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Abstract

Inductance measurements are important in many fields, especially in electronics, electrical engineering, radio engineering,
and other areas. The inductance is often an important parameter in a wide range of applications such as radio transmitters,
power circuits, magnetic resonance pulsed sources, etc. The accuracy of the inductance affects the quality of products,
especially in devices where inductors are used, such as filters, transformers, inverters, etc. High-precision inductance
measurements are used for the product quality control to ensure that manufactured devices meet established specifications
and standards.

Drift is an undesirable property of all measuring instruments and measurement standards during their life cycle.
The analysis of the instrumental drift of measurement standards is of great importance in metrology. Reliable drift accoun-
ting plays an important role in maintaining measurement accuracy. For electrical measurement standards, the long-term
drift is predictable. The drift types and main methods of its estimation for measurement standards between their calibrations
were analysed. The drift uncertainty can be evaluated from the history of successive calibrations, and in the absence of such
history, the order of magnitude of the calibration uncertainty can be estimated.

The results of the estimation of the long-term drift of the inductance measurement standards for high-precision calibration
of measuring instruments and measurement standards by two methods, polynomial regression curves and Exponentially
Weighted Moving Average (EWMA) schemes, are given. The EWMA schemes reduce the lag inherent in traditional moving
averages by giving more weight to recent observations. It is shown that the use of the EWMA schemes compared to the
regression analysis shows greater sensitivity to the drift changes in the last years of observations. This allows the laboratory

to take this factor into account when calibrating measuring instruments and measurement standards.
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Introduction

Inductance measurements are important in many
fields, especially in electronics, electrical engineering,
radio engineering, and other areas. The inductance
is often an important parameter in a wide range of
applications such as radio transmitters, power circuits,
magnetic resonance pulsed sources, etc. The accuracy
of the inductance affects the quality of the products,
especially in devices where inductors are used, such
as filters, transformers, inverters, etc. High-precision
inductance measurements are used for the product
quality control to ensure that manufactured devices
meet established specifications and standards [1—5].

The drift of a standard indicates a tendency for
it to lose accuracy or stability over time and is an
undesirable property during its life cycle. This drift
can be caused by many factors: changes in temperature
and humidity, electric and magnetic fields, mechanical
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vibrations, wear of electronic elements, etc. There are
several types of the drift of measuring instrument
and measurement standards, in particular: time drift,
temperature drift, electrical drift, etc [6].

Periodic calibrations can help detect and account
for the drift of measuring instrument and measurement
standards. The drift uncertainty can be evaluated
from the history of successive calibrations, and in the
absence of such history, the order of magnitude of the
calibration uncertainty can be estimated.

Calibrated values of measuring instruments
and measurement standards in many cases have
a predictable drift over time, so it is advisable to
estimate their long-term drift. Temperature and some
other types of drift are mainly related to the short-
term drift. During the entire intercalibration interval
of measuring instruments or measurement standards, it
is necessary to take into account the time drift when
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performing accurate measurements. For many electri-
cal measurements standards, a time drift is predic-
table.

Methods of estimating the drift of measurement stan-
dards

In accordance with the International Vocabulary
of Metrology (VIM) [7], instrumental drift of a mea-
suring instrument is a continuous or gradual change
in readings over time due to a change in metrological
properties of the measuring instrument. Such drift is
due neither to a change in the quantity being measured,
nor to a change in any recognized influence quantity
and applies to both the measuring instrument and
the measurement standard.

There are short-term and long-term drifts of
a measuring instrument or measurement standard,
which depend on the observation time interval used.
It is quite difficult to accurately estimate the short-
term drift of a measuring instrument or measurement
standard by means of calibration. Successive calibrations
of a measuring instrument or measurement standard
allow a fairly accurate estimate of its long-term drift.
The estimation of the long-term drift is mandatory to
establish calibration intervals [8].

Calibration drift is associated with changes in the
readings of a measuring instrument over a certain period
of time during normal continuous operation. This drift
is estimated by comparing a known reference value and
the current measured value. The main contribution to
the combined measurement uncertainty is made by
a time drift since the last calibration of the measuring
instrument or measurement standard [9].

The drift can be of several main types: zero drift;
span drift or sensitivity drift; zonal drift, nonlinear,
power, etc [6]. A long-term drift is the main tendency
of a certain process to change over time or a time
series, which is described by various equations: linear,
logarithmic, power, etc. The actual type of drift is
established based on the establishment of its functio-
nal model using statistical methods. Time series data
are used to predict changes in a certain process or
phenomenon. A drift line is a line along which the
points representing data from a specific data time series
are located on a graph.

To determine the nature of the long-term drift,
the results of multiple measurements are recorded on
a certain timescale (days, months, years). The drift
rarely changes in the same direction and at the same
speed over a long period of time. As a result of the
analysis of the obtained data, the maximum change
that occurs over a set period of time is determined,
which allows all the necessary corrections to be made
to the results of the measurements. The uncorrected
drift can be considered a Type A component in the
measurement uncertainty analysis.

