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Abstract

The article provides examples of the application of electrical resistance standards in metrological practice. Existing
methods for their calibration are analyzed. It is established that calibration using a comparator is the most accurate and
common method for calibrating electrical resistance standards.

A model for transferring the size of the resistance unit in calibration of electrical resistance standards using a comparator
is considered. An expression is given for the evaluation of the value of measurand. The procedure for estimating the expanded
measurement uncertainty based on the kurtosis method is described, and the uncertainty budget is drawn up. An example
of evaluation of the measurement uncertainty in calibration of the resistance coil P321 using a resistance comparator P3015

is given. The coincidence of the obtained results with those got using the Monte Carlo method is shown.
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Introduction

Electrical resistance standards (ERS) are widely
used as precision resistors that are built into instru-
ments and measuring systems, working and reference
standards of electrical resistance used to verify (cali-
brate) digital ohmmeters, precision shunts and ad-
ditional resistances, designed to expand the limits of
measurement of electrical measuring instruments by
current and voltage in direct and alternating current
circuits up to a frequency of 1 MHz.

There are various methods for calibrating ERS:
direct measurement using a digital ohmmeter, mea-
surement using a DC bridge (direct measurement,
measurement by substitution method and method of
permutation), using a resistance comparator, using
a voltage comparator or DC potentiometer [1]. Resis-
tance comparator measurement is the most accurate
and common method for calibrating ERS.

Clause 7.8.6 of ISO/IEC 17025:2017 [2] pro-
vides for the possibility of including a statement of
conformity in the calibration certificate of a mea-
suring instrument. In this case, the conclusion of
conformity should be taken taking into account the
expanded measurement uncertainty indicated in the
certificate. Therefore, the level of risk associated
with the applicable rule for deciding on compliance
(clause 7.8.6.1 [1]) will depend on the reliability of the
expanded uncertainty evaluation.
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It was shown in [3] that it is possible to ensure a
high reliability of the expanded uncertainty evaluation
using the kurtosis method.

The purpose of the article is to create a procedure
for measurement uncertainty evaluation by the kurtosis
method at calibration of an ERS using a comparator.

Statement of the main material

Calibration of ERS using a comparator is per-
formed in accordance with the block scheme shown
in Fig. [4].

ERS to be R.
calibrated o .
Resistance
comparator >R,
Reference Ry
ERS -

Block scheme of comparison of ERS to be calibrated
and reference ERS using a comparator
The resistance value of the ERS to be calibra-
ted R, is obtained as a result of calibration on the basis
of the measurement model (equation) [4]:

RC:(RS+AS)+(RO+AO)7 (1)

where R_is resistance of the reference ERS; A ¢ Is cor-
rection for the instability of the reference ERS during
the inter-calibration interval; R is quantity indicated by
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the comparator; Ao is correction for the temperature
error of the comparator.

The resistance value of the reference mea-
sure R is_taken from its calibration certificate.
The value R0 is determined by the results #n of the
comparator Q. , %:

2

Since corrections A AO are centered quantities,
therefore their estimates A A, are zero.

Measured value R dre found by substituting
in (1) estimates of input quantities:

R =R +R,. ©)
Standard uncertainty of the measured quantity
u(R) (combined standard uncertainty) will be de-
termined through standard uncertainties of the input
quantities included in (1) from the expression:

u(R) = \JuZ(R) +ul(A,) +1u2 (Ry) + u2(Ry) + u2 (A,),

where 2° (RS) is standard uncertainty of type B of the
reference ERS, which is calculated through the value
of the expanded uncertainty U(R,), and the coverage
factor taken from its calibration certificate:

u(R)=U(R,)/k,;

Uy (AS) is standard uncertainty of type B due to the
instability of the reference ERS during the calibra-
tion interval, which is found through the value of the
relative boundaries of this instability 85 under the as-
sumption of a uniform distribution of instability within
the boundaries:

(&)

u(A,) =35, ©

J_loo

u, (Ro) is type A standard uncertainty due to vari-
ability of comparator readings 601

n —
R

! 2(601' ——
n(n—1) - 100

Uy (Ro) is the standard uncertainty of type B, due
to the correction for the main error of the compara-
tor, is determined from the expression for the relative
boundaries of this error Y, taken from the technical
description of the comparator under the assumption of
a uniform distribution within the boundaries:

u, (Eo) = Eo )2 ;D

ty (Ry) = Yo =
B0 0\/5100

Uy (AO) is standard uncertainty of type B, due to the
correction for the temperature error of the comparator,
is determined #(R,) by the deviation of the ambient
temperature 7 from 20 °C by the formula:

®)

L, —20°C]

10°C

g (A,) = uy(R,). )

“

Expanded uncertainty is calculated by the formula:

U(ﬁc) :k'uc(kc)ﬂ (10)

where k is coverage factor determined by the kurtosis
method according to the formula [3]:

0,12n° +0,In+2, at n < 0;
2,atn=>0.

k= (11)

Here M is the kurtosis of the measurand, which
is calculated as:

m

n=| > nui(y)
i=1
where u/.(y) and n, are contribution of uncertainty of
j-th input quantity into the uncertainty of the measur-
and and its kurtosis, respectively. The values of kurtosis
for different distribution laws are given in [3].

The uncertainty budget for this case is given in
Table 1.

As an example, let’s consider the calibration of an
ERS of 1 Q resistance, type P321, class 0,01 by com-
parison with the working standard P321 of 1,000020 Q2
and an expanded uncertainty of 0,00001 € taken from
a calibration certificate using a resistance comparator
P3015 at an ambient temperature of 23 °C.

The comparator readings 80, % |4] are:

0,00295; 0,00315; 0,00323; 0,00356; 0,00319;

0,00282; 0,00298; 0,00304; 0,00298; 0,00295.

Let’s determine the standard uncertainty of type B
of the reference ERS u (R ) through its expanded
uncertainty U (R ) =0, 00001 Q and coverage factor
k = 2 by the formula (5):

0,00001€2
2

ul(y), (12)

uy(R) =

Standard uncertainty due to instability of the re-
ference ERS during the calibration interval Uy (AS)

=0,000005 Q.

Ykpaiucokuii memponoeiunuii ucyprnan, 2020, Ne 1, 12-16 13



Measurement uncertainty evaluation by kurtosis method at calibration of electrical resistance standards ...

Table 1
Measurement uncertainty budget for ERS calibration using a comparator
Inout quantit izﬁztt Standard Ij;lirltlos:ts Sensitivity Uncertainty
putq Y quantity uncertainty P coefficient contribution
estimate quantity
R, R ©) 0 I (5)
A 0 (6 -1,2 1 (6)
S
R, ) (N 6/(n-5) 1 (7)
(8) -1,2 1 (8)
A, 0 Q) 12 1 9)
Measurand Mea§ urand Combined s.tandard Kurtosis of Coverage factor |Expanded uncertainty
estimate uncertainty measurand
R, 3) “4) 12) (11 (10)

we find through the value of the relative boundaries
of this instability 8, = 0,002 % to the formula (6):

u (A,) = 0,002 > 00002

J3-100

Value Ro’ calculated by comparator (Table 2)
to the formula (2), amounted to 0,0000309 Q, and
its standard uncertainty of type A, calculated by the
formula (7) is equal to u (R,) = 0,00000066 .

The standard uncertainty of type B due to the
correction for the main error of the comparator
uy(R) is determined by the formula (8) through the
expression for the relative boundaries of this error
Y, =0,003+0,001- 3, taken from the technical descrip-
tion on the comparator, in which §,= 0,00309 %. In
this case y, = 0,003003 % and ug(R,) = 0,0000173 Q.

Standard uncertainty of type B, due to the correc-
tion for the temperature non-excluded systematic error
of the comparator u, (&0) will be determined through

= 0,0000115 Q.

Up (EO) and the deviation of the ambient temperature
of 23 °C from 20 °C according to the formula (9):

(A )=i0,0000173 =0,0000052 Q.
B\=0 10

The uncertainty budget for this case is given in
Table 2.

The combined standard uncertainty of the mea-
surement of the resistance of the ERS to be cali-
brated, calculated by the formula (2), will be equal
to 0,000022 Q.

The kurtosis of the measurand is calculated by
the formula (12):

n= (imu}‘(y)j/uf(y) =—0,555.

Coverage factor, corresponding to this kurtosis for
a coverage level of 0,9545 will be 1,92 based on the
formula (11).

