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Abstract

The scheme for transferring the size of the unit of resistance during the calibration of digital ohmmeters at direct
current is considered. The procedure for the measurement uncertainty evaluation is described: recording the measurement
model and its refinement, evaluation of input and measured values, evaluation of standard uncertainties of the input and
measured values, evaluation of the expanded uncertainty. The refined model includes the dependence of the resistance of
the reference resistor on temperature and a correction to the drift of the resistance value of the reference resistor since
its last calibration. To evaluate the expanded uncertainty, the kurtosis method was used. An uncertainty budget has been
made, including the kurtosis of input and measured values. The use of the Excel package makes it possible to implement,
based on this budget, a program for automation of measurement uncertainty calculations. An example of the measurement
uncertainty evaluation during the calibration of a digital ohmmeter of type 2318 at a point of 1 mOhm using an electrical
resistance coil R310 with an accuracy class of 0.01 is considered. The influence of nonlinearity of the measurement model
on the estimates of the numerical value of the measurand and its combined standard uncertainty is studied. To verify the
results, the distribution law of the measurand was modelled by the Monte Carlo method. An algorithm for determining
the expanded uncertainty using the NIST Uncertainty Machine web application for the missing confidence level of 0.9545
is proposed. The comparison of the results of the measurement uncertainty evaluation by the kurtosis and Monte Carlo
methods has shown their good agreement.
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Introduction

Many digital ohmmeters (DOs) are used in Ukraine
in various areas of the national economy and industry.
To ensure the traceability of resistance measure-
ment results with a reference for comparison, it is
necessary to calibrate them. In this case, it is essential
to evaluate the measurement uncertainty in accor-
dance with the requirements of the internatio-
nal standard ISO/IEC 17025:20017 [1]. A reliable
estimate of the expanded uncertainty cannot be
obtained without accounting for the distribution laws
of input quantities included in the measurement
model, which is usually done by the Monte Carlo
method [2]. For calibration goals, a reliable estimate
of the expanded uncertainty can be obtained by
the kurtosis method [3, 4]. The use of this method
makes it possible to automate the calculation of
the uncertainty, and the estimates of the expanded
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uncertainty will be close to the estimates obtained
by the Monte Carlo method.

The purpose of the paper is to consider the featu-
res of the measurement uncertainty evaluation during
the calibration of DOs.

1. Calibration model

During the calibration process, a direct mea-
surement of the resistance of the reference resistor
is carried out with the ohmmeter to be calibrated.
The calibration scheme is shown in Fig. 1.

Reference
resistor

Rs | Ohmmetertobe | Re
calibrated

Fig. 1. Scheme of calibration of ohmmeter at direct current
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The simplest mathematical measurement model
in this case has the following form [5]:

A=(R +A,)=(R +A,), (1)

where A is the systematic error of the ohmmeter at
the calibration point; R, is the resistance measured with
the ohmmeter to be calibrated; A, is the correction
to the resolution of the ohmmeter to be calibrated;
R, is the resistance reproduced by the reference resis-
tor; and A, are the corrections to the drift of the value
of the resistor since its last calibration.

The dependence of the resistance of the reference
resistor on the calibration temperature of the ohm-
meter ¢, is determined by the following expression [6]:

R, =R, [1+a(t, —20)+B(t, —20)°], 2)
where R, is the resistance of the reference resistor at
a temperature of 20 °C; a and [ are its temperature
coefficients of resistance.

Considering this dependence, the refined mathe-
matical model (equation) of the measurement will
have the following form:

A=(R +A)-

—{R,,[1+a(t, —20)+B(t, —20)°]+A,}. )
2. Evaluation of input and measured quantities

An estimate of the resistance f(’u measured with
the ohmmeter to be calibrated is found after a single
measurement.

The mathematical expectation of the correction
to the resolution of the ohmmeter to be calibrated is
assumed to be zero: A_=0.

The value of the resistance ﬁzo reproduced by
the reference resistor at 20 °C, as well as its tempera-
ture coefficients of resistance o and (3, are taken from
its calibration certificate.

