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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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RESEARCH AND APPLICATION OF METHODS
FOR CALCULATING THE MEASUREMENT UNCERTAINTY
OF INDUSTRIAL FLOWMETERS

Abstract. To create conditions for the recognition of Kazakhstani certificates of conformity and the results of
product tests, an assessment of measurement uncertainty is required. In this regard, there has been an increase in the
practical application in Kazakhstan of the concept of measurement uncertainty. The authors developed a physical
stand for a mobile complex designed to verify electromagnetic flowmeters at the place of operation. To obtain
verification results, programs were developed to calculate the uncertainty of an electromagnetic flowmeters using the
NI LabView software. In addition, a model for estimating the uncertainty of the relative error of flowmeters was
proposed, and the measurement uncertainty was estimated using three methods: standard, Monte Carlo and Kragten.
Finally, a comparative analysis was conducted on the results of the estimation of the uncertainty of the relative error
of the industrial electromagnetic flowmeter. All methods give standard uncertainty values that do not exceed the
acceptable range of relative error (= 1%). However, Monte Carlo method gives better results for sufficiently large
number of simulations. No significant differences between the results obtained using standard and Kragten methods
were discovered. The Kragten method is preferable in the absence of the need to calculate the sensitivity coefficients
when calculating the total standard uncertainty, which is important for complex measurement equations.

Key words: measurement uncertainty; standard GUM method; Monte Carlo method; Kragten matrix;
verification; electromagnetic flowmeter.

Introduction. In the Republic of Kazakhstan, uranium mining is carried out by underground leaching
— one of the most cost-effective and environmentally friendly mining methods. [1]. At the nodes of
receiving and distributing the leach solutions, a large number of industrial electromagnetic flowmeters
(EFM) are used to measure the quantities involved; they must be metrologically verified at the end of the
calibration interval.

The generally accepted method for calibrating flowmeters using exemplary measuring instruments or
calibration facilities accredited to ISO/IEC 17025-2017 can be costly and infeasible, mainly due to the
staff and logistics costs associated with removing the flowmeters from the piping system. However,
modern flowmeters are equipped with hardware and software that allow on-site verification that meets
ISO 9001 requirements. Studies have already been conducted on the calibration of flow meters in the field
of water supply and wastewater discharge [2].

The issues of the estimation of measurement uncertainty have been widely covered in terms of
analytical measurements [3], the calibration of measuring instruments [3,4], and other studies [5-8].
International organizations have developed and prepared basic documentation for the international
harmonization of approaches to solving metrological problems. These include the ISO/IEC 17025:2017
standard; the JCGM 100:2008 Joint Metrology Guidelines document, as the latest revision of GUM:1995,
which provides guidance on measuring uncertainty in measurement; the International Dictionary of
Metrology JCGM 200:2012, which presents the terms and concepts used in the field of metrology; and
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JCGM 101:2008 (Supplement 1 to GUM:1995), which provides practical guidance on using Monte Carlo
simulations to estimate uncertainty.

Methods. Standard method described in GUM (Guide to the Expression of Uncertainty in
Measurement), has been applied worldwide for different measuring systems and is currently the standard
procedure for estimating uncertainty in metrology [5, 9-11]. The GUM estimation of measurement
uncertainty in analytical measurements has been widely reported in the literature [8, 12-14]. Examples of
GUM estimation of the uncertainty of temperature, AC voltage, and pressure measurements are given in
[13]. Meanwhile, [4] describes uncertainty assessment during the metrological certification of means of
measuring the moment of inertia of electric motors.

Due to the complexity of calculations, the analytical estimation of the effective number of degrees of
freedom using the Welsh-Satterthwaite formula remains an unsolved problem [3]. One approach to
overcoming these limitations is to use a convolution of the probability distributions of input quantities, for
example, using the Monte Carlo simulation method [15].

The essence of the Monte Carlo method is as follows: each time the measurement function is
calculated, it generates randomly generated input values that vary around its nominal value within the
uncertainty interval in accordance with the distribution law.In [16], examples of the application of the
Monte Carlo simulation method for estimating the measurement uncertainty ofvarious practical problems
are given: evaluating the real efficiency of a fuel cell, measuring torque, preparing a standard cadmium
solution, and measuring the Brinell hardness.

