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Abstract

Calibration of electrical resistance measures is considered by the indirect method, which is realized through measuring
the voltage drop across the series-connected reference and calibrated resistors. The biases of the estimates of the measurand
and the combined standard uncertainty due to the nonlinearity of the measurement model were calculated. The distribution
laws of the input quantities in the calculation of the expanded uncertainty were taken into account by the kurtosis method.
An example of measurement uncertainty evaluating during calibration of single-size electrical resistance measure R331 with
a nominal resistance of 1000 Q by comparing its value using a potentiometer R345 with the value of the calibrated refe-
rence standard is considered. Estimates of the measurand and its standard and expanded uncertainties obtained using the
proposed method showed good agreement with the estimates obtained using the Monte Carlo method.
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Introduction

Various measurement methods are applicable to
calibrate electrical resistance measures (ERM): direct
measurement using a digital ohmmeter, measurement
using a DC bridge, zero method using a resistance
comparator, indirect method through measuring vol-
tage drops across the reference and calibrated resistors
[1]. Indirect resistance measurement is realized through
the measurement of the ratio of voltage drop across the
measured and reference resistors. The calibrated and
reference ERM are connected in series in the current
circuit, which must be stable during measurements,
and the voltage drop across them is measured using
a potentiometer. The article [2] gives an example of
the estimation of the measurement uncertainty when
calibrating a single-size ERM R331 with a nominal
resistance of 1000 Q using a calibrated single-size ERM
with a real value and expanded uncertainty specified in
its calibration certificate. In this case, the contributions
of uncertainty due to the instability of the reference
resistance during the time elapsed since the previous
calibration and the change in the ambient temperature
were not taken into account, and the traditional calcu-
lation method was used [3], which does not take into

© HHILI «Incturyt MerpoJorii», 2021

account the nonlinearity of the measurement model
and approximately takes into account the distribution
laws of input quantities at estimation of expanded un-
certainty. The authors of the article have developed
a number of approaches [4], allowing to take into ac-
count the indicated disadvantages. This article is de-
voted to the application of these approaches to the
estimation of measurement uncertainty when calibra-
ting resistance measures using a potentiometer.

1. Development of measurement model

Indirect resistance measurement is realized through
the measurement of the ratio of voltage drop across
the measured and reference resistors. The calibrated R,
and reference R, ERM are connected in series in the
current circuit, which must be stable during measure-
ments, and the voltage drop across them V and V is
measured using a voltage comparator or potentiometer.

The measurement equation in this case has the
form: - A | 0

C S VS

The value of the resistance of the reference ERM

is determined with corrections for the instability of the
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resistance of the reference ERM for the time elapsed
since its previous calibration (A)) and the deviation of
the ambient temperature during calibration A,.
In this case, the measurement model W111 take the
form: Vv
R, =(Rg +A, +aRmmA,)7C, 2)
if o =20%10¢ 1/°C — temperature coefficient of manganin
resistance; R =1000 €2 — nominal resistance of ERM.

2. Calculation of the numerical value of the measurand

In the first approximation, the calculation of the
numerical value of the measurand is carried out ac-
cording to the formula: P

jéC = (ﬁS +As +(X’Rnom t) " ’ (3)

in which the values of the input quantltlés are replaced
by their numeric values, marked with caps. In the
example [2] value Ry made up 1000.006 €; value
19 and V5 made up 1V and 1.000005 V, respectively;
and the average value of all corrections: Ay A = 0.
In this case, we get R = 1000.001 Q.

In general, the offset Ay numerical value measured
value Y = f(X,,X,,...X,) can be estimated, taking
into account the partial derivatives of the second order
of the measured quantity with respect to the corre-
sponding input c(x,), [4]:

A, == 2 D) (), )

if u(x,), i=1, 2,...,N — standard uncertainties of input
quantities X, X,..., X,.