The mathematical expectation of the correction
associated with the drift of the resistance value of
the reference resistor since its last calibration is taken
equal to zero: AS =0.

Therefore, the estimate of the systematic error of
the ohmmeter at the calibration point (bias) will be
equal to:

A=R —Ry[1+6( —20)+ B —20)*]. (4)

3. Evaluation of standard uncertainties of input and
measured quantities

The standard uncertainty of the correction to
the resolution d of the ohmmeter to be calibrated
is estimated assuming its uniform distribution
within the limits +d/2, as:

%mg=i%. )

The standard uncertainty of the resistance value
reproduced by the reference resistor ugz(R,,) at 20°C
is found from the value of the expanded uncertainty
U,, and coverage factor k,, specified in its calibra-
tion certificate:

Up (Rzo) = %- (6)
20

The standard uncertainty associated with the
drift Ad of the value of the reference resistor since
its last calibration is evaluated assuming its uniform
distribution within the limits +3, as:

A

65 'Rzo
J3-100%
where §; is permissible limits for the relative devia-
tion of the resistance of the reference resistor from
the value obtained during the previous calibration.

The standard uncertainty associated with the
inaccuracy of providing the specified temperature
of the reference resistor 7, is evaluated assuming its
uniform distribution within the limits +6, as follows:

u(A,) = )

A 0
uy(i) =7 ®)

Since the quantities in equation (3) are not
correlated, the standard measurement uncertainty
during the ohmmeter calibration will be calculated as
follows:

uy (A,) + cauy (Ry) +
+u, (A\) +cuy(f)

where c,, is the sensitivity coefficient of the measured
value to the change in resistance R,;:

u,(A) = 9)

oA
= =1+a(z, —20)+p(¢, —20)%;
Cy oK, (r, —20)+B(z, —20)

¢, is the sensitivity coefficient of the measurand value
to the change in the calibration temperature z,:
OA

¢, = 67 =—R,,[a+2B(z, —20)].

c

(10)

(an

Since dependence (3) is nonlinear relatively to 7,

the values A and u,(A) obtained using expressions (4)

and (9) must be calculated with corrections [4, 7, 8]:
10°A 5 » 0

8, = ___uz(tc) =BRy ?j;

2 o (12)

8[u’ (A)] Tgﬁju%©m+m:$m+m,a»

"4l e
where m=-1.2 is the kurtosis of the temperature
distribution #, within the limits £0,.

The correction J, can be neglected if the following
inequality is observed [7]:

5, <3 i By o0 A

(14)
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Measurement uncertainty budget during ohmmeter calibration faletd

X, X u(x) n, c, ()

R R, - - 1 -

A 0 (5) -1.2 1 uy(A)
R, R (6) 0 (10) Cat (Ry)

A, 0 (7 -1.2 -1 ~u,(A,)

t, ‘, ®) -1.2 (11) —cuy(Z.)

Y y u () n k u

A “ 9 (16) (17) (18)

The correction §[u>(A)] can be neglected if the
following inequality is observed [8]:

200 |
Bl A < Gl A, (15)

4. Evaluation of expanded measurement uncertainty

Since all the contributions of the uncertainty
included in expression (9) are evaluated according
to type B, it is advisable to calculate the expanded
uncertainty by the kurtosis method [3, 4], which makes
it possible to obtain an estimate of the expanded
uncertainty accounting for the distribution laws of
input quantities.

Considering the fact that the kurtosis for the
normal distribution law is equal to zero and for the
uniform distribution is equal to —1.2, the Kkurtosis of
the measurand will be equal to:

“g (Ac’) + C;oug (iézo) + ”g (As )+ C;tug (tAL)
ul (A)

Then the coverage factor for the confidence level

of 0.9545 will be calculated by the following formula:

0.12n* +0.1n+2, at n < 0;
k(n) = n n n
2,atm =0,

n=-12 . (16)

(17)
and the expanded uncertainty will be found as follows:
U=km)-u.(A), (18)

where u(y) is the combined standard uncertainty
calculated by formula (9).
The uncertainty budget is presented in Table 1.