Kragten method (spreadsheet method) is recommended for complex expressions to simplify
calculations. This procedure uses an approximate numerical method of differentiation and requires only
the numerical values of the parameters, and their uncertainties [6]. It assumes either that the measurement
model is linear in the input variables or that the uncertainty of the corresponding input quantity is small
compared to its value. Kragten method advantage lies in the fact that the correlation between variables can
be easily taken into account by adding the appropriate elements in the spreadsheet.

The analysis showed that in most cases, the GUM, Kragten and Monte Carlo methods give almost the
same value for the standard uncertainty associated with the estimation of the measured value. The
differences become apparent when the distributions are far from normal and the measurement result
nonlinearly depends on one or more input quantities. Where there is significant non-linearity, the standard
GUM method is not recommended. However, nonlinearity can be taken into account in the GUM by
including higher order terms in the calculations [17].Where the distributions differ significantly from
normal, the Kragten and standard GUM methods give a distorted estimate of the standard uncertainty,
while the Monte Carlo method allows a determination of the distribution law of the output quantity and,
accordingly, displays the real “coverage interval” [18, 19].

The above methods have not yet been applied to the estimation of the uncertainty of flow
measurement. This problem is the subject of research in this article. The aim of the work is to study
methods for estimating uncertainty during the calibration of flowmeters in situ without removing them
from their place of operation.

Application of methods. The uncertainty of the industrial flow meter relative error is estimated
based on the Standard of the Republic of Kazakhstan ST RK 2.328-2015 “Electromagnetic flow meters:
Verification Technique”. This standard proposes the following measurement model:

8g = QQ;pQ" x 100, (1)
where Q; is the value of the flow according to the metering values of EFM, and Q, is the flow rate
according to the indications of the reference Coriolis flowmeter (CFM).

However, this Standard regulates the estimation of the uncertainty of the relative error of
electromagnetic flowmeters using only type B.

The authors substantiate and propose calculating the uncertainty using not only type B but also type A
[20]. The calculation of type A includes statistically processing the results of multiple measurements,
namely the calculation of the mathematical expectation, variance, and standard deviation. An estimate of
the flow rate Q is the arithmetic mean of n = /1 observations Q; (i = 1,2, ..., n) for each point being
verified (j = 4): Gp - for the reference flow meter; Q,.- for the verified EFM.
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The standard measurement uncertainties of the electromagnetic and reference flowmeters using type
A are calculated by the formulas:

_ Z'll: (Qri—Qr)? . _ E:l: (Qpi_@)z
ua;(Qr) = /—;(n_ll) s uaj(Qp) = oD 2)

where Q,;, Qp; are the i-meter readings at the j point being verified.
The standard uncertainty of the relative error of type A at each verified point (j = 1, 2, 3, 4) is
calculated by the formula:

gy ()= [P Q)2 + Chuug (0,

where Crand C,, are sensitivity coefficients, which are defined as partial derivatives of equation (1) with
respect to the corresponding variables.
The final value of the standard uncertainty of the relative error of EFM type 4 is:

up = (B ua, (8))/4. 3)
To calculate the total standard uncertainty of the EFM relative error, we have:
uc(8) = Ju3(6) + upy(®) @

upgs (&) - the type B uncertainty calculation includes the relative error uncertainties of the EFM and the
reference flow meter in accordance with ST RK 2.328-2015.

The calculation of the expanded uncertainty of the relative error of the EFM is performed according
to the formula:

U@s) = k- uc(8). (5)

The measurement result can be written as:8 + U(8)% ;p=0,95 .

Applying the Monte Carlo method requires selecting the quantities of model estimation to be
performed and the confidence level p. It is best to choose a sufficiently large value of m in comparison
with 1/(1-p) (for example, exceeding it by 10° times).

The simulation of the process of estimating the uncertainty of the EFM relative error is performed as
follows:

a) two arrays of random numbers are generated, obeying uniform distribution laws, with a volume of
m = 10° for input quantities: O, is the result of measuring the flow rate with EFM; Q, is the result of
measuring the flow with a reference CFM;

b) an array of an estimate of the output value is generated— the relative error of the EFM (9);

¢) estimates of the following parameters of the resulting distribution are calculated:

- total standard uncertainty: u:.(6) = \/ i1=11(5i — M(6))2/10,
where M(9) is the mean of the relative error of the EFM;

- expanded uncertainty: U@ = %[6975000 — 82500015

- coverage coefficient: k=U()/u.(6);

d) the obtained measurement result is written as:6 + U(6)% ; P=0,95 .

Kragten method. The spreadsheet method is recommended for complex expressions in order to
simplify calculations.

