) moka3sHukiB JAEE.

Meto10 cTaTTi € pO3pOOICHHS METOMOJIOTIYHUX
aCmeKTiB  peawi3amii  eKCIIPec-KOHTPOIIO  SKOCTI
SJIEKTPUYHOI €HEPrii Ha 3acagax KBaTiMeTpii.

3. Buksag 0CHOBHOIO MaTepiany

OCKiTBKM  BiiOMi MeTooW 1 Tpwiagd He
3a0€3MeUyI0Th  MOXIUBOCTI  JOCTATHHO  IIBHIKOTO
KOHTPOJIIO  SIKOCTI  eNeKTpu4yHol eHeprii Ha 0asi
BUMIPIOBaHHSI YM BU3HAYCHHSIM OKPEMHX IMOKa3HHKIB
SIKOCTi, TO aKTyaJbHOI 3aJadel0 € pOo3pOOJICHHS
METONOJIOTIT WIBUAKOIO OLIHIOBAHHS KOMIIJIEKCHOIO
MTOKa3HMKA SIKOCTI €JIEKTPUYHOI eHepTii.

Takok 1i TOKa3HUKU [JIONOBHEHO TTOKa3HUKOM
Koe(illieHTa TOTYKHOCTI P, SKHIl BU3HAYAETHCA depe3
COS (@, TaKk sIK B peabHUX YMOBaX eKCIUTyartamil
CNCKTPUYHUX ~ MEPEeXK  4YacTO  BHUKOPHCTOBYIOTHCS
CHeI[iaTbHI MPUCTPOT TS HEJOMYIICHHSI HOTO 3MCHIIICHHS

HIDKYE TIIEBHOTO pIBHS, SIKMH pEAIbHO BH3HAYAETHCS
YACTKOIO PEAKTUBHOI TIOTY>KHOCTI MEPEKi.

Jns peamizamii ekcrpec-KOHTPOIO HaMH BHOpaHi
Taki TOKa3HUKH SIKOCTI €JeKTpU4YHOI eHeprii i3
HOPMATHBHOTO JOKyMeHTa [l], sKi CTOCYIOTBCS
XapaKTepPUCTHK HHM3bKOI HANpYIH eJIeKTPOOOJIaJHaHHS:
3asBJE€HA Hampyra eJeKTPOonocTayaHHs (HOMiHalbHa
Hampyra po3moxainsuoi Mepexi) Uy, HOMiIHaJIBHA
4acToTa fy, MOKa3sHMK KOpoTKouyacHoro duiikepa P,
cyMapHHUH Koe(illieHT TapMOHIYHUX CHOTBOPEHb Kipp,
NPOBAJIM HANpyru (3a B3alIMIIKOBOIO HAMpPYrow Ta
TpuBamictio) Uz,  mepeHampyrn — Mepexi  (3a
MaKCHMAaJILHOIO MEPEHAIpyroo Ta Tpusajictio) Ur.

Opniero i3 cxmamaux 3amad (opmysamns KIIA
CNEKTPUYHOI eHeprii € Te, IO Pi3HI KOHKPETHi
XapaKTePUCTUKU Harpyru €JIEKTPOIIOCTAYaHHS
(mudepeHItiiHi MOKa3HUKK SKOCTi) BUMIPIOIOTBCS YU
OIIHIOIOTHCS BIPOAOBXK PI3HMX YACOBHX IHTEpPBAIIB i3
pi3HOIO  mepiomuuHicTIO.  Hampukian, — HOKasHUK
KOpOTKOuYacHoro quikepa Py, BUMIPIOIOTh BIpoaoBxk 10
XBWINH, a JIOBrovyacHuii ¢uikep Pj OOYHCIIOIOTH 3a
BIZIOMHM aJrOPUTMOM 3a JNaHWMH 12 3HaueHb Py, 110
TIOCJTIIOBHO BUMIpsiHI Ha MpoMiXKy 2 roauH [1]. B Toii
K€ dYac OI[IHIOBaHHA IIPOBATIB HANPYTd 1 MPOSBIB
MIEPEHANIPYTH MOXKE 3IIIICHIOBATHCS 32 PI3HUX iHTCPBAJIB
TpuBaiocti B Mexax  Bim  (10...200)mMc 1o
(5:10°...6:10% mc[1]. Jlms BusHaueHHst KkoedimieHTa
TApMOHIYHHX  CIIOTBOPEHb HEOOXIAHO  MOCIIZOBHO
3[IHCHIOBaTH YCEpPEeOHEHHS CyMapHOro KoedilieHTa
TaPMOHIYHHX CIIOTBOPEHb HANPYTH KOXKHOI T'apMOHIKH,
ycepenHeHNX Ha 10 XBMIIMHHMX NPOMDKKaX BIPOIOBXK
TIKHEBoro riepiony [1]. Kpim mporo € Bimomum, mo Ha
pe3ynbTaT BH3HAYEHHS OKPEMHX MOKAa3HUKIB BILUIUBAE
BUOIp TPUBAJIOCTI CIIOCTEPEIKEHHS 33 XapaKTEPUCTHKAMHU
HAaIpyTH €JIEKTPOIIOCTaYaHHsl, HAPHUKIAA 9ac Tgys (dac
BU3HAYCHHS CEpE€AHBOTO KBaApaTU4IHOTO 3HAYCHHA
HAIPYTH), SIKAA y CepifHUX BUMIPIOBAIIBHHUX IPHIaIax
craHoBuTh lc, 3c, 10xB, 2rox BUKOPUCTOBYETHCS B
npuiaaax mojeai Power Master M1 2892 [6].

BpaxoByroun, mo MeTor0 poOOTH € peami3aris
EKCIPEC-KOHTPOJIIO SIKOCTI €JIEKTPUYHOI €Heprii, sika He
00OB’SI3KOBO  [IOBMHHA  peali30BYyBAaTUCS CEpiiHUM
MpHUIaoM, TO BHOEpPEMO OIHOXBHWJIMHHY TPHBAIICTb
OIIHIOBAaHHS SKOCTiI eJeKTpuuHoi eHeprii. Ile mokHa
PO3IIISILIATH SIK HAHOUIBIII KOPEKTHUM ITi{X0IOM 3 HAIIOi
TOYKH 30pYy LIOAO IPOIOHOBAaHOI METOIUKH EKCIIpec-
KOHTPOJTIO OI[IHIOBAHHS SKOCTI €IeKTPHYHOI €Heprii.

KIS  emextpmuHOi  eHeprii  3rigHo  3acan
KBaJliMeTpii MOXKHa  BU3Ha4aTH 3a  (opmyior
CepeIHPO3BAXEHOTO apUPMETHIHOTO [7], BHOpaHOTO 3a
pe3yibTaTaMH JIOCHTI/DKEHHS aBTOPIB sIK HaHOiLIbII
MOIIUPEHOI Ha TMPAKTHIl CEPEAHBO3BAKECHOT OI[IHKH
MTOKA3HUKIB TEXHIYHIX CHTEM:

K ZZ(I,-YJ 5 (1)
=1

e q; — HOPMOBaHUii 6€3pO3MIPHUIA MOKA3HUK AKOCTI j-
ro TMOKa3HMKA, Y, — KOE]IUIEHT BAaromMocTi j-ro

MMOKa3HUKA SAKOCTI.
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Jns obumcnennss KIIS Oymemo posrmsimata y
CYKYITHOCTI aJITOPUTM BHU3HAYEHHS KOXXHOT'O OKPEMOTO
MUQPEpPEHIIIHHOT0  TIOKa3HWKa  SIKOCTI  pa3oM i3
3alpOIIOHOBAHOI0 HaMH METOJIOJIOTIEI0 BU3HAYEHHS
HOTro BaroMocTi.