5. An example of measurement uncertainty evaluation
during digital ohmmeter calibration

At a temperature of 20 °C, a digital ohmmeter of type
2318 is calibrated at a point of I mOhm using an electric
resistance coil P310 with an accuracy class of 0.01,

from the calibration certificate of which the following
data are taken: the real value ﬁs=0.9998 mOhm; the
expanded uncertainty of the resistance reproduction by
the coil P310 U,=10*mOhm, the coverage factor k,=2
for the confidence level of 0.9545; and temperature
coefficients of resistance a=4.6x10° 1/°C and
=—0.39%10"° 1/°C2 The coil resistance drift since
the last calibration §, is not more than 0.002%; the
limits of the ambient temperature change during the
calibration are 6,==+2°C. The readings of DOs during
the calibration are R,=0.999 mOhm.

For these initial data, the standard uncertainty
of the resolution correction d=0.0001 mOhm of the
ohmmeter being calibrated will be determined from

expression (5):
d__0001 =2.8910" mOhm.

ug(A)=—==
’ 23 23
The standard uncertainty of the resistance value
reproduced by the reference resistor uy(R,,) is found
by formula (5):
A U 107
up(Ry) = k_zo = 4

20

=5.10"° mOhm.

The standard uncertainty associated with the drift
of the resistance value of the reference resistor since
its last calibration u(A)) is estimated by formula (6):

8,-R, 000209998
J3:100%  +/3-100

u(A,) = =1.15410"° mOhm.
The standard uncertainty associated with the
deviation of the ambient temperature during the
calibration of the ohmmeter u,(¢,) from the declared
one is estimated by formula (8):
6 2
uy(t,)=——==—7==1.154 °C.
ERRVERNE]
Sensitivity coefficients ¢,, and ¢, calculated by
formulas (10) and (11) will be equal to:

Cy = ;ﬁ = —[1+a(z, —20)+B(7, —20)*] = {1+ 4.610° (20— 20)—0.3910° (20— 20)*] = —I;
20
¢ = %A = —Ry,[a+2B(t, —20)] = —0.9998[4.610° ~2-0.3910"° (20— 20)] = ~4.610° mOhm /°C.
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Measurement uncertainty budget when calibrating DOs of type 2318 at | mOhm point fale2

X X, u(x,) n, c, u(y), mOhm

R, 0.999 mOhm - - 1 -

A, 0 mOhm 2.89%10* mOhm -1.2 1 2.89x10+
R, 0.9998 mOhm 5x10° mOhm 0 -1 -5x10°

A, 0 mOhm 1.154x10° mOhm -1.2 -1 -1.15%10°

t, 20°C 1.154°C -1.2 -4.6x10° mOhm /°C -5.31x10¢

Y y, mOhm u.(») , mOhm n k U, mOhm

A -0.0008 2.933x10* -1.127 1.716 0.000503

The standard measurement uncertainty during the
ohmmeter calibration by formula (9) will be:

u (A = Ju2(A) + it (Ryy) +u2 (A ) + il (7)) =

= \/(2.89-104‘)2 +(5107°) +(1.154107°) +(1.154-4.610°)* =
=2.93.10*mOhm.

The kurtosis of the measurand calculated by
formula (16) will be equal to:

us(A) +caus (Ry) +us (A )+ clui(t,) _
u! ()

(289107 +(510°) +(115107) + (S.31H0°)

(2.941 0_4)4

n=-1.2

-1.127.

Then the coverage factor for the confidence level
of 0.9545 calculated by formula (17) will be:

k(M) =0.12n" +0.In+2=0.12-(-1.127)’ +
+0.1-(-1.127)+2 = 1.716,

and the expanded uncertainty calculated by formula
(18) will be equal to:

U=k(m)-u (y)=1.716-2.9310" =5.0310* mOhm.

The measurement uncertainty budget during the
calibration of DOs at a point of I mOhm is given in
Table 2.