In the expression for the uncertainty of the EFM relative error:

a6
u (S(Qr, Qp)) = Z (a—u(Qi))Z
e Qi
the partial differentials (06/00Q,), (06 /00,) are approximated by finite differences.
This method provides acceptable accuracy for practical purposes when it is considered taking into
account the necessary approximations made when evaluating the valuesu(Q;). In [6], this question is

discussed more fully.

— 147 =



N E W S of the Academy of Sciences of the Republic of Kazakhstan

The total standard uncertainty of the relative EFM error is calculated by the formula:

u(s) = \/uz(& Q) +u%(8,Qp).

Expanded uncertainty of the EFM relative error:
U(S) = k-u(d).

The measurement result is written as: § + U(6)% ; P=0,95 .

Results of the experiments. The EFM calibration experiments were carried out on a physical model
of the geo-technological information and metrological complex (GIMC) in the laboratory of the
Department “Automation and Control” of the Almaty University of Power Engineering and
Telecommunications named after G. Daukeev.

The metrologist’s workstation interface for the verification developed in the software LabView
(NI, USA) is shown in figure 1.

The operator manually enters the environmental conditions and the parameters of the fluid being
verified (leaching solution). The verification process includes measurements at four verified points. At
each point on the “forward” and “return” paths of the regulated valve, eleven flow values are measured
using the calibrated EFM and the reference CFM. The experimental results are entered into the database of
flowmeter readings, which are then used in the program to calculate the uncertainty of the relative error of
the calibrated flowmeter, also developed in LabView [21]. Data from the database of flowmeter readings
are used to calculate the uncertainty of the relative error of the calibrated flowmeter using three methods:
GUM, Monte Carlo, and Kragten.

Pevmsters  lerfimbm  Measurement Results “8nt [ncerfainty Buddet

VERIFICATION |  yepipicaTioN HEME OF MOBILE GEO-TECH ICAL INFORMATION
Environment

Tempranre.
Y oo

Kkl Number of Verified Point 7. :
0 .a - l ‘

y - O CFM.w'k

Asverghrre persare. Ay Open Valve, % 7 i @ 4308 o Y A
¢ 4 i { N

b :ﬂ:‘ " l\u \ ey

Verified Liquid Q@ @ & |

Trngerain, '
b ‘ J

s

g START VERIFICATION

Figure 1 — The interface of the metrologist’s workstation for verification

The result of estimating the uncertainty of the relative error of the verified flow meter using the GUM
method and the Monte Carlo method of the 4th verified point (Q=5700 dm3/h = 95% Qmax) is presented
as an uncertainty budget [22].

The results of applying the GUM, Monte Carlo, and Kragten methods for four control points when
calibrating an electromagnetic flow meter are shown in table 1 (estimates of relative error - J, expanded
uncertainty - U, repeatability limit (convergence) - u,, coverage interval - CI).
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Table 1 — Comparative table of the calculated values for the four control points using the GUM,
Monte Carlo, and Kragten methods

Verl.ﬁed Estimated GUM method Kragten method Monte Carlo D1, % D2, %
point parameters, % method
1) 0.007 0.007 0.007 0 0
95% U 0.689 0.701 0.654 1,8 5,0
OfOnax u, 0.352 0.358 0.337 1.6
CI [-0.682; 0.696] [-0.694; 0.708] [-0.651; 0.665]
) -0.003 -0.003 -0.003 0 0
75% U 0.677 0.667 0.654 1.5 34
OfOmax u, 0.345 0.340 0.333 1.4 42
Cl [-0.680; 0.674] [-0.670; 0.664] [-0.654; 0.648]
1) 0.015 0.015 0.01 0 333
50% U 0.839 0.855 0.656 2 21,8
OfOnax u, 0.428 0.437 0.335 2 21.7
CI [-0.734; 0.944] [-0.750; 0.960] [-0.645; 0.665]
1) 0.011 0.0112 0.005 04 54,5
25% U 0.768 0.783 0.655 1'9 14,7
0fOnax u, 0.392 0.391 0.334 0 .26 14.8
CI [-0.655; 0.881] [-0.655; 0.881] [-0.653; 0.658] )

According to table 1, graphs of the dependence of the uncertainty of the relative error on the
experiment number (x — axis - experiment number), obtained by both methods were plotted (figure 2).