CraOutbHICTh HanPyTH OE3M0CEePEIHbO BIUIMBAE Ha
aKTHBHY Ta TMOBHY MOTYXKHICTh. 3HIKCHHS HANPYTH
MPUBOANUTE 1O TAaNiHHS aKTHUBHOI IOTY)KHOCTi, a ii
MEPEBUIICHHS 110 30UIBIICHHS CTPyMy B MEpExi.
HopmoBanuii MoKa3HUK SIKOCTI HOMIHAJBHOI HANpyTH
PO3IOALIIEHOT MEpPEXi pO3paxoByeMO 3a (popMyIioro:

Ve Ui

) H

qUH =1_ > (2)
UH

ne U, — ¢asue (BuMipsiHE) 3HAYCHHs HANpyru B

Mmepexi, Uy — HOpMOBaHe (HOMIHAlbHE) 3HAUYEHHS

HATIPYTH B MEPEKI.
Jlst oriHFOBaHHS KOCSQIIIEHTIB BaTOMOCTI SKOCTI
HOMIHaJIBHOT HaNpyru Yuu BUKOPHCTaEMO

METOMOJIOTIYHUIM MiJAXi[, 3TiAHO SKOTr0 KoeQillieHT
BaroMocTi OyJe BH3HAYaTHCS Ha MiJCTaBi HOPMATHBHO
JIONTYCTHMOTO 3MiHeHHs Hanpyrd +10% Bij Benn4uHU
HoMiHanbHOI Hanpyru 230B [1], mo no3Bomse iforo
3aIUCaTH SIK:

10 %
You =7 =01 3)

100 %
CrabinpHICTD 4acTOTH HaATIIpyTH
€JIeKTPOIIOCTAa4YaHHs BIUIMBaE Ha (YHKIIOHYBaHHSI

(obepTr) MBUTYHIB 1 Ha i CHOXKMBAHHS y CHHXPOHHHX
CHCTEMax.

HopmoBanuii  nOKa3HMK  4acTOTM  HaIlpyru
PO3MOALIEYOT MepeXi pO3paxoByeMO 3a (GopMyJIOI0:
|f o f H |
g, =1-=21 “)
Ju

xe fy, fu — dakTidHa | HOMIHAJIBHA YACTOTA HATIPYTH

B MEpEeXi.

3riguo [1] HOMiHaTIBbHA YacToTa HANPYTW B MEpexi
Mae Oytu 50 I'm. J{ns cucrem, ki CHHXPOHHO T’ €JHAHI
0 00’€qHAHOI EHEPrOCHUCTEMH, CepelHE 3HAYCHHS
YacTOTH, Ky BUMIpsUTH Ha mpomikky 10c, mae Oytm B
Mexax (+4%...-6%) Bim S50I'm [1]. Tomy koedimieHT
BaroMoCTi Bl 3MIHM YacTOTH HAampyrd 3aluIleMo 3
BpaxyBaHHSM 11 HAWOLIBIIOT MOXKIIMBOT 3MiHHU, TOOTO

o
y/.:ﬂ:o,%. 5)
100 %

Onikep  (MepexTiHHS) 3HWXKYE  CIIOKHBAaHHS
eJIEKTPUYHOI eHeprii dYepe3 KOJIMBAaHHS HANpPyrd i
BIZIUYBAETHCSI  HECTIMKICTIO 30pOBOTO  CHPUIHATTA
CBITJIOBOTO TIOTOKY BiJI JIaMII, SIKAM IPH HEPEBUIIECHHI
NEBHOTO  IOPOTY  CTa€  IMOJPasHIOBAIBHUM  ao

JIPATIBIUBHUM JUTS JTIOJICH.

Hespaxkaroun Ha Te, moO 3rimHO cTaHmaprty [l1]
MOKa3HUK KOPOTKOYacHOro (uiikepa BUMIPIOIOTH Ha
nepiogi 10 XB, IUIs TPOBEACHHS EKCIPEC-KOHTPOJIIO
SIKOCTI  €JICKTPUYHOI eHeprii MO)KHa BHKOPUCTATH
aJITOPUTM OJTHOXBIJIMHHOTO BH3HAUYCHHS (utikepa [8]:

P,(1xB)

Jie ¥ — cepelHs KUIbKIiCTh (uIyKTyaliii (MHUTOTiHB) 3a
XBUIIMHY, SKa BUMIPIOETHCS KIJBKICTIO 3MiH Y piBHI
OCBITJIEHHsI, a00 Hampyru 3a OnHy XBWIMHY; AU —
amIUliTyna 3MIHM ~ Halmpyrd y  TOpPIBHSHHI 3
HOMiHaIBbHOIO; Uy — HOMiHaJbHA HATIPYTa MEPEexKi.

diziomoriuna  iHTepmperamis  3HadeHHS P,
XapakTepu3ye:

—npu Py, < 0,5 MepexTiHHS € HETTIOMITHE;

— mpu P,; = 1,0 € IOpPOroBi 3HAYEHHS MTOMITHOCTI
MepexTinas 1t 50 % nronei;

— npu Py, > 1,0 € moMiTHE MEpEXTiHH, IO MOXKE

JIpaTyBaTy;
— npu Py, > 2,0 € nmocuthb cyrreBe (iikepHe
CIIOTBOPEHHS.
Takum umHOM P, = 1,0 XapakTepusye yMOBHY

MexXy KoMmdopTy, TOOTO rpaHH4YHE 3Ha4YeHHs Quiikepa,
IpH SKOMY BiTUyBa€ThCSl MEPEXTiHHA. I3 BpaXyBaHHAM
IIbOTO MOJKHA 3aIPOIOHYBATH MiIXiJ U BH3HAYCHHS
koedilieHTa BaroMocTi BIUIMBY Quiikepa Y, SKUH
0a3yeTbCsl Ha BpaxyBaHHI B3a€MO3B’SI3KYy aMILTITYIH
KonmuBaHb Hampyru (y %) 1 9acTOTH WX KOJHMBAHb
(xUTBKICTP 3a XBWIMHY) npu Hampysi 230 B, mo
nojaeTses Tabmurero B [9].

Bpaxosyroun, mo mis Py, =1,0 mosiBa MepexTiHHI
BiguyBaetbes nipu 1,95 % konmuBanns Hanpyru Uy, sika
BIJINIOBIJTa€ 4acTOTiI KOJMBaHb » =3 [9], po3paxoBaHe
3HadYeHHA Py, 3a ¢popmyroro (6) Oyme cranoButu 0,948.
BimnosimHo AP, Oyme piHe 0,052, a koedimieHT
BaroMocTi },, Ha M/ICTaBi I[bOT0 MOXKHA 3aIUCATH:

_AR, 0,052
Yo —E—I,—O—O,OSZ . (7)
CyMapHuii KoedilieHT TapMOHIYHUX CHOTBOPEHb
Kryp (amr. Total Harmonic Distortion, THD)
00umcIIoTS 3a hopmymoro [1]:
40
Krup = Z:(Uh)2 > ®)
h=2
ge U, — BiIHOCHa aMIUIITy[a Hampyrd OKpeMol
TapMOHIKH, SKa BiJHECEHA 10 HANPYTH OCHOBHOI

(nepmioi) rapmoHiku U,; i — TOPSIIOK TAPMOHIKH.

Buini  rapMoOHIKM  3HUXKYIOTh  e(EeKTHBHICTh
SNIEKTPOIIOCTAYaHHS IIUIIXOM BIUIMBY Ha AaKTHUBHY
MOTY)XHICTh, & TAKOX BHUKIHKAIOTh BTPaTH, B TOMY
YHCITI Ha PEaKTHBHUX HaBAaHTAXKEHHSX.