Table 2
Measurement uncertainty budget for calibrating ERS P321 using comparator P3015
Input Inpqt Standard Ku%”toms Sensitivity Uncertainty
uantity quantity uncertainty, of input coefficient contribution, Q
q estimate, Q ’ quantity ’
RS 1,00002 0,000005 0 1 0,000005
A 0 0,0000115 -1,2 1 0,0000115
S
Ro 0,0000309 0,00000066 1,2 1 0,00000066
0,0000173 -1,2 1 0,0000173
Ao 0 0,0000052 -1,2 1 0,0000052
Measurand Measurand Combined standard Kurtosis of Coverage Expanded
estimate, Q uncertainty, Q measurand factor uncertainty, Q
RC 1,0000509 0,000022 -0,555 1,92 0,0000423
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The expanded uncertainty calculated by formu-
la (11) is:

U(R) =192 -0,000022 = 0,0000423 Q.

The study of the results obtained by the Monte-
Carlo method [6] is carried out. The estimates of the
measurand Rc = 1,0000509 Q, expanded uncertainty
0,0000422 Q2 and coverage factor 1,91 are obtained.

Conclusions

1. Calibration laboratories accredited for compli-
ance with the requirements of the ISO/IEC 17025:2017
standard should evaluate the measurement uncertainty
when performing calibrations. For this purpose, they
need to develop a procedure for evaluation of the

measurement uncertainty, which should provide reli-
able estimates in order to reduce risks in conformity
assessment.

2. A procedure for evaluating the uncertainty
based on the kurtosis method during calibration of
the electrical resistance standard has been proposed;
an uncertainty budget has been drawn up, which can
serve as the basis for creating a software tool for auto-
mating the measurement uncertainty evaluation during
calibration.

3. The results of calibration of ERS of type P321,
1 Q resistance, accuracy class 0,01 using a working
measurement standard are considered, the measure-
ment uncertainty evaluation is carried out. The coin-
cidence of the obtained results with those got using
the Monte-Carlo method is shown.

OuiHIOBaHHA HEBM3HAYEHOCTI BHMIPIOBAHb METOAOM
eKCleCiB M yac KajgiOpyBaHHA Mip eJeKTPHYHOIO OMOPY
3a JIONOMOr0K0 KOMIIapaTopa
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AnoTauis

HaBeneHo mpukiaau 3acTOCYBaHHSI Mip €JEKTPUYHOIO OMOpYy B METPOJIOTIUHIN MpakTulli. AHaTi3ylOThCsl iCHYIOUi
MeTonM ix KajiOpyBaHHs. BcTaHOBTIOETHCA, 110 KagiOpyBaHHS 3a JOMOMOTOK KOMIAaparopa € HalOiIbIl TOYHUM Ta I10-
ITMPEeHUM METOJIOM KaJliOpyBaHHS Mip eJIeKTPUYHOTO oropy. 3a3Havaethbest, 1o cranmapt ISO/IEC 17025:2017 nepenbadae
MOXJIMBICTh BKJIIOUEHHSI B cepTU(dikaT KayliOpyBaHHS BHCHOBKY IPO BiAINOBIIHICTb 3ac00y BMMipIOBaHHSI METPOJIOTiYHUM
BuMoraM. OcKiJlbKM BUCHOBOK MPO BiJIOBIHICTh Ma€ MpUIMATUCS 3 YpaXyBaHHSIM 3a3HauyeHOl B cepTUdiKaTi pO3IIUPEHOT
HEBM3HAYEHOCTI BMMipIOBaHb, TOMY BiJl JOCTOBIpHOCTI ii OLIiHIOBaHHS Oyne 3ajexaTu piBeHb PU3MKY, IMOB’SI3aHOTO i3 3a-
CTOCOBYBAHUM IPAaBUJIOM MPUNHSATTS PillleHHS MPO BiAMOBiAHICTh. [IponmoHyeThCs OLIHIOBATU pO3IIMPEHY HEBU3HAUYEHICTh
3a JIOMIOMOTOI0 METOIY €KCLECiB, SIKMil BpaXOBY€ 3aKOHU PO3MOJiTY BXiTHUX BEJIUYUH.