The graphs obtained using the Monte Carlo method (MC - solid white lines) show a constant value of
the dispersion of the uncertainty of the relative error within + 0.65%. The graphs obtained using the GUM
method (GUM - dashed yellow lines) show the changing values of the spread of uncertainty of the relative
error within = 0.9%. In this case, the limit of the permissible relative error of the EFM is + 1%. The graphs
obtained using the Kragten method (MKTr - solid blue lines) essentially repeat the GUM graphs.
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Figure 2 — Comparison of obtained relative error by three methods
(Uncertainty of the relative error vs the number of experiment)

Discussion. The authors performed a comparative analysis of the considered Monte Carlo and
Kragten uncertainty estimation methods and the recommended standard GUM method. In a comparative
analysis of the data from Table 1 and Figure 2, we can draw the following conclusions.

A comparison of the GUM and Kragten methods (data from column D1 in Table 1) showed that there
are no differences between the estimates of the measured value (relative error), the differences between
the expanded uncertainty and repeatability are less than 2%, and the coverage interval does not exceed +
1% for each verified point in both methods.
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The comparison of the GUM and Monte Carlo methods (data of column D2 in Table 1) showed that
the differences between the estimates of the measured value (relative error) reach 55%, the differences
between the expanded uncertainty and repeatability are not more than 21.8%, and the coverage interval
does not exceed = 1% for each verified point in both methods.

The large differences between the Kragten or GUM methods on the one hand and the Monte Carlo
method on the other hand indicate significant deviations from the normality of the distribution of input
quantities.

The calculations showed that all three methods (GUM, Kragten, and Monte Carlo) give values of
standard uncertainty that do not exceed the permissible range of the relative error of EFM (£ 1%).

The Monte Carlo method with a sufficiently large number of simulations gives a better
approximation. However, Monte Carlo calculations take longer (due to the sorting and processing of large
arrays), although they can be performed by less qualified personnel (no in-depth knowledge of
mathematics is required). The Monte Carlo method can be considered as a practical alternative to the
GUM uncertainty estimation method.

The Kragten method gives results similar to the GUM method. No significant differences between the
results obtained by the GUM and the Kragten methods were noted. The Kragten method is preferable in
the absence of the need to calculate the sensitivity coefficients when calculating the total standard
uncertainty, which is important for complex measurement equations. The Kragten method is
recommended as a less time-consuming tool for calculations.

C.T. Xaﬂl, J. K. l/lﬁpaeBal, H. B. Cﬁﬁl/lHal, 3. M. FOupawmes?

l«F. JoykeeB aTbiHIAFbI AJIMAaTHI SHEPTETHKA XKoHe Oaiinanpic yausepcuteTi» KEAK, Anmatsr, Ka3zakcras;
ZCaHKT-HCTepﬁpr MEMJIEKETTIK 3JeKTpoTexHnKa yHuBepcuteri, Cankt-IletepOypr, Peceit

OHEPKOCIITIK IIbIFbIH OJIIEITIHTEP BEJTTCI3AITTH
ECENTEY 9JAICTEPIH 3EPTTEY KOHE KOJIIAHY

Annoranusi. Kazakcran PecriyOnikackiHaa ypaH eHAIpy JKepacTsl IaiMalay 9/liciMeH JKy3€ere achblpbuIaibl api
OyJ1 eHIIpYIiH €H THIM/I JKOHE dKOJOTHSUIBIK Ta3a omicTepiHiH Oipi. by omicke coifkec maitmanay epitinmici aiinay
YHFBIMaJaphl apKbUIBI Oepiiesi, all KypaMbIHIa YpaH Ke3[ECeTiH epiTiHAl copy YHFRIMACH! apKbUIBI cophuTazsl. JKep
KOHHayBl ic JKy3iHZe OY3BpUIMAiifbl JKOoHE TINTI OipHeme >KBUI IMIiHAE TOJBIFBIMEH KANIbIHA KENTipiiemi.
CinTicizpenaipy epiTiHIiCiH Kabbuigay *KoHe TapaTy TOpalTapblHAa MeJIIepiH eIy YIIiH KONTereH OHePKICIITIK
AIIEKTPMATHUTTIK IIBIFBIH OJIIETIIITEP KOJIAAHbUIAIbI, OJIap TEKCEePY asKTalfaHHAH KeHiH METPOJIOTHUSUIIBIK TeKCepy-
JieH oTyl kepek. Yurii enmey kypanaapbin Hemece MCO/M3K 17025-2017 cranaaptsl G0MbIHILA aKKPEAUTTEITEH
KaauOpJiey KOHABIPFBUIAPBIH KOJIAHATHIH IIBIFBIH OJIIICTIIITEP Il KAIHOPIIey IiH KaJbl KaObUITaHFaH 9/TiCI KbIMOAT
KOHE Kelie KOIDKeTIMC13 OO0JIBbIN JKaTaibl, HETri31HEeH KbI3MET KOPCETETIH KhI3METKEP JKaJlaKbIChl MEH KYOBIp JKyleci-
HEH INBIFBIH OJIIICTIIITI albIl TacTayFa OAMIaHBICTHI JOTMCTUKANBIK HIBIFBIHIAP OOJBIN Kejeai. ABTopiap maima-
JIaHy OpHBI OOWBIHINIA OHEPKACIITIK IIBIFBIH OJILETIITEPAl TEKCEPY MPOLEYPACHIH KYPri3yre apHaJIFaH XbIDKbIMa-
JIbI METPOJIOTUSUTBIK KEIICHHIH (U3MKANBIK CTSHIIH 93ipIiei.