Ockinpkn KoeimieHT Kryp PO3PaxOBYETBCS 5K
BIZIHOIIICHHS JI0 MEPIIO TApPMOHIKH, TO BiH (PaKTHYHO €
HOPMOBaHUM MOKa3HHUKOM KoedillieHTa rapMOHIYHOTO
CIIOTBOPEHHA ¢ 711p-

BusnadeHHs koedimieHTa BaromMocTi KoedimieHTa
Kryp 3nificHUMO Ha mifcraBi myHKTy 4.2.5 crannapry [1],
KU TMOKa3ae, M0 CyMapHUH KOe(IilieHT rapMOHIYHHX
CIIOTBOPEHb HAINPYTH €JIEKTPOIIOCTAYaHHs (BPaXOBYIOUH
BCl rapMoHiku 110 40-0i BKIIOYHO) Mae OyTH MEHIIE YH
piBHEM 8%. ToMy MOXKHa NpPUHHATH, IO KoedilieHT
BaroMocTi yryp KoedimieHra Kryp cranoButs 0,08.

© O.€. Cepenrok, b.P. Puduun, O.C. Kpuannpkwuii, 2026
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[IpoBau HaNPYTH € TaKOK BILTHBOBHM (haKTOPOM
SAKOCTI €JIEKTPOIIOCTaYaHHs, 00 BHKIHMKAIOTh 3HW)KCHHS
CIIOXKMBAHHS a00 HaBiTh 3YNHHKH OOJIagHAHHS. 3TiITHO
crarmapty [1] BoHM KIacH]IiKYIOTHCS 32 3aITUIIKOBOIO
Harpyroio (y % Bix HOMIHaNbHOI) 1 3a TpHUBAIICTIO (B
Mc). IX 06UHCITIOOTH KiTbKICTIO (haKTHYHKX TIPOBAIiB 3a
mepio oLiHIOBaHHs Koedirienta Kzyp.

Jnst  4MCIIOBOTO  OIHIOBAaHHS ~ HOPMOBaHOTO
MOKa3HUKa TPOBATIB  (3HWKEHHS) HANPYTH  qu3
BUKOPHCTAEMO METOJ] Yy3araJlbHeHHs OaraTopa3oBHX
MO 3 BpaxyBaHHAM iX iHTeHCHBHOCTeH. Lle mo3Bosie
3amucaTH Taky Gopmyy:

ZAU31‘ T
=]-& 9
i3 T, )

ne AU, JOKaNbHE i-T¢ 3HIDKCHHA Hampyra (y

BIIHOCHUX OJIMHUIIAX) TPUBAIICTIO T;, I3 — Hac

1°
OLIIHIOBAaHHSI TOKa3HUKA ITPOBAIY HAIPYTH.

Busnauenns koedilieHTa BaroMocTi ITOKa3HHKa
qu3 3AIHCHUMO Ha MifcTaBi HOPMAaTHBHOIO JTOKYMEHTa
[1], sxkuit mokasye, IO NMPOBAIM HANPYTH (IKCYIOTHCS
npu 3aMuIKoBid Hampysi 90% 1 meHme, ToOTO mpH
cnani Hampyru Oinmpme 10% Bin HOMiHaNBHOI. Tomy
KoediIieHT BaroMocTi Oyze cTaHoBUTH Y3=0,1.

[Tepenanpyru B Mepexi MOXKYTh BUKJIMKATHA 3MiHH
B (yHKILIOHYBaHHI €JEeKTPOOOJIaHAHHS 1 TPUBOAUTH
HABITh 10 WOro IMOLIKOMKEHHA Ta MOJIOMOK. 3TigHO
CTaHJAPTY [1] BOHHU KI1acuiKyoThCs 3a
MaKCHMaJIbHOIO Hampyroro mnepeBumieHHs (y % Bix
HOMIHAaJIbHOT) Ta TPUBAIICTIO (B MC).

Jns  4ncIiOBOTO  OIHIOBAaHHS ~ HOPMOBAHOTO
MOKa3HUKa TIIEPEHANpyTd ¢un BHUKOPHUCTAEMO METOJ
y3araJibHeHHsI 0araTopazoBHX IMOJIH 3 BpaXyBaHHIM iX
inTeHcuBHOCTI. Lle m03BoIIsIE 3ancaTy Takuil BUpas3:

i AUHi Lt
i=1

:1—— ,
dun T

I

(10)

ne AUy,

BIIHOCHMX OJWHHMIIAX) TPHUBATICTIO T;,

— JIOKJIbHE i-Te TEPEBHIIEHHA Hanpyru (y
Tn — dac
OLIIHIOBaHHSI MOKa3HUKA IEPEHaIpyTy.

BusHauenHss ~ koedilieHTa ~ BaroMocTi  yun
MOKa3HUKa ¢up 3AIMCHUMO Ha MiJICTaBi HOPMAaTHUBHOTO
nokymeHta [l], skuil mnokaszye, 110 TEPEBUIICHHS
Harpyru ¢GikcyeTbes npH ii miaBuineHHi nonax 10% Bix
HOMiHaNBHOI. ToMy oTpumyemo yy=0, 1.

Koedinienr mnoryxHocTi P,, [KUH 4YUCENBHO
OLIHIOETBCSI 4epe3 cos ¢, 1 XapakTepu3ye SKICTh
HAalpyTH, aje He BCTAHOBIIIOE JKOPCTKUX MEX IS COS ¢
[1]. Boxnowac cranmapt BuMarae, mo0 CIOXuBaui He
BCTAQHOBJIIOBAIM HAJAMIPHUX PEAKTHBHHUX HABAHTa)KECHb.
KoeillieHT MOTYKHOCTI BH3HAYAETHCS SIK BiIHOLICHHS
AKTHBHOI CIOXXHMBAHOI MOTY)XKHOCTI MEpexi 0 MOBHOI
notyxHocti. Tomy HOpPMOBaHMI MOKa3HHMK  ¢p,
KoedillieHTa TOTY)KHOCTI OyAe BU3HAYaTHUCS dYepes
COS (o, OCKUTBKM BiH 3HaxomuThcs B Mexax 0...1, i
HalKpamiow yMOBOIO € cos ¢ = 1.

[IpaBuna po3apiOHOrO PHUHKY ENEKTPUYHOI eHeprii
[10] permameHTyiOTBH, IO MOIYCTHME 3HAYEHHS COS (
noBuHHO cTaHoBuTH He MeHmre 0,9. Tomy koedirieHT

BAroMOCTI Yp, KOEQII[iEHTa MOTYKHOCTI MOHA 3aITHCaTH
3 BpaxyBaHHSAM pEAbHOI JOMYCTHMOI 3MiHM 3HAYCHHS
mokazHuKa cos @ He Oimpmme 0,1. Ile xapaxrepusye, mo
Koe(iLlieHT BAroMocTi yp, Oyze craHouth 0, 1.

