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Abstract

One of the important characteristics of high-precision resistance measures is the temperature dependence of resistance.
Since this dependence is generally non-linear, it is most often approximated by a second-degree polynomial.

Polynomial coefficients: resistance of the measure at a reference temperature (7,=20°C or 23°C) R,, a coefficient
characterizing the linear dependence of resistance on temperature o, and a coefficient characterizing the quadratic dependence
of resistance on temperature 3 are determined experimentally by measuring the resistance of the measure R, at different
temperatures 7 and by solving the resulting system of equations.

To increase accuracy, multiple measurements are performed, which results in a redefined system of equations allowing

solutions to be found by various methods.

The paper considers the solution of a redefined system of linear equations using the SVD (singular value decomposition)
method, if the inaccuracy of measurements of R, and T is caused by random factors. To simulate random factors, random

values distributed according to the normal law were used.

The SVD method was implemented using the MATLAB software package.
The paper presents some results from simulating the process of measuring the temperature dependence of resistance

measures.
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1. Introduction

One of the important characteristics of reference
resistors is the dependence of their resistances on
temperature. The temperature dependence of the
resistance of electrical measures is usually expressed
as, e.g. [1-4]:

Ry =Ry [1+a(T-T)+B(T-T,) |, ()

where R;, R, is the resistance of measure at tem-
perature 7 and at reference temperature 7, res-
pectively; o and B are the temperature coefficients of
resistance.

When experimentally finding R,, o, B, mea-
surements of resistance R, are performed at three or
more temperature values, and the resulting system
from equations (1) is solved.

In papers [5, 6] some aspects of the measurement
of temperature coefficients are considered, and
the obtained estimates of the measurement uncer-
tainty based on the GUM guidelines [7] are ana-
lysed.
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Given the fact, in this paper, we will consider
the influence of random variation in the results of
measuring the resistance of the measure and the
results of measuring the temperature in the thermostat
where the measure under consideration is placed.

2. Presentation of the main material

To average the influence of random factors,
multiple measurements are usually performed. In the
task, this means that a series of measurements are
performed at several temperatures.

We will analyse the influence of random factors
on determining the values of R, o and by simulating
the solution to equation (1) for given values of R, and
a certain set of temperatures 7.

In this case, we take the given values R, a,,,
B,, and a certain set of temperatures 7, as the initial
values. Under this condition, unperturbed values of R,
can be obtained from (1).

To simulate a random variation of R, and T we
assume that the deviations from the initial values of Ry,
and T7,, are random variables with a normal distribution
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law, a zero mean and a given standard deviation
of StD(87) and StD(8R;), respectively.

When using multiple measurements, the system of
equations (1) turns out to be redefined, and to solve
it, the MATLAB program-numerical computing plat-
form was used. Moreover, if the system of equa-
tions (1) is presented in matrix form

2

then the solution (2) can be found by the singular
value decomposition (SVD) [8, 9]:
x = V*pinv(S)*U'*B, 3)

where U, S, V are obtained from [U,S,V] = svd(A).

By the magnitude of the singular values (s =
=svd(4)) obtained by the SVD, it is possible to assess
the validity of the solutions obtained.

The simulation was realised as follows:

1) The initial values R,,=1; T,=23°C;
AT, =T-T,= {0,—1,—2,—3} °C were chosen.

2) The initial o, and B, values were selec-
ted from the following ranges: a, € [0, 1E-05];

1 (0+37)  (0+87)

1 (-1+87) (-1+3%)
1 (=2+8T) (-2+8T)
1 (-3+3T,) (-3+38T,)
1 (0+87)  (0+8Ty)

1 (-1487,)  (-1+3T,)
1 (-2+3T) (-2+8L)
1 (-3+3%) (-3+3L)
1 (0+3T,) (0+3T,)

1 (-148T,)  (—1+8T )
1 (2+8T,) (2+8T,)
1 (-3+8T,) (-3+8T,)

in which sets of one hundred random numbers
{87, ..., 8T\, and the same amount of random
numbers {6R;, ..., R} are introduced.

Based on the solution of the system of equa-
tions (5), the m-th multiple measurement result is
expressed as R, = x;; o, = X, / Ry,; B, = X3 / Ry

Random numbers 87 and SR, with a normal
distribution law were generated by a generator built
into the MATLAB platform. The standard deviation
varied within the following limits: StD(87) € [0, 5SE-02]
and StD(8R;) € [0, 1E-07].

B, € [-3E-06, 1E-07]. From equation (1), the initial
values of Ry, = f(Ry,, %, Bi» AT,) were calculated.

3) Inaccuracies of measurements of (7—T,)
and R, were simulated by set of random variables
8T and SR, with normal distribution, zero means
and given standard deviations of StD(87) and
StD(3R;), respectively.