KazakcTanaplK coikecTik cepTH(UKATTapblH JKOHE OHIMIe ChIHAK HOTIDKEIIEpiH TaHyFa jKarjai jkacay YIIiH
OIIICYiH aliKbIH eMeCTiTiH Oaranay Tanan erineni. Oceirad OaitmaHpIcThl Ka3zakcTanaa enmeymiH OenTici3Iik TYKbI-
PHIMIAMACBHIH TPAKTUKANIBIK KOJIIAHY/IbIH JKaHIaHFaHbl Oaiikanaapl. MeETpOJIOTHSUIBIK €CEeNnTep/l WISy Ke3iHie
KOJITAaHBUTIATBIH aMallIapAbl XaJbIKapallblK YHIECTIpy YIIH XaJbIKapaiblK YHABIMIAp KeJeci HeTi3ri KyKaTTapabl
asipieni skoHe maitbiamazpi: MCO/MOK 17025:2017 cranmapThl; COHFBI TOJIBIKTBIPBUIFAH PEIAKIHICH PETIHIE
GUM:1995; enmmieynin aliKpIH eMeCTiriH Oarasay >KeHIHETi YCHIHBIMIAPIbl KAMTHTBIH METpOJIoT s OobiHIIa bipik-
ke koMuTeTTiH JCGM 100:2008 KkyKaThl; METPOJIOTHs cajachlHAa MaialaHbUIATBIH OapibIK TEPMHHIEDP MEH
YFBIMAAp KaMTbuUIFaH metposorust ooitbiama JCGM 200:2012 xansikapansik cesnik; JCGM 101:2008 HycKayJIbIFbI
(GUM-ra TombIkThIpy 1:1995).

Makanaga XaJlblKapajiblK KyKaTTapAa YCHIHBUIFAH alKbIH €MECTiKTi OaraiayJblH Keleci YII 9JiCiHe MIOmy
sacanapl: crannapTrel GUM, Monre-Kapno sxane Kparten onicrepi. LIbrbinab enmieyain Genrici3airin Oaranay
onmictepi OyraH AeHiH KosgaHbUIMaraH. byn macene MakanaHbIH 3€pTTeY HbICAHBI OOJIBIN caHaagbl. OHEPKACINTIK
AIIEKTPMATHAUTTIK IIBIFBIH OJIIETIINTIH CaNBICTRIPMAalbl KATECiHIH OeNTici3MiriH Oaramay YVINIH OCBI omicTepri
KOJIJaHy 3epTTeNe .
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ABTOpIap TEXHHMKAJBIK IIBIFBIH OJIIICTIIITEPl TEKCepPy HOTHXKEIEPIH aly YIIIH METPOJIOTHSUIBIK KEIeH
KypambiHa «MeTpoJIor) aBTOMATTAaHABIPBUIFAH KYMBIC OpHBIH (AXKO) xockaH, 0y AXKO xypamerana NILabView
rpaduKaipK Oarmapiamaiay OpTachIHAA 93ipJCHIeH AIIEKTPMATHUTTIK IIBIFBIH OJIICTIINTIH aHBIKTaIMaFaHIbIFbIH
ecenTey Oarnapnamanapbl opHatbiiradn. COHbIMEH KaTap, 3epTTeyJiep KYPri3y YIIiH OHEPKICINTIK IIbIFBIH OJIIIETiII-
TEPIiH CaJbICTBIPMAJIbl KATECIHIH OeNrici3/irin 0aranay MoJiesl YChIHbUIFAH. DJIEKTPMArHUTTIK IBIFbIH OJIIICTIIIITIH
Oenrici3airin Oaranay OoiibIHINA YII dflic HeTi3iHe, aTan aiiTKanaa, cranaapTTel GUM, MonTte-Kapio xone Kparre-
HMEH €CeNTeN/Ii.