Takum uuHOM, cymMa Koe(illieHTIB BaroMOCTi BCiX
OLIIHIOBAaHMX TOKA3HUKIB SKOCTI EJNeKTPUYHOI eHeprii
Oyze piBHOIO:

ZY,’ =Yuu tYy t Y TVYrup Y Yuz Y Yum tVpy =
=0,1+0,06+0,052+0,08+0,1+0,1+0,1=0,592

(11)

OCKUIbKM 3TiIHO TPHHIMIY KBamiMeTpii [6]
cyMa KOe(]ili€HTIB BaroMocTi BCIX OJWHHYHHX
MOKAa3HWKIB  TMOBUHHA OyTH  PIBHOI  OJMHUII,
MPOBEAEMO 3BEACHHS M€l CyMH O OJMHUIN ILIIXOM
MHOXXCHHS ~KOXHOTO TIOKa3HMKa Ha  KOCQIiIli€eHT

I/Zyj, t06T0 Ha 1/0,592. Tomy po3paxoBaHi

YTOUHEHI 3HauUeHHsI Koe(illieHTIB BaroMocTi (1o3HaueHi
3 BEPXHIM 1HIEKCOM “IITPUX”’) OYyIyTh CTAHOBHUTH:
’ ’ ’ ’
Yo =017, Yy = 0,10, vy, =0,087 , yzup =0,135,

Yy =0.169, v = 0,169, v, =0,169.  (12)

TakuM  9YHHOM  EKCIIPEC-KOHTPOJIb  SIKOCTi
eIeKTPUYHOI eHeprii Moxe OyTH peami3oBaHHi 3a
anroput™MoM (1), B sskoMy (aKTHYHI TOKa3HUKH SKOCTI
BUMIPIOIOTHCS TIPUIIaIaMH 200 pPO3paxoBYIOTHCS Ha 0a3i
EKCMIEPUMEHTAILHOTO  BUMIPIOBaHHS  TapaMeTpiB
XapaKTepUCTUK  HANPYTH  €JIEeKTPOIIOCTAdaHHS  3a
tdhopmynamu (2), (4), (6), (8), (9), (10), a po3paxoBani
KOoe(illieHTH BaroMocTi KOXHOTO 3 IHMX OJWHHYHUX
MOKa3HUKIB SIKOCTi HaBezeHi B (12).

PospoOireHnii  anropuTM  €KCHPEC-KOHTPOIIIO
3abe3neuye BusHaueHHs KISl BhopomoBx — ofgHOL
XBIJIMHH, IO OOMEXKYETHCS TPHBAIICTIO BH3HAYCHHS
(mikepa. IHm  gudepeHIiiHI TOKAa3HUKH  SKOCTI
BU3HAYAIOTHCSA K CepelHi 3HAUYCHHS BHUMIipIOBAaHUX
napaMeTpiB BIPOJIOBXK IIbOTO Yacy.

4. BUCHOBKH

Po3pobiennit anropuT™ BH3HAUCHHS KOMILIEKCHOTO
MOKAa3HMKa SIKOCTI EJIEKTPUYHOI eHeprii Ha 3acamax
KBaJIIMETpil 3 BHKOPHUCTAHHSAM IMJXOJY OLIHFOBAHHS
CepEeTHhO3BAKEHOTO apU(PMETHYHOTO TIOKa3HUKA.

Buknmageni Monmeni  BU3HAuYCHHS ~ HOPMOBAHUX
OJJMHWYHMX TTOKA3HHUKIB SIKOCTI €EKTPUYHOI eHeprii 1 ix
Koe(illieHTIB BArOMOCTI, SIKi OI[IHIOIOTH HANPYTY 1 9acTOTy
PO3MOLTEYOI  Mepexi, TMOKa3HWK (uikepa, KoedillieHT
TapMOHIYHHX CIIOTBOPEHb, TIPOBAJTH HaIpyTH,
TIEPEHAIPYTY, a TAKOXK KOE(DIIi€HT MOTY>KHOCTI.

ITokazaHo  HEOOXimHICTH  pO3POONEHHS IS
peanizamii eKCIPEC-KOHTPOJIIO SIKOCTI  eNeKTPHUYHOT
eHepril cremniani3oBaHuX MIKPOIIPOLIECOPHUX MPHJIIAIIB,
HacaMmIiepel, JUId BH3HAa4YeHHsA IOKasHHWKa diikepa,
MPOBAJIIB HAIPYTH 1 EPEHANPYTH MEPEXKI.

[Mopmanemii  mocimipkeHHss OyoyTh CHpSIMOBaHI Ha

BUBYEHHS MOYJIMBOCTI 3aCTOCYBaHHS IHIINX
CCPEIHRO3BAKEHNX ~ OIMIHOK TIPH  KOHTPOJNi  SIKOCTI
CIICKTPUYHOI ~ €Heprii, a TakoX Ha PO3POOIICHHS

MIKpOIIPOLIECOPHNX TIPUCTPOIB JUISL peastizarii eKcrpec
KOHTPOJIIO 1 METPOJIOTIYHOTO OIIHIOBAaHHS PO3POOIEHOI
METOJJMKHU €KCTIPEC KOHTPOIIO SIKOCTI ENEKTPUIHOI eHeprii.
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Express control of electricity quality on the basis of qualimetricity
0.Ye. Serediuk, B.R. Rybchyn, O. S. Krynytskyi
Abstract

The conceptual approach to the implementation of express control of electrical energy quality based on qualimetric
assessment methods is considered. The normative indicators of electrical energy quality, their measurement time intervals, and
problems associated with different measurement durations are analyzed. The use of a comprehensive quality indicator is
proposed, which is formed on the basis of the following seven individual indicators: power supply voltage, voltage frequency,
flicker index, voltage dips, network overvoltages, harmonic distortion factor, and power factor. The algorithms for calculating the
weighting coefficients of each of the listed indicators are presented. The developed approach is based on the measurement and
calculation method of comparing the actual parameters of unit indicators with standard values and can be used to build automated
systems for monitoring the quality of electrical energy.

Key words: electricity; quality indicators; weighting factors; generalized quality indicator; qualimetry; regulatory documents on
energy quality.
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HIABUIMEHHA KOMIIVIEKCHOI'O IIOKA3ZHUKA AKOCTI HACOCIB
TA KOMIIPECOPIB HLJISIXOM ONTUMI3AILIIl CUCTEM KEPYBAHHSA

I'.I. Kantok, O.B. Kynpiszos, A.}O. Meseps, B.B. Cabagam, T.}O. Bacunens

Xapxiscoruti nayionanvnuil ynieepcumem im. B.H. Kapasina, m. Xapxis, Yxpaina

AHoTanis

AKTyanbHICTh po0OTH 00yMOBIEHa HEOOXITHICTIO MiJBHINEHHS eHeproeeKTHBHOCTI, HAAIMHOCTI Ta eKCIUTyaTaliiHOl
CTIfIKOCTI HACOCHHX 1 KOMIIPECOPHUX YCTaHOBOK, L0 € BAXKJIMBUM 3aBJIAHHSIM CYYacHOI €HEpreTUKH Ta MPOMHUCIIOBOCTI, OCKUIBKH
caMe CHCTEMH aBTOMAaTHYHOIO KEpyBaHHS 3HAYHOIO MiIpOI0 BHU3HAYAlOTh JAWHAMIYHI BJIAaCTHBOCTI arperariB, piBeHb
€HEProCIIOKMUBAHHS, CTA0UIBHICTh PEXKHUMIB 1 pecypc poOoTH. MeToI0 CTaTTi € BCTAHOBJICHHS B3a€EMO3B’SI3KIB MIXK SIKICTIO CHCTEMH
KepyBaHHs Ta KOMIUIEKCHMM ITOKa3HHKOM SIKOCTI HAcOCiB i KOMIIPECOpiB, a TaKOX OLIHKA MOXJIMBOCTEH IMiJBUILEHHS LIbOTO
MOKa3HUKA IUIIXOM ONTHMIi3alii mapaMeTpiB peryisTopiB. MeTomu MOCHiIKEHHS 0a3yOThCS Ha BHKOPHCTaHHI MaTEMAaTHYHUX
MojieNneil HacoCiB 1 KOMIPECOPIiB APYroro IMOPSIKY 3 YpaxXyBaHHSAM XapaKTEPUCTHK TIPUBOAY, TiIAPABIIYHMX HENIHIMHOCTEH i
HAaCHYEHHS BUKOHAaBYMX MeXaHi3MiB. SIKicTb KepyBaHHS oOIiHIOBanack 3a iHTerpamsHuMH Kputepismu ISE, IAE, ITAE Ta
KOMIUIGKCHMM ToKa3HHkoM KPI, 110 moeHye eHepreTWdHi, AWHAMIYHI Ta pECypcHi BIACTHBOCTI arperaty. IIpoBeneHO
MOJICITFOBAHHS XapaKTEPHCTUK PEabHOTO HACOCY, AlpOKCHMAII0 HOro eHepreTMYHMX 1 MOTY)XHICHUX 3aJeKHOCTEH Ta aHamli3
HepexiHUX MpoIeciB 3a pi3HuX HanmamrtyBaHb [11/{-perymstopy. 3a pe3yibTaTaMH JOCHIDKEHb BCTAHOBICHO, IO HEONTHMANbHI
QIITOPUTMH KEPYBAHHS CHPUYHMHSIOTH ePeperyItoBaHHs, KOJIIMBAHH, ITi/IBUIIICHE TEIUIOBE i MeXaHiYHe HABaHTA)KCHHS Ha MPHUBI, a
TaKOXK 3pOCTaHHs eHeproButpaT. OnTuMizallis mapaMeTpiB peryssaTopy 3abesrnedye MIBUIIIMN anepioqnIHul nepexifHuii mporec,
3MEHIIEHHS iHTerpaibHOl MoXuOku, miaBumeHHs KK/ 1 3HIDKCHHS CHOKHBAHOI TOTY)KHOCTI. 3poOJIEHO BHCHOBKH, IO
YAOCKOHAJICHHSI CHCTEM aBTOMAaTHYHOTO KEPYBaHHS € €)EKTHBHUM 1 EKOHOMIYHO JOIUIBHIM CIIOCOOOM i IBHIIEHHS KOMITIEKCHOTO
MOKa3HHKa SKOCTi HACOCHOTO Ta KOMIIPECOPHOTO 00JIagHaHHs 6e3 3MiHH HOT0 KOHCTPYKTHBHOI YACTHHHL.