For expression (2), the calculation of the offset
for IA?S according to the formula:

AR.) =~ %[C(Rs)zuz(Rs) +e(Ag),u’ (Ag)+ )

+c(A),u’ (A) +e(Vo),u* (Vo) +e(Vs),u’ (V)

All quotients c(x,), in expression (5) are equal to
zero, except for c(Vy), =2RV. [V =2 000.002 A,

For the standard uncertainties of the input quan-
tities given in [2]: u(R;) = 0.005Q; u(A;)=0.0115592;
uV,) =58 uV; u(Vy)=5.8uV; u(A )=0.58°C, the off-
set value of the numerical value of the measured value
will be equal to:

AR == FelVy), () =R {”(VV)}
:—1000.001{5'8’106} ~5810°0Q.
Alu’ (R.)] =

The resulting offset Value A(R)) can be taken into
account as a correction to R obtaining an unbiased
estimate of the measured value using the formula:

R, =R.-A(R.)=1000.001-5.8-10" =
=1000.0009999942 Q,

(6)

however, due to the negligible value of the correction,
it can be neglected.

3. Calculation of the standard uncertainty of the
measured quantity

In the first approximation, the standard uncertainty
of the measured quantity is calculated based on the
expression:

J&(RS Yt (Ry) +¢* (A (Ag) +
u(Rc) = )
+c? (VC )u2 (Vc) +c? (Vs )u2 (Vs )

in which u(x,) and c(x,) — standard uncertainty of
the input quantity and the partial derivative of the
measured quantity with respect to this input quantity
(sensitivity factor), respectively. Expressions for c(x,)
and their values are given in uncertainty budgets
(Table 1, 2).

For the standard uncertainties of the input
quantities given in [2], we have u(R,)=0.0189 Q.

Formula (7) gives an unbiased estimate of the
standard uncertainty of the measured quantity only in
the absence of uncertainties in the input quantities.

The bias of the estimated variance of the mea-
sured value is calculated by the formula [4]:

A(uz) = izcz(xi)2 '[T](x,-)+2]'u4(x,~)+

D)

i=2 j=I

®)

i—1
2 2 2
¢ (0, ()’ (%)),

if n(x,) — excess of distribution of the j-th input quan-
tity, c(x,, xj) — mixed partial derivative of the second
order of the measured quantity with respect to the i-th
and j-th input quantities, which is estimated for the
known values of the input quantities.

Calculating the offset for u(R ) is produced (taking
into account the zero values of the second derivatives)
by the formula:

i[c(Vs ), u’? Vs )]2 (NVs) + 2]+ [e(R, Ve Ju(Rg yu(Vy )]2 +e(Rg, Ve )u(Rg yu(Ve. )]2 +

He(Ag, Vo u(Au(V )l +le(Ag, Vo u(Agu(V )T + )

He(A, Vo u(A,)uV )T

+[e(A,, Vu(A)u(Vy )]2 +[c(V,

TuWVyuVT,
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where in c(x,, xj) — mixed partial derivatives of the
second order of the measured quantity with respect to
the corresponding input quantities; n(x,) — excess of
input quantities.
The nonzero values of the second order mixed

partial derivatives are: .

e(Ry. Vo) =e(Ag. Vo) = c(A, Vo) =1 V=1V,

c(Ry, V) = c(Ag, Vi) = (A, V) =V, [V2=1.000005V";

(V. V) =—R, [V, =-1000.6 Q/V.

For the above estimates of input quantities and
their standard uncertainties, as well as for excesses cor-
responding to the laws of distribution of input quan-
tities adopted in [1] n(R;)=0; n(Ay)=n(A)=nV,)=
=n(V,)=-1.2, we have A[u*(R.)]=2.2x10-"Q2

The unbiased estimate of the total standard un-
certainty is found by the formula:

u,(R.) = \Ju* (R.) + A (R,)]. (10)

For the above values #*(R.) and A[u*(R.)], we
have u (R.)=0.01892348, which indicates that the bias
of the standard uncertainty of the measured quantity
is insignificant.

4. Computing expanded uncertainty
Since there is no displacement of the measured
quantity, this indicates that the nonlinearity of the

model does not introduce additional asymmetry into
the distribution law of the measured quantity, there-
fore, to calculate the expanded uncertainty, the method
of kurtosis proposed by the authors can be applied [4].