MeTpoJIOTHSIIBIK KeIeHET] TOKIPUOETiK HOTHXKEIepl MEH AJIEKTPMArHUTTIK LIBIFBIH ©JIIIETIMTIH CalbICThIP-
MaJibl KaTeCiHiH OeNrici3miriH Oaraiay HOTIDKENIEPIHE CaJbICTRIPMANbl Tajaay KenrtipinireH. OpbIHIaraH ecemntey
JKYMBICTapbl KeJiecisied HaTke kepcerTi: 0apiblk ym apic (GUM, Kparren sxone MonTe-Kapiio) aiekTpMarHuTTiK
IIBIFBIH OJIIETINITIH CANBICTHIPMAIIBI KaTe 1uana3oHbiHal (+1%) acraifTelH cTaHaapTThl Oenrici3iik MoHIH Oepeti.

MomnTe-Kapno omici mMHUTanus apKbUIBI JKaKbIHIAyFa MYMKIHmIK Oepemi. Amadiga Monte-Kapno omicimen
€CemnTey KOl YaKBITTHI ajajabl (YJIIKEH MAcCCHBTEpIi CYPHINTAy JKoHEe oHAEY ceOebiHeH), OipaK OHBI KBAIH(HUIIISICH
TOMEH KBI3METKepJiep OpBIHAA ajamsl (MaTeMaTHKaHbl TepeH OuTyaiH KaxkeTi >xok). Monre-Kapno omicin
oenricizaikTi 6aranaynsiH GUM omiciHe MpakTHKAIBIK OalamMa peTiHae KapacTeIpyFa Oomanst [19].

Kparten omici GUM omicine ykcac Hotmke kepceremi. GUM xone KparreH omicTepi OOMBIHINA ajbIHFAH
HOTWOKETIEP apachlHAAaFbl aUTAPIIBIKTAN albIPMAaIIBIIBIKTAp OaKaIMa b,

XKanmel cranmapTThl OeNrici3AIKTI ecenTeye ce3iMTaIIbIK KodpdUIHMEHTIH ecenTey KaKETTUTIrHIH HKOKThI-
FhIHa OaiiylaHBICTBI KypAeni enuiey TeHaeyi Konganelranna Kparren omici xomnainbl keneni. Ecenreyni opbiHnay
yuin Kparten o/tici a3 yakpITThl KQXKET €TETIH KYpall pETiH/Ie YChIHBLIAIBL.

Tyiiin ce3mep: emmeyniH aiikeiH emecrtiri, ctangaptrel GUM omici, Monte-Kapno omici, Kparren kecreci,
TEKCEPY, NMEKTPMATHUTTIK [IBIFBIH OJIIIETIIIL.

C.T. Xaﬂl, JI. K. I/lﬁpaenal, H. B. Cﬂﬁmlal, 3. M. FOupames?

"HAO «Anmarusckuii YHHUBEPCHUTET SHEPTeTUKH U cBs3M uM. . JlaykeeBa», Anmarsl, Kazaxcran;
2CaHKT-HeTep6yprc1<1/1171 l'ocynapcTBeHHBIH ANIeKTpoTeXHIUECKH yHIBEepcuTeT, CaHkT- [letepOypr, Poccus