Koio4oBi c;10Ba: IOKa3HUKY SKOCTI, HACOC, KOMIIPECOP, CHCTEMA KepyBaHHS, OIITHMI3aIlis.

1. Beryn MOJIENII MIPOMHKCIIOBUX HACOCIB. a TAKOK PEKOMEHMIAIIIT
010 X ONTHMAaJbHOI eKCIUTyaTaulii Mifi KepyBaHHSIM
YaCTOTHUX TIEPETBOPIOBAYIB.

Meroay aganTHBHOIO Ta EHEProONTHMAIBEHOTO
KepyBaHHS (B TOMY 4uncii (ha3i-peryisitop) po3riIsTHyTi
y mny6mikamisx [8], me HaBemeHO cydacHi crpaTerii
KOMIeHcalil 30ypeHp Ta 3a0e3ledeHHs MiHIMyMy
IHTeTpadbHUX KpHTepiiB sikocTi. [Ipami [9] 3a3HauaroTH
BaXIUBICTh TPAaBWIBHOTO BHOOPY BUMIpPIOBATBHUX

[TinButeHHs e(eKTUBHOCTI HaCOCHHX i
KOMITPECOPHUX YCTaHOBOK € OJHHM 13 KIIIOUOBHX
3aBJlaHb Cy4YaCHOI CHEPreTUKH Ta MPOMHCIOBOCTI. B
yMOBax 3pOCTAaHHS BHMOI JI0 €Heproe(exTHBHOCTI,
HaJIMHOCTI Ta iHTENeKTyai3alii BUpOOHHYHNX MPOLECIB
0co0IMBOi aKkTyaJlbHOCTI HaOyBa€ MOKpAIIECHHSI CHCTEM
aBtomaruuHoro kepyBaHHi (CAK). Came CAK

BHM3HA4Ya€ JMHAMIYHi BIACTHBOCTI TEXHONOTIIHOTO  pamarip i crpykrypn CAK 1u1sl miBHILEHHS HamiiHOCT]
obnannamsd,  CTaOUIBHICTL — MApaMETPiB  PEKHMY,  rexponoriunnx 06’ etis. Biransusmi gocimkenns [10-
pearyBaiHs Ha 30ypeHHA Ta PIBCHb CHEPIOCIOXKHBAHHA.  |5]  tago  MiAKPECHIOIOTh  BHCOKE  3HAYEHHS
Hacocn  Ta  xommpecopn — maroTh  CWIAHMM  ehepreTMdHOr0o  MOHITOPHMHIY — Ta  IIiJBHIICHHS
HEMHIMHVHE  XapaKIcp q’yHKH}OHYBaHH"v a IxHl POdOl  poxasmuKkiB sKOCTI HACOCIE | KOMIIpECOpiB B ToMy YHCT
XapaKTCPHCTHKH 3HAYHOIO MIPOIO 3aNekKaTh Bill CTAHY  yjnaxom onTHMI3AIT CHCTEM KepyBAHHS.
TPHBIHIX MeXaHi3MiB, rizpatiHiX abo TakuM  uMHOM, ONTUMI3aLlia  pPErymATOpiB,
rasoIMHAMIMHIX TIPOLECIB, PEKMMIB HABAHTAKCHHS TA  3acrocypamHs aNaNTHBHUX AATOPHTMIB T4 KOPEKTHHMX
anroputMis perymoanns. ToMy ONTHMATLHICTE CHCTEMH  gy6in crpykTypit CAK 103BOISIOTE iCTOTHO MiBHTIHTH
KEpYBaHHs  CTae KPUTHYHUM DaKTOOM, WO BM3HAYAC  gyicr, poGOTH HATHITANBHHX YCTAHOBOK, 3MEHIIHTH
KOMILTEKCHHH MOKA3HUK SIKOCTI pOOOTH arperaris. CHEPrOCTIOKMBAHHA ~ Ta  3OUIBIIATH  HANIHHICTH
VY cydacHux po0OTax BenmKa yBara NPUIUIAETHCA  pexponOrigHUX MPOLECIB
BIUIUBY 3AKOHIB KEPYBAHHS HA CHEProeeKTHBHICTH Merta cTaTTi — BCTAHOBIIECHHS B3a€MO3B SI3KiB MK
arperaris. B pobori [1] noBenieno, mo ONTHMI3Alis  gyicrio  cucTemMm  KepyBaHHS T4 KOMIUIEKCHUM

HII[-perynaTopy.z[ae 3HIDKCHHS BUTPAT CHEprii Ha 10-  HokasHMKOM SKOCTi HACOCIE i KOMIIPECOPIB.
17%. B pobGoti [2] aBTOp aHami3ye KOMIIPECOPH

ra30TPaHCHOPTHUX CHCTEM 1 TIOKa3zye, M0 SKICHE 2. BukJjax ocHOBHOT0 MaTepiany
KepyBaHHS 3MEHIIye BTPAaTH THCKY Ta IIOKpAIIye

KBasicTamioHapHy cTaGinbHicTE. Y poGoTax [3, 4] 2.1. TeopeTn4Ha YacTHHA

HAaBCICHO MO}ICJ’[i HAaCOCHHUX aneI‘aTiB i3 BpaxyBaHHSIM Honepeﬂﬂiﬁ aHaIi3 MOKa3as, IO Hee(l)eKTl/IBHe
HEJIHIMHOCTEH Ta e(beKTiB 3HOLIYBAaHHA, a TaKOX KepyBaHHS  BUKIIUKAE 4acTi Hepexiﬂﬂi pexumH,
JIOBEJICHO JOUIEHICTh 3aCTOCYBaHHA  mysbcalii THCKYy Ta BUTpaTH B HarHitauax, 30iIblIeHe