4) In the simulation, it was assumed that each
m-th multiple measurement consists of 25 repea-
ted measurements at four temperature values AT,
The values R,,, o, and B, were calculated using
the SVD method.

For convenience, equation (1) is transformed into
the form:

x, + (AT, +8T) - x, + (AT, +38T) -x, = (R, +SR,), (4)

where x; = R,,,, X, = o,/ Ry, X; = B, R,,» and R, o,
B,, which is the result of m-th multiple measurement.

Since one multiple measurement consists of 25
repeated measurements at each of the four tempera-
ture set points, then to obtain the measurement result,
it is necessary to solve a system of one hundred
equations:

(RTinl + 8RTl )
(RTinZ + 8RTZ )
(RTin3 + 612T3 )
(RTm4 + 812T4 )
(RTinl + 6]-\)TS )
X, (Rm2 + 8RT6)
X1 % [T (R +8R,) | ®)
% (R + Ry )

5) To obtain the statistical characteristics of the
measurement results, the solution of the system (5)
was repeated N, = 1200 times (m = 1, 2, ..., 1200)
for each set of initial values R, o, B,. AT,, and
given values of StD(87), StD(3R,).

The results of simulation

Some simulation results are presented in the
following tables and graphs, where R,, = 1. Ave-
rage values were calculated as the arithmetic mean
with N, repetitions.
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Table 1

Average values and Standard Deviations of R,,,, a,,, and 3,, with N, repetitions

s Average values with N Standard Deviations with N
The initial data o r .. ’
repetitions repetitions
Row R/ /
o, B.. . ST, v |z ONI) OEOLN,I : B,./B, -1, SIDR,,), | SD(e,), | SD(B,),
1/0C 1/(0c)2 T OC r Olmo_8 in% 2 % 108 % %
1 6E-06 |-6.7E-07 0 0 120 | -1E-07 | -2E-08 -1E-08 0 0 0
0.001x 0.032x

2 0 -1E-07 | 1E-08 | 0 |1200| 0.003 <107 0.02 0.187 x107* 1.02
0.0003% 0.010x
3 1E-07 | OE+00 | 1E-08 | O |1200| 0.002 0.08 <107* 0.193 3.15 X107

4 1E-07 | -1E-07 0 0.05 | 1200 | 0.032 2.7 -1.13 0.139 5.66 2.21
5 1E-07 | -1E-07 | 1E-08 | O |1200| 0.003 0.05 -0.015 0.194 3.15 1.005

6 1E-07 | -1E-07 | 1E-08 | 0.02 | 1200 | 0.013 0.58 -0.21 0.203 3.87 1.33

7 1E-07 | -1E-07 | 1E-08 | 0.05 | 1200 | 0.032 2.92 -1.23 0.228 6.61 2.57

8 1E-06 | -1E-06 | 2E-08 | 0.02 | 1200 | 0.058 0.5 -0.2 0.645 2.417 0.97
9 1E-06 | -1E-06 | 1E-08 | 0.05 | 1200 | 0.31 2.84 -1.22 1.42 5.86 2.318

10 | 6E-06 | -3E-06 | 4E-08 | 0.02 | 1200 | 0.04 0.238 -0.21 2.76 1.44 1.14

11 | 6E-06 | -3E-06 | 1E-07 | 0.05 | 1200 | 0.33 1.35 -1.15 1.17 3.55 2.67

12 | 1E-05 | -1E-06 | 2E-08 | 0.02 | 1200 | -0.38 0.018 -0.18 4.15 0.78 2.65

* — the value is given in absolute units

According to Table 1, the nonlinearity of equa-
tion (1) and the presence of random components
when measuring R, and 7 can lead to quite significant
bias in the result of measurements of o and f.

In addition, the results of the study show that the
correlation of the obtained values R, with the values
of a,, and B, is less than the correlation between o,
and B,. Thus, within the framework of the conducted
research, the following correlation coefficients were
obtained: n(R,,, a,) = 0.5-0.7; n(R,,, B,) = 0.4-0.5;
r(a,,, B,) = 0.95-0.96.

Fig. 1—-6 show the convergence of average values
and standard deviations when N, changes from 10
to 1200 with a step of 10 for 12 implementations of
the simulating process, i.e. N, = 10, 20, ..., 1200.
In this case, the initial data correspond to row 12
of Table 1.

From the above graphs, it follows that the
convergence of measurements is quite slow: a “steady-
state” average value is achieved only after 100—
300 repetitions of multiple measurements from one
hundred observations.
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Fig. 3. Dependence of the average values a,, on the number of repetitions N,
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Conclusions
The obtained simulation results can be used for:
* planning and performing measurements of the
temperature dependence resistance of resistors;

* the measurement uncertainty evaluation, both
in determining the temperature coefficient of resistance
and the uncertainty of measurements performed using
resistance measures.