To clearly demonstrate the drift, smoothing of the
data fluctuations using a mean trend line variable is

used. The average of a certain number of data points
over a certain period is used as the reference point of
the trend line. The average of the first two data points
is used as the first point to move the average trend
line if the value for that period is two. The average of
the second and third data points is used as the second
point of the trend line, and so on.

The ordinary least squares (OLS) can be used to
study the drift. It is one of the main analysis methods
for evaluating the unknown parameters of regression
models based on sample data. It is based on minimizing
the sum of squared deviations of the selected function
from the data under consideration. The sum of the
squared deviations between empirical and theoretical
values of the time series is minimized [10].

A certain mathematical function describes the
theoretical values and best reflects the underlying shift
of the time series. It is called an adequate function
and is calculated by the least squares method. The
determination coefficient is used to assess the accuracy
of such a drift model with using values of dispersions
of theoretical data obtained according to the drift
model and empirical data. The most reliable drift line
is if its approximation probability value (R?) is equal
to or close to 1. The drift model is adequate for the
process under consideration and reflects the tendency
of its development over time with R? values close to 1.

A cumulative sum (CUSUM) chart is a type of
control chart that is used to track small changes in
a process average. This chart displays the cumulative
sum of deviations from the target value for indivi-
dual measurements or subgroup averages. To design
a CUSUM chart, it is necessary to consider the ave-
rage run length and a shift to be detected. With this
modified chart it is more quickly possible to detect
a process that is out-of-control at start-up [6].

The CUSUM charts for the identification of the
process disorder caused by the influence of a non-
random variable is show in [11]. These charts make
it possible to detect the long-term drift of metro-
logical characteristics of measuring instruments
or measurement standards. The peculiarity of the
CUSUM charts is that the decision regarding the
compliance of the metrological characteristics with
established requirements is made taking into account
information about all the obtained results from the
first to the last inclusive. The paper does not consider
the measurement uncertainty during the calibration
when using the CUSUM charts.

The CUSUM chart is not applicable to the data
with a large number of decimal places and is only
applicable to relative data. For such data, an Exponential
Weighted Moving Average (EWMA) scheme is used.
The EWMA scheme displays weighted observations
in geometrically descending order. The most recent
observations make a large contribution, and the latest
observations make a very small contribution. Such
a scheme applies to absolute data, not just relative
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data. The EWMA scheme can preferably be used
to analyse the long-term drift of measurement stan-
dards of electrical quantities instead of the CUSUM
chart [6, 12].

The EWMA scheme refers to the average value
of data obtained over some time. The weight of the
EWMA value decreases exponentially for each period
further into the past. The EWMA value contains
a previously calculated average, and the calculated
result will be cumulative. Therefore, all received data
contribute to the result, but the contribution factor is
reduced when calculating the next period of the EWMA
scheme. The distribution of the EWMA scheme over
run lengths with the evaluated parameters is obtai-
ned in [13].

Estimation of the drift of the inductance measurement
standards for calibrations using two methods

Analysis and consideration of the long-term drift
of measurement standards during calibrations are
important step to increase the measurement accuracy.
The traditional method of the long-term drift analysis
includes the use of regression models followed by their
analysis. The coefficient of determination R? is used to
assess the accuracy of such a drift model. In known
key and supplementary comparisons of electrical mea-
surement standards, linear regression has been used
to describe the line drift of travelling measurement
standards [14—19].

A portable inductance standard with nominal
values of 10 mH and 100 mH at frequencies of 1 kHz
and 1.6 kHz is considered in [20]. The established

inductance measurement standard had measurement
uncertainty of (1-3) uH/H. The time drift of the
standard was no more than 30 (uH/H)/year.
Ukrainian national measurement standards of
the inductance unit were established at the SE “Ukr-
metrteststandard” (Kyiv, Ukraine) in 2009 and used
for precision calibrations of working inductance
measurement standards. Those standards took part in
comparisons of national measurement standards within
the framework of regional metrology organizations from
2012 to 2019 [14, 18, 19]. The high stability of these
measurement standards over a rather long time period
is shown by continuous measurements. Time series of
measurement data of the inductance measurement
standard is available from 2009 to 2022.
Thermostatically adjustable inductance measures of
10 mH (type P5109, no. 424) and 100 mH (type P5113,
no. 1003) of the inductance measurement standard are
specially designed at the SE “Ukrmetrteststandard”
and contain a built-in precision thermostat with two
temperature sensors. The drifts of those measures are
10 ppm/year. The results of the estimation of the
long-term drift of measures of 10 mH and 100 mH
of the inductance measurement standard at frequency
of 1 kHz using the 3"-order polynomial regres-
sion are shown in Figs 1 and 2. In the Figures, the
green solid line shows the mean value for the drift,
and the red dashed line shows the corresponding
polynomial approximation of the drift. The specified
approximations of the drift lines of the inductance
measures have values of R?> equal to 0.66 and 0.78,
respectively, that is, they confirm their adequacy.
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Fig. 1. Drift of 10 mH measure with polynomial regression
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Fig. 2. Drift of 100 mH measure with polynomial regression