CaMOHAJIAIITOBYBAHUX peryn;{TopiB. 3HayHUN BHECOK y HaBaHTaAXECHHSA Ha IIpUBOAU (CHCKTpI/I‘IHi abo
PO3BUTOK MOJICIIIOBAHHS HACOCIB 3pOOMIIN JAOCII/UKEHHS.  ra30TypOiHHi), 3pOCTAHHS CTIOKHBAHHS ElEKTPOEHEPTil
[5-7], y fKMX HaBEACHO CTPYKTYpHI Ta CHEPreTMYHi ma 15-30%. Perynsartopu HM3BKOI SIKOCTI CIPHSIOTH
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KaBiTauii B Hacocax, (uarrepy Ta mNOMOaxy B
KOMIIpECcopax, MiJBUIICHHIO 3HOITYBAHHS ITiAIIUITHAKIB
1 poboumx KoJtic. B Tol yac sk ONTHUMAJIbHI PETryJIATOPH
JIO3BOJISIFOTH 3MEHIIUTH niepeperytoBanns 3 40-60% o
5-10%, CkOpOTUTH Yac BUXOJY Ha pexuM y 2-3 pasy,
3HU3UTH  eHeprocnoxuBaHHi Ha §-20%. Bonm
3a0e3MeUy0Th 3MCHIICHHS aBapiiHOCTI, CTa0lTi3aIiio
MMOTOKY Ta PIBHOMIPHHH PO3IIONIT HABAHTAKCHHS MIiX
arperatamMd, IO TIOKpamly€ HAMIHHICHI ITOKa3HUKU
SIKOCT1 HarHITa4iB Ta CHCTEM, B IKHX BOHH IPAITIOIOTh.

OnTHMaNbHOCTI CHCTEM KepyBaHHS BH3HAYAETHCS
TaKAMU KPUTEPISIMU:

1. Inrerpan kBajapara noxuoku (ISE):

T
ISE = j e (tdt . (1)
0
2. Inarerpan abcomotHOi noxuoku (IAE):
T
IAE = j|e(t)| dt . )
0

3. Iarerpan aOCONMIOTHOI MOXMOKW, 3BAKCHUH 3a
qacoM (ITAE):

ITAE = jt|e(t)|dz . 3)

ne e(f) — BiOHOCHA CTaTHMYHA TIOXWOKa; ¢ — dac
HEePeXiJHOTo MpoLecy, C.

s HacociB Ta KOMIIPECOpPIiB XapaKTEpHI Taki
MOKAa3HUKH SKOCTI iX po6oTH:

1. TimpaBmiyai mMOKa3HUKH. Bu3HauaroThHCA
BIJIMOBIHICTIO BUTpaTd Ta Hanopy (abo THCKY) B
HarHiTa4di, Oa)XaHUM 3HAYCHHSIM, HEOOXITHHUM IS
3a0e3IMeUeHHs TEXHOJIOTIYHOTO MPOIIECY:

PR (X))
QHOM HHOM

ne Q — Butpara podoyoro tina; H — Hamip; Quows Hyon —
3HAYEHHS Y HOMIHAIBHOMY (TIaCIIOPTHOMY) PEXHUMI.

B ymoBax excruryarauii 6axano /p=1 I;~1.

2. KagiTaniitanii 3anac (Juis HacociB).

Kagirarisi pi3ko 3HHXKYE SKICTh POOOTH ¥ pecypc
HacoCiB, TOMy JJIsl HacOCiB TpeGa BU3HAYATH MMOKA3HHK
KaBITaIIMHOI CTIMNKOCTI:

) 4)

— min| 1, PH. | 5)

1 ;
NSPH ;.(O)

NSPH
ne NSPH, — peanbHuil 3amac Harlopy Ha BXOJ HAacoca;

NSPHref(Q)

moTpiOeH KOHKPETHOMY HACOCOBI it pobotm 6e3
KasiTarii.
KagiTariiiunii 3anac € ko /g, =1.

— MiHIMaJIbHAN 3amac Hamopy, SKUi

3. EHepreTuuHi MOKa3HUKH.
- BigHOCHUH nmoka3zuuk KK/I:

_n@Q,n)
I, = ) (6)
nmax
JI€ Nmax — MakcuMyM KKJI Harnitaua (macrioptHuii abo
eKCIIEPUMEHTAILHO  BM3HAY€HWi). [,  TOKasye,

HACKUIbKM OJIM3bKO HArHiTa4 IpaIoe J0 1lealbHOro
JUISL HBOTO PEXUMY.
- BIJTHOCHU# MOKa3HUK €HEPrOBUTPAT:

]E — Eref , (7)
E(Q)

ne E.r — Oaxxkane abo pedepeHCHE 3HAUCHHS MHUTOMIX
€HeproBuTpaT (U1 Kpaliux HarHiTadiB LbOTO KJIACy);
E(Q) — motouHe 3HaYEHHS MUTOMUX €HEPTOBUTPAT VIS
3abe3neueHHs moTpiOHOI BuTpatH (. SKmIO HarHiTad
mparkoe eKoHOMHO — E(Q) mare, a I 6mmxde 1o 1.

4. Hapiiinicui [MOKa3HUKHU OLIHIOKOTHCS
BiZIHOCHUMH TIOKa3HUKaMH PECYpCy Ta FOTOBHOCTI:

T

— pec . —

[pec - > [1'0'1 - Kro*r H (8)
pec.ref

ae Thec — peCypc Airo4oro o0aaaHaHHs, TOA; Thec, ref —

OakaHwmii pecypc (HampuKIIal, pecypc eTalOHHOTO

HarHitaua abo MPOeKTHE 3HAYCHHSI ), TO/I;

T
Kror = T [;—? (9)
pob + poCTOIB

— Koe(illieHT rOTOBHOCTI; 705 — CyMapHHii uac poOoTH,
rof;; Trpocrois — CYMAapHHil 4ac PEMOHTIB i BiJKIIOYEHb,
TOJI.

KomriekcHui TOKa3HUK SIKOCTI poOOTH HAcOCIB
Ta KommpecopiB (KPI), B 3araJbHOMY BHUTJISAI MOXKHA
MPE/ICTABUTH PIBHSHHSM:

KPI=Y"w,-1I . (10)

Posriaroud TUIBKM TEXHIYHI ITOKa3HHUKH, Ta
MOJIOKUBIIN MPUIYIIEHHS, IO TiApaBiivyHi MOKa3HUKH
BUKOHYIOThCSI 0€3yMOBHO (BHMOTH TEXHOJOTTYHOTO
MPOLIECY), OTPUMAEMO:

KPI = wllv Wyl +wl v wd e, (11)
Iie w; — BaroBi koedimienTy, Yy wi=1.

Barogi xoedimieHTH B poOOTI MPHUIHATO HA OCHOBI
MiAXomiB A0 TOOyJOBH KOMIUICKCHUX —IHAWKATOPIB,
BUKJIQJICHUX y mpaui [16], 1ge pekoMeHIOBaHO
OOIPYHTOBYBATH Baru a0 EKCIIEPTHUM ILIIXOM, a00 Ha
OCHOBI aHAJITUYHUX TPOLEAYp, & TaKOXK IEepEeBIpATH
YyTIUBICTH IMiJICYMKOBOTO TOKa3HUKA JI0 iX 3MiHU. Y Miit
PpOo0OTI BUKOpPHCTAHO 30allaHCOBaHMiA BapiaHT Bar w=0.4,
wy=0.3, w3=0.2, w;=0.1 3 TPIOPUTETOM EHEPreTHYHHUX
MOKa3HUKIB, IICISI YOTO TPOBEJCHO aHali3 YyTIHMBOCTI
KPI o 3MiHM BaroBUX KOE(QiIi€eHTIB. SIKIO aKIeHT Ha
eHEeproe()eKTUBHOCTI, 30UTBIIYIOTBCS W, Ta W, SKIIO
Tpeba TOYHICTH — 30UIBLIYETHCS Wj, SKIIO KIFOYOBE —
IIBUIKICTE BUXOAY HA PEXUM, 30UIBIIYETBCS Wy s
BU3HAYEHHS  BIUIMBY  HAJAIMHOCTI,  €KOJOTIYHOCTI,
BapTOCTI, OE3IEKH Ta 1HIIEe Ha KOMIUIEKCHHI MOKa3HUK —
B Mmozeib (11) momaroThCst BIAMOBIAHI MOKAa3HUKH Ta
MePEPaXOBYIOTHCS BiJIIIOBIIHI BaroBi KOCQilieHTH.