Posrisinyto Monenb mepenadi po3Mmipy OAMHUIL ONMOpY TpU KaldiOpyBaHHI Mip €JEKTPUYHOrO OIOpY 3a JOMOMOTOI0
KommnapaTopa. HaBeneHo BHMpa3 ajisl OLIiHIOBAaHHSI 3HAUEHHSI BUMiploBaHOi BeIMYMHU. CKIAIEeHO MOAEIbHE PiBHSHHS, 3a-
nucani GhopMyau A1 OLIHIOBAHHSI CTAaHAAPTHUX HEBM3HAYEHOCTE! BXiIHMX BeMWyuH 3a TUTIoM A i B Ta dopmyna mns
OLIIHIOBAaHHSI CYMapHOi CTaHIAPTHOI HeBU3HAUYeHOCTi. OMUCcaHO MPOLEAYpPY OLiHIOBAaHHS PO3IIMPEHOI HEBU3HAYEHOCTI BU-
MiplOoBaHb Ha OCHOBI METO/AY €KCIIECIB, CKJIaNeHO OIOIXET HEBU3HAYEHOCTI.

HageneHo npukian oiliHIOBAaHHS HEBU3HAYEHOCTI BUMIpIOBaHb MPU KayliOpyBaHHI KOTYIIKU €J1eKTpUYHOro onopy P321
3a jornomorol Kommaparopa ornopy P3015. OuiHeHO 3HauyeHHSI OINMOpY KOTYIIKU, 10 KaJliOpYeEThCsI, CyMapHa CTaHIapTHa
Ta PO3LIMPEHA HEBU3HAYEHOCTi, KoedillieHT oxoruieHHs piBHS noBipu 0,9545. TlokazaHo 30ir oTpUMaHUX pPe3yJbTaTiB i3
pe3yabTaTaMu, sIKi OTpMMaHi 3a JoromMorolo Meroay Monte-Kapiio.

KmouoBi cioBa: Mmipa oropy; KoMmnapaTop OMNopy; KajliOpyBaHHSI; HEBM3HAYEHICTb BUMipIOBaHHS; OIOMKET HEeBU3HA-
YeHOCTI; MeToj ekciieciB; meton Monte-Kapio.
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AHHOTAIMSA

AHaIM3UPYIOTCS CYILECTBYIOIIME METOIbI MX KaJuOpPOBKH. YCTaHABIMBAETCS, YTO KalIMOPOBKA C IIOMOIIbLIO KOMIIA-
partopa SIBJIsIeTCs HauboJiee TOYHBIM M PaCIpOCTPAHEHHBIM METOIOM KaJUOPOBKU Mep 3JIEKTPUUECKOTO COMPOTUBIICHUS.

PaccMoTpena Momesb Iepefadn pasMepa eIMHUIbI COIMPOTUBICHUS MPU KATUOPOBKE MEpP JIEKTPUYECKOIO COMPOTH-
BJICHUS C TIOMOIIBIO KoMmaparopa. IlpuBeneHo BbIpakeHHE UIST OLCHKM 3HaueHHUS M3MepsieMOil BeIW4yuHbI. OnucaHa
Mpolieaypa OLEHUBAHUSI PACUIMPEHHON HEONpeaeIeHHOCTH U3MEPEeHU Ha OCHOBE METOJa JKCIIECCOB, COCTAaBIEH OIOIXKET
HeomnpeaeleHHOCTH. [IpuBenaeH mpuMep OLEHKKM HEOIpeAeICHHOCTH U3MEPEHUI MpU KaTMOPOBKE KATYIIKU COIPOTUBIICHUS
P321 ¢ nomoubio kommaparopa cornpotusiaeHus: P3015. OueHeHbl 3HaUYE€HUsI COMPOTUBIICHUS KaJIMOPYyeMOIi KATYIIKU, CyM-
MapHasl CTaHOapTHas W pacllMpeHHas HeolpeneaeHHOCTH, KoadduiueHT oxsara it ypoBHs nosepust 0,9545. TTokazaHo
COBIAIEHUE TOJYYEHHBIX PE3yJbTaTOB C pe3yjibTaTaMU, MOJTyYeHHBIMU ¢ MOMOIIbI0 MeTona MonTe-Kapiio.

KioueBbie cj10Ba: Mepa COIPOTHBICHUS; KOMIIAPATOP CONPOTUBJIEHMS; KAIUOPOBKA; HEOMPEAEIEHHOCTh U3MEPEHMS;

O10/IKEeT HCOIIPECACICHHOCTU, METOA 9KCIECCOB; MECTO/ MOHTE-KapJ’[O.
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