In this case, the kurtosis of the measured value
is calculated by the formula:

n(Rc) = 4;[71(1?5 )64 (Rs )u4 (RS ) + T](AS )64 (AS )u4 (AS ) +
u(Re)
(11)

V) Vo' Vo) + Vo) Vo' (V)]

For the above estimates of the input quantities,
and standard uncertainties, and their excesses, we have
n(R.)=-0.35.

The coverage factor value for a probability of 0.95
is calculated by the formula [4]:

(12)

0.95

_0.1085n +0.1n+1.96, at n < 0;
1.96, at n > 0.
=1.88.

Since n(R,)=-0.35, calculate k.
In this case, the expanded uncertainty will be

U(R.) =k,osu(R.)=10.0355Q. (13)
5. Uncertainty budget
The budgets of the measurement uncertainty, es-

timated by the method of excess when calibrating the
ERM using a potentiometer, are given in Table 1, 2.

Table 1
Measurement uncertainty budget for indirect resistance calibration
Input Assessment Excess
Valloue input Standard uncertainty input Sensitivity factor | Uncertainty contribution
value value
V. v,
. -~ u(R,)—=<
A u(Ry) n(Ry) v, Rs)y,
V. v,
< u(A )<
A, 0 u(Ay) n(Ay) V. (As)y,
oR .V oR .V
nom u A nom
A, 0 u(A,) n,) v, (A==
R R
5 — ulV,)—=
V. 2 u(v,) ) 2 ey,
RS VC RS VC
o - —u(V,
Vs Vs u(Vy) n(vs) Ve ) Ve
Output Measurement Summary sj[andard Kurtosis of Sensitivity factor Expanded uncertainty
value result uncertainty measurand
R Formula(3) Formula(7) Formula(11) Formula(12) Formula(13)
C
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Table 2
Uncertainty budget for calibrating ERM 1000 Q using a voltage potentiometer
Assessment Excess Uncertainty
Input value input Standard uncertainty input Sensitivity factor contribution, ©
value value
R 1000.006 Q 0.005 Q 0 1.000005 0.005
Ag 0 0.0116 Q -1.2 1.000005 0.011547
A, 0 0.577 °C -1.2 0.02 Q/°C 0.01154
Ve 1.000005 V 577 uwv -1.2 1000.006 Q/V 0.00577
Ve IRY 5.77 uwV -1.2 —1000.001 Q/V -0.00577
Output value Measurement Summary sjcandard Kurtosis of Sensitivity factor [Expanded uncertainty
result uncertainty measurand
R 1000.001 Q 0.0189 Q -0.35 1.92 0.036 Q

The expanded uncertainty was estimated by
the Monte Carlo method [5], which showed good
agreement with the estimate obtained by the kur-
tosis method: R.= 1000.001Q, u(R,)=0.0192,
UR,)=0.038Q, k,,,=2.

Conclusions

1. The paper presents model measurements
of the ERM resistance using a voltage potentio-
meter, taking into account the instability of the re-
ference resistance for the time elapsed since the

previous calibration and the change in the ambient
temperature.

2. The estimation of the displacement of the nu-
merical value of the measured quantity and its standard
uncertainty, taking into account the nonlinearity of the
measurement model, has been carried out. The check
showed that both biases are insignificant for the input
uncertainties considered in the example.

3. The expanded uncertainty was estimated by the
kurtosis method, which showed good agreement with
the estimate obtained by the Monte Carlo method.
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AHoTauis