To study the influence of nonlinearity of the
measurement model on the estimates of the numerical
value of the measurand and its combined standard

2

8, =PBR,, %’ =-03910" ~0.9998§ =-0.5210° mOhm;
3’ (R)] = 87 - (n+2) = (0.5210°)* (=1.2+2) = 0.41610 “mOhm.

The correction to the obtained numerical value of
the measurand leads to the following result:

AO =-0.0008+0.52-10° =-0.00079948 mOhm.

The correction to the resulting value of the
combined standard uncertainty leads to the following
result:

U, (A) = Juj (A)+8[u’ (A)] =/0.0002933% +0.41610 "> =

=0.0002933 mOhm?.
Using the criteria for neglecting the correction
given in (14) and (15) the following is obtained:

[3,]=0.5210" < % u? (A)+8[u’ (A)] = 098107,

\a[uj (A)]\ =0.41610™ < éuj(ﬁ) =0.95310™",

That is, corrections to the numerical value of the
measurand and its combined standard uncertainty can
be neglected.

To verify the obtained results, the distribution law
of the measured quantity by the Monte Carlo method
was modelled [2, 9]. The distribution law of the mea-
surand is shown in Fig. 2. The following parameters
of this law were obtained: mathematical expectation
—0.0007996 mOhm and standard deviation 0.0002932mOhm.

uncertainty, corrections to these quantities were The values of the expanded uncertainties for different
calculated using formulas (12) and (13) respectively: levels of confidence are presented in Table 3.
Table 3
Expanded measurement uncertainties during calibration of DOs of type 2318 for different levels of confidence p
Trust level p Expanded uncertainty, mOhm
0.99 0.0005475
0.95 0.0004915
0.9 0.0004555
0.68 0.0003415
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Fig. 2. The law distribution of the measurand during calibration of digital ohmmeter of type 2318 at 1 mOhm
obtained by the Monte Carlo method

To implement the Monte Carlo method, the
NIST Uncertainty Machine [5] web application
was used, which, unfortunately, does not consider
the expanded uncertainty for the confidence level
p=0.9545. Therefore, based on the obtained values of
the expanded uncertainty U, U, and U,, (Table3),
a quadratic approximating dependence of the form
U,=ap*+ bp+c was calculated.

For this, a system of equations was written:

Upoo =a-0.99> +5-0.99 +c;
Ugos =a-0.95 +b-0.95+c;

Uyo=a-09"+b-09+c.
The solution to this system is:
a=2.5Uyy—45Uyps+2-U,,)/0.009;
b=U,g —U,ss —a-0.0776)/0.04;
c=Uyy—a-0.95 —b-0.95.
For the values of the expanded uncertainty given in
Table 2, a =0.00755556; b=-0.0132578; ¢=0.0062675.
were obtained.

Therefore, for the confidence level p=0.9545
the following is obtained:

Uy osis = - 0.9545% +5-0.9545+¢ = 0.000497mOhm.

The coverage factor for this case is:
U, 0.000497 1605

J= 209545 _ =1.
u (A)  0.0002932

The obtained values of the expanded uncertain-
ty and the coverage factor coincide with the values
obtained by the kurtosis method.

Conclusions

1. The refined measurement model during
the calibration of the digital ohmmeter provides
the opportunity to perform calibrations in the
temperature range of (15-30)°C for coils of
class 0.01 and in the range (10—35)°C for coils
of class 0.02 since it includes the resistance
dependence of the reference resistor on tempera-
ture.

2. Since the refined measurement model
is nonlinear, the bias of the estimate of the
numerical value of the measurand and its
combined standard uncertainty should be esti-
mated.

2. Since all the uncertainty contributions
included in the measurement model are evaluated
according to type B, it is advisable to calculate the
expanded uncertainty by the kurtosis method, which
allows obtaining an estimate of the expanded uncer-
tainty accounting for the distribution laws of input
quantities and automation of the process of its calcu-
lation.

3. To verify the obtained results, the distribution
law of the measured value by the Monte Carlo
method was modelled, which showed good agree-
ment between the results obtained by the kurtosis
method.