TakuM 4YMHOM, MaTeMaTU4Ha MOJEb MOKA3HHKIB
gKkocTi — ne  Hablp  HOPMOBaHMX  IHJIEKCIB
1.(O,H,n,P,_, ..) Ta byHKUis 3ropTku (miHifHA 91
HelNiHiHA), M0 Ja€ y3aranpHeHnd iHaekc KPI.
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2.2 ExcrniepuMeHTAIbHA YACTHHA

I[J'lﬂ CKCIICPUMCHTAJIbHOI'O BHU3HAYCHHSA BIUIUBY
CHCTEM KepyBaHHS Ha IMOKAa3HHWKH SIKOCTI HarHiTadyiB,
MIPOBEZEMO JIOCHIPKCHHSI XapaKTEePUCTHK pPEaTbHOTO
Hacocy Ta BIUIMBY Ha HHUX IapaMeTpiB HACTPOHKH
perynaTOpiB Ta aJIrOPUTMIB CHCTEM KEpyBaHHSA 3
HACTYITHUM BHU3HAYEHHSIM IIOKa3HHUKIB fKocTi. B
JIOCIIJPKEHHSIX BHKOpHcTOBYBaBcss Hacoc ANDRITZ 3
MaKCHMaIbHOK BHTpatoro g0 7000 w'/ron Ta
MakcuMallbHuUM HarnopoMm 110 M. Xapaxkrepucruka
Hacoca B OKOJIHIIX poOOY0T TOUKH HaBeJIeHi B Taoi. 1.

lNpapasniyna XapaKTepUCTHKA Hacocy,
anmpOKCUMOBAaHA PIBHAHHAM , TOKa3aHa Ha puc. 1.

ONTUMANBHICTE PEXHUMY POOOTH MOJENIOBANIACH
3a YMOB:

- HCONTHMAaNbHUU  alrOPUTM  KEpyBaHHS:
Nmax~0,78, Makcumym 1pu 0~0,90,;0y, MHPHUHA KPUBOT
AQ=0,25010m5 3aKOH 3MIiHU BUTpATH
f(0)=1,05-0,050 . Ha mpaktuii nei pexxum Moxxe

OyTM mpu KepyBaHHI JAPOCEIbHOI 3aCyBKOIO, i€
YacTHUHA CHEPrii e Ha BTPATH B IPOCEITI.

- ONTUMAJIBHUM aNTOPUTM KEPYBaHHS: #;.x~0,85,
MakcUMyM 1pu O~Qy,,, poOOYa TOUYKA 3MIIIEHA Y 30HY
HaiiBumoro KKJI.

Tabmums 1 — XapakTepuCTHKH HACOCY B OKOJIUIISIX pOOOYOT
TOYKH (HOMiHAJIBHI p0o00Ui ITapamMeTpH)

[apametp [lo3naueHHs 3HavyeHHS
HowminaneHa BuTpara Orou 6000 m3/ron
HowminansHuii Hamip Hou 85 M
HowmiHasibHa MOTYXHICTB

Y Puon 250 kBt
MIPUBOY
HoMinanpHa MBUAKICTE
Mo 1480 06/xB

obOepraHHs

Bona / TexHooriuna
Poboue cepenonume - .

pinuna

110

105

100

a5

a0

Hanip H, m

85

80

75

0 1000 2000 3000 4000 7000

Burpata Q, m*ron

5000 6000

Puc.1. NgpaBniyaa XapakTepuCTUKA HACOCY
Enepreruuna XapaKTepUCTUKa 3a

aITOpUTMaMU HaBEJICHA Ha pHC. 2.
V3araneaena 3anexuicts KK/I:

JIBOMa

Q - Qopt ’

A0 (12)

7(Q) =1, €XP| —

AlQ) — HeaNTHMANLHE HepyBaHMR

ONTUMANLHE KEPYBAHHR

o
o
[=

0.6

KEA n

0.2

0.0 m—
4] 1000 2000

3000 4000 5000 7000

ButpaTta Q, m¥frog

6000

Puc.2. Enepretriuna xapakTepucTuka HacoCy

PiBHsiHHS arnpokcuManii €HEepreTU4HO1
XapaKTepUCTHKH y HOPMOBAaHOMY BHIUIALI  (depes

x:Q/ Qnom):

2
x-0,9
x)=0,78exp| —| ———— | |; 13
Moon (X) P 0.25 (13)
x—1 ?
Mo (X) =0,85exp| — _O, 3 (14)

3 pUCYHKY 2 BHIHO, IO CHUCT€Ma KEpyBaHHSI 3
ONTHMAIBHUM AJITOPUTMOM YTPUMYE Hacoc OIMKYE 110
Touku MakcumaabHOro KKJ/I.

AHaIOTi4HO Oymyemo XapaKTepUCTUKY
noryxHocti (puc. 3). PiBHsHHA anpokcumanii |y
HOPMOBAHOMY BUIJISII:

2 .
P (x)=P_ x(1,05-0,05x) ; (15)
2
P (x)=P,,x"(0,95+0,02x). (16)
350 MQ) — HeonTUMansHe KepyRaHHa
PO — onTUMaNLHE KEpYRAHHA
300}
5 250}
x
2
2 200}
% 150}
>
°
C 100+
50
1]
Q 1000 2000 3000 4000 5000 6000 7000

ButpaTta Q, mYron

Puc.3. Xapakrepuctuka rnoTy>KHOCTi HacOCy

Ha rpadixy BHAHO, 110 CHOXHBaHa IIOTYXHICTh
IPY ONTUMAaJFHOMY KEpYBaHHI Ha THX CAMHX BHTpAaTax
Ha 5-10% HHKYa, TOOTO JIOCATAETHCS
eHeprozoepekeHHs.

11 MOJIeNtOBaHHS BIUIMBY HACTPOWMKH PETYIITOPY
Ha MOKA3HUKH AKOCTI, IPUHHATI TaKi YMOBH:
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- KOHTYp PperyjioBaHHS: BHUTpaTé Hacocy O
PETYJIIOIOTHCS YaCTOTHUM IIEPETBOPIOBAYEM:

- BXiJ1: 3a1aHHs BUTPATH Oref;

- kepyBanHs: curHan Bijx [1IJ]-perynsropa;

- o0’ekT: Hacoc + TIpHBIN, aNPOKCUMOBAHUH

TePeIaTHOI0 (PYHKITIEFO 2-T0 TOPSIIIKY;

- BUXiJ: BuMipsina Butpara Q(?).