IIpoaHainizoBaHO iCHYIOUi METOAM BUMIpIOBaHb IMPU KajiOpyBaHHI Mip €JIeKTPUUYHOIO OMOpPY: MpsiMe BUMipIOBaHHS 3a
JIOTIOMOT0I0 LIM(POBOrO OMMETPA, BUMIPIOBaHHS 3a JOMOMOIOI0 MOCTa MOCTIHOTO CTPYMY, HYJIbOBMM METOIOM 3a IOMO-
MOTOI0 KOMITapaTopa OIOpPiB, HEMPSMUM METOIOM dYepe3 BUMIpIOBAHHS TAliHHS HAMpPYrW Ha €TAIOHHOMY DE3UCTOpi Ta
pe3ucTopi, sIKuii KaniopyeTbcs. Po3misiHyTo KayiOpyBaHHSI Mip €J1eKTPUYHOIO OMOpPY HEMPSIMUM METOIOM, peali30oBaHUM
yepe3 BUMIPIOBaHHS TaliHb HAIpYyTd, 3a JOMOMOTIOI0 IMOTEHIiOMeTpa, Ha TMOCHIZOBHO 3’€IHAHUX Y JIAHIIOTY TOCTiifHOTO
CTpPyMY, SIKWIA MOBUHEH OYTU CTabiIbHUM IMPOTITOM MPOBEACHHS BUMipIOBaHb, €TAJIOHHOMY PE3UCTOPi Ta pe3UCTOpi, SKUiA
Kajniopyerbes. Ilpu cknamaHHi Monesi BUMipIOBaHb JOAATKOBO BPaXOBYBaJIMCs BHECKM HEBM3HAYEHOCTi, OOYMOBJIEHI HecTa-
OUIBHICTIO OIMOpPY €TAJIOHHOI MipU OMOPY 3a 4Yac, SIKUiA MUHYB 3 MOMEHTY MOMNEPEeIHbOr0 KajiOpyBaHHS, i 3MiHOIO TemIie-
paTypy HaBKOJIMIIHLOIO CepeloBMINA IMil yac KajaiOpyBaHHs. Po3paxoByBayivcsl 3MillleHHSI OLIIHOK BUMipIOBaHOI BEJIMUMHU
i cyMapHOi CTaHIAPTHOI HEBU3HAUYEHOCTI, 0OYMOBJIEHI HEMiHIlHICTIO MOMei BUMiptoBaHb. OOJIiK 3aKOHIB PO3MOALUTY BXiTHUX
BEJIMYUH MPU OOYMCIEHHI PO3IIMPEHOI HEBU3HAYEHOCTI 3MiiCHEHO METOAOM eKclieciB. PO3rIsiHyTO mpuKiIan OLiHIOBaHHS
HEBU3HAYCHOCTI BUMIpIOBaHb ITiJ Yac KaJliOpyBaHHSI OMHO3HAYHOI MipH eJeKTpraHoro ornopy P331 3 HOMiHaJIBLHUM OITOPOM
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1000 OM 1uIsIXOM TIOPiBHSIHHS ii 3HAYEHHS 3a JOTIOMOTOI0 TIoTeHIioMeTpa P345 3i 3HaueHHAM BinKaniOpoBaHOI eTaTOHHOI
Mipu. BusiBieHi nomiHyioui BHeCKM HeBU3HaueHocTel. CKilaieHo OIOKeT HeBU3HAYEHOCTEH, SIKUii MOXHA BUKOPUCTOBY-
BaTU JJIsI aBTOMAaTH3allii OIliHIOBAaHHS HEBM3HAUEHOCTENl BUMIpIOBaHb Ta 3MiMICHEHHS iX MeHeMKMeHTY. OIliHKM 3HAYeHHS
BUMIpIOBaHOI BEJIMYUHMU i i CTAHAAPTHOI Ta PO3UIMPEHOI HEBM3HAYEHOCTeH, siKi Oyl OTpMMaHi 3a JOMOMOIOI0 3alporo-
HOBAaHOTO METOJY, IMOKa3aJu XOPOIUMii 30ir 3 oLiHKaMM, OTpPMMaHMMU 3a AoIoMoroi meromy Monte-Kapio.

KimrowoBi cioBa: Mipa eIeKTpUYHOTO OIOPY; KaJliOpyBaHHS; MOTEHIIIOMETP; HEBU3HAYEHICTh BUMIpIOBaHb; METOJ €KCIIECiB.
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AHHOTAIMS