4. To determine the expanded uncertainty by
the NIST Uncertainty Machine web application
for the missing confidence level of 0.9545, the
algorithm obtained in the process of work should be
used.

26
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AnoTauis

PosrisiHyTo cxeMy mepenaBaHHSI pO3Mipy OAMHMII ONMOpY MpW KajliOpyBaHHI LMGPOBUX OMMETPIB 3a MOCTiHHOTO
ctpyMy. OmmcaHO TIpOlenypy OILIIHIOBaHHS HEBM3HAUYEHOCTI BMMIpIOBaHb: 3almuCc MOJIEJi BUMiplOBaHb Ta il YTOUYHEHHS,
OLIIHIOBAaHHS BXiTHMX Ta BUMIipIOBaHOI BEJMYMH, OLIHIOBAaHHSI CTAHIAPTHUX HEBM3HAYEHOCTEH BXiTHUX Ta BUMIiprOBaHOL
BEJIMYUH, OLIIHIOBAHHS PO3LIMPEHOI HEBM3HAUYEHOCTI. YTOUHEHA MOJE/b BKJIIOYAE 3aJIEXKHICTh OMOPY €TAJIOHHOIO pe3ucropa
BiJI TEMITEpaTypH il TTOTPaBKY Ha Npeiid 3HaYeHHST OMOpY €TAJIOHHOTO PE3UCTOPa 3 MOMEHTY OTO OCTAHHBOTO KaJliOpyBaHHSI.
J171s1 OLIiHIOBaHHS PO3IIMPEHOI HEBU3HAYEHOCTI 3aCTOCOBAaHO MeToI eKcleciB. CKialeHO OI0MKeT HEeBM3HAYEHOCTI, 1110 BKJTIOYAE
eKcClIeCcH BXiIHUX Ta BMMipioBaHOiI BeauunH. BukopucranHs nakera Excel no3BoJisie peaizyBaTu Ha OCHOBI 1IbOTO OIOIXKETY
nporpamy Juisi aBToMaTu3allii 00YrclieHb HEBU3HAYEHOCTI BUMipioBaHb. PO3MIsIHYTO MpUKJIaA OLiHIOBAaHHSI HEBU3HAYEHOCTI
BUMIpIOBaHb TIPU KaliOpyBaHHI 1udpoBoro omMerpa Tuiry 2318 y touri 1 MOM 3a IOITOMOTOI0 KOTYIIKM €JIEKTPUYHOTO
onopy P310 xiacom touHocti 0,01. JlocmiakeHO BIUIMB HEJiHIHHOCTI MOJesi BUMIpIOBaHHSI HAa OLIHKW YMCJIOBOTIO 3HAYEHHS
BUMIpIOBaHOI BEJIMYMHU Ta MOTO CyMapHOI CTaHIAapTHOI HeBU3HadeHocTi. g Bepudikailii oTpuMaHuX pe3ysbTaTiB OyJio
MPOBEICHO MOJIEIIOBAHHS 3aKOHY PO3MOJiJy BUMipIOBaHOI BeJIMUMHU MeTomoM MoHTe-Kapio. 3anmponoHoOBaHO aJropuTMm
BU3HAUEHHs po3lrpeHoi HeBu3HadeHocTi BeomomatkoM NIST Uncertainty Machine mist BimcyTHBOTO B Hill piBHS HOBipHn
0,9545. TlopiBHSIHHS pe3yJ/bTaTiB OLIHIOBAHHSI HEBU3HAYEHOCTI BUMipIOBaHb MeToaaMu ekcueciB i MoHTte-Kapisio nokazano
iXHil XOpolInii 30ir.

KmouoBi cioBa: 1ndpoBuii oMMeTp; KajliOpyBaHHSI; PO3iibHA 3AaTHICTh; HEJIiHiHICTh, HEBU3HAYEHICTh BUMIipIOBaHb;
METOJ eKCLEeCiB; OI0MKeT HeBU3HAUeHOCTi; MeTon MoHTte-Kapiio.
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