NCCJIEJOBAHUE U TIPUMEHEHUE METOJ1OB PACYETA HEOITPEJAEJIEHHOCTH
MN3MEPEHUSA ITPOMBIIIJIEHHBIX PACXOJOMEPOB

Annoranus. B PecniyOmuke Kazaxcran mo0prda ypaHa OCYIIECTBIISIETCS METOJIOM ITOJI3EMHOTO BHINICIIAYHBA-
HUS - OJHAM H3 CaMbIX DPEHTAOCIBHBIX U JKOJOTHYECKH YUCTBIX CIIOCO00B J00bUH. COTJacHO 3TOMY METOIY
BBIIIEIAYMBAONINIA PACTBOP MOJACTCS Yepe3 3aKaYHbIC CKBAXKUHBI, a MMPOAYKTUBHBINA PACTBOP, COIEPXKAIIUK ypaH,
OTKauMBaeTCs dYepe3 OTKAYHYI0 CKBaXWHY. Hempa TpakTHUecKH HE pa3pylIaloTcs H  JaXe MOJHOCTHIO
BOCCTaHABIIMBAIOTCS B TCUCHHE HECKOJBKUX JIeT. Ha y371ax mpuema u pacipeesieHus BBIIIeIaduBaoInX PaCTBOPOB
JUTS I3MEPEHHS X KOJMYIECTBA UCIIONB3YEeTCs OOJBIIOE KOIMYECTBO MPOMBIIUICHHBIX AIEKTPOMArHUTHBIX Pacxo0-
MepoB (OMP), KOTOpble MO HCTEUEHHIO MEKIIOBEPOYHOTO HMHTEpPBala JOJDKHBI MPOXOAWTH METPOJIOTHYECKYIO
noBepky. OOLICTPUHSITHIA METO]] KaTMOPOBKH PACXOIOMEPOB C MPUMEHEHHUEM 00pPa3IOBbIX CPEJCTB U3MEPEHUI I
C MOMOIIBI0 KATMOPOBOYHBIX YCTAHOBOK, aKKpeAUTOBaHHBIX Mo ctanaapTy MCO/MIK 17025-2017, moxeT ObITh
JTOPOTOCTOSIIMM M WHOTIa HEOCYIECTBUMBIM, TJIaBHBIM 00pa30M M3-3a 3aTpaT Ha OIUIaTy TPyAa O0OCIy)KHBAIOIIETO
MepcoHasa M 3aTpaT Ha JIOTUCTHKY, CBSI3aHHBIX C yJIaJI€HUEM PacXoJlOMepa U3 CUCTEMbI TPYOONpoOBOIOB. ABTOpaMu
pa3paboTaH (U3NYECKUI CTEH/I IEPESIBIKHOTO METPOJIOTHIECKOTO KOMIUIEKCa, TPEIHA3HAYCHHOTO [T IPOBEACHUS
MPOIIEeTyPBI TOBEPKU MPOMBIIUICHHBIX PACXOIOMEPOB IO MECTY IKCILTyaTallHU.

JUist co3maHusl YCIIOBHUI MPU3HAHUS Ka3aXCTAaHCKUX CEPTU(MUKATOB COOTBETCTBUS M PE3yIbTATOB HCITBITAHUIA HA
MPOAYKIINIO TpeOyeTCs OIIeHKa HEOMPeIeIEHHOCTH U3MEPEHUH. B CBsI3U ¢ STHM HaOI0qaeTcsl akTHBU3ANS TPAKTH-
YecKoro mpuMeHeHus B KazaxcraHe KOHIEIIINH HEOMPEIeICHHOCTH H3MEepeHIH. MeXTyHapOAHBIMHA OpPTaHU3aIHsI-
MH pa3paboTaHbl M TOATOTOBIIEHB OCHOBHBIE IOKYMEHTHI 10 MEXKIYHAPOTHOW TapMOHHW3AIlMH ITIOAXOMOB IIPH
pelieHnn MeTpoJorndeckux 3axau: cranaapr MUCO/MOBK 17025:2017; noxymeHnt OOBEIUHEHHOTO KOMHTETA
pyxoBozctB 1o merpoiorun JCGM 100:2008, kak mocnennss nononHeHHas pegakauss GUM: 1995, xoropas conmep-
KHUT PEKOMEHAALNH TI0 OIIEHKE HEOTIPEIeIEHHOCTH B U3MEPEHHN; MEeXTyHAPOIHBIN ciioBaps o merponorun JCGM
200:2012, rae npeacTaBiieHbl BCE TEPMUHBI M [TOHSATHUS, HCIIOJIb3yeMbIe B 001aCTH METPOJIOruu; pykooactso JCGM
101:2008 (Jomnonnenue 1 k GUM:1995).