[MpoaHanu3MpoBaHbI CYIIECTBYIOIIE METOIbI U3MEPEHMI MTPU KAIMOPOBKE Mep 3JIEKTPUUECKOTO COMPOTUBIICHUST: TIPsI-
MO€ U3MEpEHHUE C ITOMOIIBI0 L(GPOBOrO OMMETPA, U3MEPEHUE C ITOMOIIBIO MOCTA IIOCTOSIHHOIO TOKA, HYJEBBIM METOIOM
C TTOMOIIBIO KOMIIapaTopa COMPOTHUBIICHUI, KOCBEHHBIM METOIOM 4epe3 M3MEepeHMsl TMaJeHMs] HAMPSDKeHUsT Ha 3TaJOHHOM
1 KaauOpyeMoM pe3ucropax. PaccMorpeHa KanmnOpoBKa Mep 3JEKTPUYECKOTO COIPOTHBIIEHUSI KOCBEHHBIM METOIOM,
peanu30BaHHBIM Yepe3 U3MEPEHUS TTaJIeHUI HATIPSIKEHUS, ¢ TIOMOIIbIO MIOTCHIIMOMETPA, Ha MOCIeI0BATEIbHO COCTMHEHHBIX
B LIEIM ITOCTOSIHHOIO TOKAa, KOTOPBIA HO/DKEH OBITh CTAOMJIbHBIM Ha IPOTSDKEHUU MPOBEICHUS M3MEPEHUI, 3TaJOHHOM
pe3ucTope M pe3rncTope, KOTophiil Kanubpyetrcs. IIpu cocTaBlieHWM MOAENN W3MEPEHUId IOMOJHUTEIBHO YYUTHIBAJIUCH
BKJIaZbl HEOIPEIEJIEHHOCTH, KOTOPbIe 00YCIOBACHBI HECTAOMIBHOCTBIO COMPOTUBICHMS STAJIOHHON MEPhbl COIMPOTUBICHUS
3a BpeMs, MpOIIeAllee ¢ MOMEHTA MpeabIAyIIeil KaluOpoBKUA, U M3MEHEHUEM TEeMIIepaTyphl OKpPYXKAIOIIE Cpelbl BO Bpe-
Msl KaJauOpoBKM. PaccuMTaHO cMellleHre OLIEHOK M3MEepsieMOil BEIMYMHBI U CYMMApHOM CTaHAApTHOI HeompeaeIeHHOCTH,
00YCIIOBJICHHOE HEJIMHECMHOCTBhIO MOJAEIN M3MEpPECHUI. YUeT 3aKOHOB pacIpeleeHUs BXOAHBIX BEJWYUH TIPU BBIYMCICHUHN
paclIMpeHHON HEOMpeneIeHHOCTH MTPOU3BEIEH METOIOM 3KCleccoB. PaccMoTpeH mpuMep olleHUBaHUSI HEONPEAEIeHHOCTH
M3MEPEHUIT IIPY KaJIUOPOBKE OXHO3HAYHOM MEPBI SJIEKTPUYECKOrO conpoTunieHns P331 ¢ HOMUHAIBHBIM COIIPOTUBIEHUEM
1000 OM myTteM cpaBHEHUs e€e 3HAaYeHMsI ¢ MOMOIIbI0 MmoTeHuuomMerpa P345 co 3HaueHMeM OTKaJIMOpPOBAHHON 3TaJIOHHOMN
Mepbl. OOHaApy:XKeHbl OJOMUHUPYIOLINE BKJIAAbl HeompeaeaeHHOcTed. CocTaBieH OMIOMIKET HEOIPENEeEHHOCTA, KOTOPBIA
MOXKHO MCITOJIb30BaTh ISl aBTOMATHU3allMM OLIEHWBAaHUS HEOIPEAEICHHOCTH M3MEPEHMII M OCYIIECTBICHUS MX MEHEIK-
MeHTa. OLIEHKM 3HAYeHMs] M3MEPSIEMOil BEIMYMHBI M €€ CTAHOAPTHOM M pacIIMpPEHHON HEONpeAeIeHHOCTU, IMOJIyYeHHbIE
C TIOMOIIBIO MPEIIOKEHHOTO MeTo/a, MoKa3alu Xopolllee COBNaaeHWe ¢ OlleHKaMU, KOTOPbIe OBUIH TTOJYYeHBI C TTIOMOIIIBIO
meTona Monte-Kapiio.

Kimouesble cj10Ba: Mepa 3JI€KTPUYECKOTO COMPOTUBIIEHNUST; KATUOPOBKA; MOTEHLIMOMETD; HEOIMPEAEIEHHOCTh U3MEPEHNIA;
METOJ DKCIECCOB.
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