B HOpMOBaHUX OUHUIIAX:

w0 =20 iy = LDy cfo1]. a7y

QHOM QHOM
[lepenatHa QyHKIIisA HacOCY:
K
G, (5)=28) L, (18)
u(s) (Ts+1)(Ts+1)

Je s Hamoro Hacoca: K,=1,0 (HopmoBaHui
koedimient migcunenss), 7,=0,8 c; 7,=0,3 c.
Toni mudepeHtianpHe PiBHIHHS:
TTyO+(T+T)y@)+ (1) =K ,u(®). (19)

Mepenatas  ¢ynkuis  [II-perymaropy y
orepaTopHiit hopmi:
K K
W () = Ky + =L+ =—2—, (20)
s Ts+1
y 4acoBiii obnacri:
t de(t)
u(t) = K e(t)+ K, j e(dt+ Ky == (21)
0
[oxubxka I1IJ]-perynaropy:
e()=r(t)=y(). (22)
OOMEXCHHS CHTHAITY:
u(t) = sat(u,,, (1),0,1). (23)

Mogenp TUHAMIKA I HEOIITUMAIBHOI CUCTEMH —
MOJIENb APYTOTO MOPSAKY 3 KOJMBAHHSIMHU:

Vaon (1) =1—exp(=0,3¢)[cos(2¢) +0,25sin(27)] .

(24)

Mogzenp TUHAMIKK U1 HEONTUMAJILHOI CUCTEMH —
anepiouIHa MOJICITb:

yupl (t) = 1 - exp(_11 2t) * (25)
OnTuManbHI HACTPOWKH BigNoOBimarTh Kp=2,5;
KI:1>8; KHZO.I.
XapaKTepuCTUKN  TEPeXifHUX  TPOILECiB  3a
PI3HHMH HACTPOIMKAaMU PEryJsITOpy HaBeAeHI Ha puc. 4.
16}
1.4¢

L2

Buxig y(t)

o o= o -
2 o o
|

=
(]

HEONTHMaNbHE KepyBaHHA
I — ONTUMANEHE KEPYBAWHE

el
o

0 2 4 6 8 10
L
Puc.4. XapakTepucTHku nepexiTHIX IPOIECiB 3a
PI3HUMH HaCTPOWKaMHU PETYIATOPY

2.3. Po3paxyHOK NOKa3HUKIB AKOCTi

3 pospaxyHkiB mpH  0=0,=6000 M/rox
OTpUMaEMO BUXIi/IHI IaHi AJIsl TBOX BapiaHTIB, a caMe:

Eneprernuni xputepii:

- KK/I: HeontuManbHe: #,,,~0,665;

ONTHUMAJBHE: #op=0,85;

- OTYXHICTb (3 P-Q KpHUBHUX):

E,n=250 xBT;

Eope =242,5 xBT.

Junamivyni Kputepii:

- IAE: IAE,(=2,10; IAE,,=0,83;

- ITAE: ITAE0v=5,81; ITAE,~0,69.

Sk pedepeHTHI BEIMYMHU OEpeMO ONTHMAIbHHUNA
BapiaHT.

Baru (30anmaHcoBaHE CIIBBIIHOIICHHS, 3TiIHO
icHyrounx pekomenpaniin): w;=0,4 — KKI; w,=0,3 —
eHeprocnoxuBanus; w;=0,2 — IAE; w,=0,1 — ITAE.

Toni KOMIUTIEKCHHUH MOKa3HHUK SIKOCTI
HEONTHMAJbHOI CHCTEMH Oyzne HOPMOBaHHM  IIO
BIJHOIIICHHIO JI0 ONITHMAJIBHOI:

0,665 250 0,83 0,69

won = 0,4———+0,3—+0,2——+0,1 =
0,85 250 2,1 5,81

=0,704

KPI

(26)

OTpumaHi pe3ynbTaTH MiATBEPIKYIOTH CYTTEBUM
BIUIMB 3aKOHIB KEpyBaHHS Ha po0OTy HacociB 1
komripecopiB. HaBiTh 0e3 3MiHM KOHCTPYKIII arperary,
JUIIe  ONTHMIi3alis MpOrpaMHOro  3abe3leueHHs,
METONIB KEpyBaHHS Ta HAIAIITYBAaHHS pPETYJIATOPIB
JIO3BOJISIE 3HAYHO TNIBUIIUTH I1HTErpajbHi TEXHIKO-
E€KOHOMIYHI  IIOKa3HHMKH  SIKOCTI  HAacOCHOTO  Ta
KOMITPECOPHOTO 00JIaIHAHHSI.

Oco0miBy yBary Tpeba NPUALIATH aJalTHBHUM
anropuTMaM, fAKi 3IaTHI BpPaxOBYBaTH CTapiHHI
obOnamHaHHA, 3MiHY XapakTepUCTUK MpPH 3HOIIYBAaHHI,
30BHIIIHI 30ypeHHsS (TUCK Ha BXOJi, KOJHMBaHHS
HaBaHTa)KeHHS[) Ta 3MiHI/I B peonorquHx BJIACTHUBOCTAX
pobOYOro cCepeIoBHIIA.

3. BucHoBknu

.  OntuManeHiCTH  CHCTEM  aBTOMATHYHOTO
KEepyBaHHS € BH3HAYATGHUM (pakTopoM edeKTHBHOCTI
HACOCHHUX Ta KOMIIPECOPHUX YCTAHOBOK.

2. YIIOCKOHAJICHHSI CHCTeM KepyBaHHs1 0e3 3MiHH
armapatHoi YacTMHHM € OJHHM 13 HalOUIbII EKOHOMIYHO
e)eKTUBHUX LITAXIB MoyIepHizawii HAaCOCHO-
KOMIIPECOPHOTO 00J1a/THAHHSI.

3. Onrumizanis ITI/]-perymsaTopiB 3a KpuTepisiMu
ISE/IAE/ITAE  3a0e3niedye  cTaOLmi3allifo  PEXHMIB,
3MEHIICHHS eHeProcoxuBanHs Ta miasuieHHs KK/,

4. BrpoBamkeHHsS aJalTHBHUX Ta CHEPreTHYHO
ONTHMAIBHUX ~AITOPUTMIB KEepyBaHHA MOXKE 3HAYHO
TTiIBUIIIATH KOMIUICKCHHI TTOKa3HUK SIKOCTI (Maibke Ha
30%).

5. MeTO}IPI BHU3HAYCHHS BIUJIMBY CHCTEM KCEPYBaHHA
Ha TOKAa3HUKU SIKOCTI HAarHiTauyiB MOXyTb OyTH
BUKOPHCTaHI TIPH MOJIEpHi3allii iCHyIOUMX Ta CTBOPEHHI
HOBHX €(D)EeKTHBHHX CHUCTEM.
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Enhancing the Integrated Quality Index of Pumps and Compressors Through Control System Optimization
G. Kanjuk, O. Kupriyanov, A. Mezerya, V. Sabadash, T. Vasilets

Abstract

The relevance of the study is due to the need to improve the energy efficiency, reliability, and operational stability of
pumping and compressor units, which is an important task in modern energy and industry, since automatic control systems
largely determine the dynamic characteristics of the units, the level of energy consumption, operating stability, and service life.
The aim of the article is to establish the relationship between the quality of the control system and the integrated quality index of
pumps and compressors, as well as to assess the possibilities of improving this index by optimizing controller parameters. The
research methods are based on the use of second-order mathematical models of pumps and compressors, taking into account
drive characteristics, hydraulic nonlinearities, and actuator saturation. Control quality was evaluated using the integral criteria
ISE, TIAE, ITAE, and the integrated KPI index combining the energetic, dynamic, and durability-related properties of the unit.
The study included simulation of the characteristics of a real pump, approximation of its energy and power dependencies, and
analysis of transient processes under different PID controller settings. The results showed that non-optimal control algorithms
cause overshoot, oscillations, increased thermal and mechanical loading of the drive, as well as higher energy consumption.
Optimization of controller parameters provides a faster aperiodic transient response, reduces the integral error, increases
efficiency, and decreases power consumption. It was concluded that improving automatic control systems is an effective and
economically feasible way to enhance the integrated quality index of pumping and compressor equipment without changing its
structural design.

Keywords: quality indicators, pump, compressor, control system, optimization.
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