Moae/i0BaHHS BUMIPIOBAHb TEMIIEPATYPHOI 3aJI€KHOCTI
Mip omopy 3a gomomorow SVD

A.K. Angptowko, O.l. KonbaciH

HepxasHe nidnpuememeso “XapkigcbKulli pegioHanbHUl HayKogo-8upobHuYull yeHmp cmaHOapmusauii, Memposnoaii ma
cepmucpikayii’, eyn. MupoHocuusbka, 36, 61002, Xapkis, YkpaiHa
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AHoTauis

OnHi€lo 3 BaXJIMBUX XapaKTePUCTUK BUCOKOTOYHMX Mip OIIOPY € TeMIlepaTypHa 3ajexKHiCTb omopy. OCKiJIbKM 115
3JIEXKHICTh, SIK MpaBUJIO, HeJliHillHA, ii HallyacTille alpOKCUMYIOTh MOJiIHOMOM APYroro CTYIEHS.

IMoninomianbHi koedilienTu: omip mMipu npu onopHiit Temnepatypi (20 °C ado 23 °C) R;; KoedillieHT, 1110 XapaKTepusye
JIHIAHY 3a7IeXHIiCThb OMOpPY Bil TeMmIlepaTypu, o, Ta KOedilieHT, 110 XapaKTepu3ye KBaIpPaTUUYHY 3aJIEXKHICTb OMOpY
Bifl TeMIepaTypu, [, — 3HaXOIATh €KCIIEPUMEHTAIbHO IISIXOM BUMIPIOBaHHS OMOpY Mipu R, MpHU Pi3HUX TemIepary-
pax T i BUpillIEeHHS OTPUMAHOI CUCTEMU PiBHSHbD.

JInst migBMUINEHHS TOYHOCTI MPOBOASITH OaraTopa3oBi BUMIipIOBaHHS, 1O TNPU3BOIMUTL 10 TEepeBM3HAYEHOI CUCTEMU
PiBHSIHB, pillICHHS IKOT MOXYTh 3HAXOMUTHUCH Pi3HUMM MeTomaMu. OTHUM 3 BapiaHTIB BUPIIIEHHS IMEpEeBU3HAYEHOI CUCTEMU
€ 3aCTOCYBaHHsI CUHTYJSIPHOTO PO3KJaay MaTpulli — Tak 3BaHoro metony SVD (singular value decomposition).

Y crarTi mocmimkeHo 3actocyBaHHsI SVD-MeTony mpu BUMipIOBaHHI TeMITepaTypHOI 3aJ€XKHOCTI Mip OIoOpy 3a YMOBH,
110 HETOYHICTh BUMiploBaHb R; i T 3yMoBieHa BUNankoBUMU (dakTopamu. [IpoBeeHO MAalIMHHUI €KCIIEPUMEHT, Y SIKOMY
TUTSI MOJIGJTIOBAHHS BUTMTAAKOBUX (haKTOPiB BUKOPUCTOBYBAJIMCSI BUTIAAKOBI BEIMIMHU, PO3IMOIiIEHI 32 HOPMAJTbHUM 3aKOHOM.
Peanizauis SVD-Merony 3ailicHIoBanach 3a JOMOMOTIOI0 makery npukiaagHux nporpam MATLAB.

MoppenoBaHHsSI MPOBOAMJIOCH 3a YMOBM, IO TeMIlepaTypHi KoeilliEHTH 3HaXOAsITbCS y TaKuX Jiarna3oHax:
ae [0, 1E-05]; Be[-3E-06, 1E-07], a uuKJI BUMIpIOBaHHSI TEMIIepaTypHOI 3aJIe3KHOCTI MPOBOIUTHCS 32 YOTUPHOX 3HAYEHB
temneparypu Bin 23 °C no 20 °C i3 6araTopa3oBUM BUMIPIOBaHHSIM, 1110 CKJIQNAEThCs 3 25 crioctepexeHb, R, Ta T mpu
koxkHoMmy 3HadeHHi 7. KoxkeH umki mosToproBaBcst 1200 pasib.

HaBeneHo HU3KY pe3yJbTaTiB MOJEJIOBAHHS MPOLIECY BUMipIOBAaHHSI TEMIIEPaTypHOI 3aJIeXXHOCTI Mip Omopy Ta mpo-
BEICHO CTAaTUCTUYHUII aHaTi3 OTPUMAHMX PE3YJbTATiB.

KirouoBi citoBa: Mome/II0BaHHST; BUMIPIOBAHHS; Mipy OIOPY; TeMIIEpaTypHa 3aJIeXHICTh; PO3KIagaHHs 34 CUHIYJISIPHUMU
yuciaamu (SVD).
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