B craTbe mpuBeicH 0030p TPEX METO0B OIICHUBAHUS HEOMPEICICHHOCTH, PEKOMEHTYEMbIX MEKIYHAPOIHBIMU
nokymeHtamu: ctanaapTHeiM GUM, Monte-Kapio u Kparrena. IIpuBeneHHble METOAbI HE MPUMEHSUTUCH K OLEHKE
HEOMpPEEIIEHHOCTH M3MEPEeHUs pacxojia. JTa 3ajauya SIBISETCS NPEIMETOM MCCIEAOBaHUS HACTOSIIEH CTaTbU.
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HccnenoBaHo NpUMEHEHHE 3THX METOAOB ISl OLICHWBAHMS HEOIPEAEICHHOCTH OTHOCHTEIBHON IOTPEIIHOCTH
MPOMBIIJICHHOTO 3JIEKTPOMAarHUTHOTO PacxoJoMepa.

Jns momydeHnst pe3ynbTaToB MPOBEPKH TEXHUUECKHX PACXOJOMEPOB aBTOPAMH B COCTaB METPOJIOTMYECKOTO
KomIuiekca BKIroueH APM «Metposor» ¢ pa3paboTaHHbIME B cpene rpaduueckoro mporpammupoBanus NI LabView
MpOrpaMMaMH pacieTa HEOIPEIEIEHHOCTH JIEKTPOMarHUTHOTO PacXoA0Mepa.

Kpome Toro, mpeanoxeHa MOAENb OLEHHBAHUS HEONPEIEICHHOCTH OTHOCHUTEIBHON MOIPEIIHOCTH MPOMBIII-
JICHHBIX PAacXxOJOMEpOB MJIs TPOBEICHUs HccIeloBaHMN. PacdeTsl IO OLlEHKE HEONpPeNeNeHHOCTH H3MEepEeHUi
3JIEKTPOMArHUTHOTO pacxooMepa MpoBeAeHB! TpeMs Metoamu: ctannaptaeiM GUM, Monre-Kapiio u Kparrena.

[IpuBeneHs! pe3yabTaThl FKCIEPUMEHTOB HA METPOJIOTHYECKOM KOMIUIEKCE U CPAaBHUTEIbHBIN aHATU3 pe3ylib-
TAaTOB OLEHHBAHUS HEONPENEIEHHOCTH OTHOCHTEJIBHOW MOTPEIMIHOCTH AJIEKTPOMArHUTHOIO pacxopomepa. Beimos-
HEHHBIE pacdeTsl Ioka3any, 4to Bce Tpu Merona (GUM, Kparrena u Monre-Kapio) naror 3HaueHus: crangapTHOH
HEONpeIeJICHHOCTH, HEe TIPEBBIIIAIOIINE JOIMYCTUMBIH AUana3oH OTHOCUTENbHOH norpemHoctd OMP (+ 1%).

Meton Monre-Kapno mpu mocrtaTogHo OONBIIOM YHCIE WMHTAIMKA HaeT Jiydmiee npuOmmwkeHue. OmHAKO
pacuet mo MeToxy MonTte-Kapio 3anuMaer OolbIie BpeMeHH (3a CUeT COPTHPOBKH U 0OpabOTKH OOJBIINX MacCH-
BOB), HO MOXET BBITIOJHATHCS MeHee KBATM(HUIIMPOBAHHBIM IIEPCOHATIOM (He TpedyeTcs riryOOKOro 3HaHUS MaTeMa-
TUKH). Meton MonTe-Kapio MOKHO paccMaTpuBaTh Kak MPAKTUYECKYO albTEPHATHBY METOMY OLIEHKH HEOTpelie-
neaHoct GUM [19].

Merton Kpartena naer pesyinsrarsl aHanorudssie Merony GUM. CyluecTBeHHBIE pa3inuyus MEXIY pe3ylbTa-
Tamu, noixy4yeHHbIMU o GUM u metony Kparrena, He oTMe4eHBI.

Meron Kparrena npeanodruresned BBUILY OTCYTCTBHS HEOOXOJMMOCTH pacueTa Kod((GHUIUEHTOB YyBCTBUTEIb-
HOCTU MpPHU BBIYUCICHUU CYMMAapHOW CTaHJApTHOM HEONPEAENCHHOCTH, YTO UMEET 3HAYEHUE IPU CIIOKHBIX
ypaBHeHUsIX u3MepeHuil. Meton Kpartena pekoMeHyeTcst Kak MeHee TPYJOEMKHI HHCTPYMEHT TSl paCyeToB.

KoueBbie cioBa: HeonpeeIeHHOCTh M3MepeHust; crannapTHbeiid metox GUM, meton Monte-Kapiio, Tabmu-
ua Kparrena, moBepka; 3JIEKTpOMarHuTHBIA PacxolOMep.
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