The mean value of 10 mH measure from 2009
to 2022 is 10.0034 mH, and of 100 mH measure it is
100.0067 mH. The difference between the maximum
and minimum values of 10 mH measure for the same
time period is 0.0058 mH, and of 100 mH measure
it is 0.048 mH. The difference between the last and
first values of 10 mH measure for the same time
period is 0.0033 mH, and of 100 mH measure it is
0.031 mH. The standard deviation of 100 mH measure
from 2009 to 2022 is 0.0016 mH, and of 100 mH
measure it is 0.015 mH. The measurement uncertainty

for the inductance measure of 10 mH was 0.21 mH/H,
and for the inductance measure of 100 mH capacitance
measurement standard it was 0.21 mH/H at a frequency
of 1 kHz.

The drift of inductance measures from 2013 to
2022 is stabilized, as can be seen from Fig. 1 and 2,
therefore it is appropriate to consider the long-term
drift of the measures during this period. The results
of the estimation of the long-term drift of measures
of 10 mH and 100 mH from 2013 to 2022 are shown
in Figs 3 and 4.
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Fig. 3. Drift of 10 mH measure from 2013 to 2023
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Fig. 4. Drift of 100 mH measure from 2013 to 2023

The average value of 10 mH measure from 2013
to 2022 is 10.0043 mH, and of 100 mH measure it is
100.0075 mH. The difference between the maximum
and minimum values of 10 mH measure for the
same time period is 0.0025 mH, and of 100 mH it is
0.018 mH. The difference between the last and first
values of 10 mH measure for the same time period is
—0.0017 mH, and of 100 mH measure it is 0.013 mH.
The standard deviation of 100 mH measure from 2009
to 2022 is 0.0007 mH, and of 100 mH measure it is
0.009 mH. Polynomial regressions of the 3 order are
used, which have drift line approximations with values
of R? equal to 0.85 and 0.95, respectively, that is, they
confirm their adequacy.

The results of the estimation of the long-term drift
of 10 mH and 100 mH measures at frequency 1 kHz
using the EWMA are shown in Fig. 5 and 6. In the
Figures, the green solid line shows the mean value of
the drift (CL), and the red dashed line shows both the
upper (UCL) and the lower (LCL) control limits. The
last point of the diagram in Fig. 5 for 10 mH measure
is within the calculated control limits. The last point
of the diagram in Fig. 6 for 100 mH measure is above
the calculated UCL, so this trend needs to be taken
into account when reporting calibration results using
this measure.

The results of the estimation of the long-term
drift of 10 mH and 100 mH measures at frequency
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Fig. 5. Drift for 10 mH measure with EWMA
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Fig. 6. Drift for 100 mH measure with EWMA

1 kHz using the EWMA schemes from 2013 to
2022 are shown in Fig. 7 and 8. The characteristics
of the obtained results have become better than
during the entire observation period. The similar
results are obtained when using polynomial regres-
sion.

Summary

The analysis of the main methods to estimate the
drift allows selecting methods for estimating the long-
term drift of measurement standards and measuring
instruments between their calibrations. To estimate

the drift of electrical measurement standards when
calibrating measuring instruments, the regression
analysis methods are most often used. The EWMA
scheme was also chosen to analyse the small long-
term drift of high-precision inductance measurement
standards.

Estimation of the drift of these measurement
standards was applied for high-precision calibration
using polynomial regression curves and EWMA
schemes. Polynomials of the 3™ order were enough to
approximate the drift of the inductance measurement
standards. The difference between the maximum and
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Fig. 7. Drift for 10 mH measure with EWMA from 2013 to 2022
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Fig. 8. Drift for 100 mH measure with EWMA from 2013 to 2022

minimum values of 10 mH measure from 2009 to 2022
is 0.0058 mH, and of 100 mH it is 0.048 mH. The
same difference of 10 mH measure from 2013 to 2022
is 0.0025 mH, and of 100 mH it is 0.018 mH. This
shows a 2.3-fold and 2.7-fold improvement in the drift
characteristics of the measures over the last time period,
respectively.

The EWMA reduces the lag inherent in traditional
moving averages, as it assigns more weight to recent obser-
vations. The application of the EWMA schemes of comparison
with regression analysis shows a greater sensitivity to the change
of the drift in the last years of observations. This allows the
laboratory to take this factor into account when calibrating
measuring instruments and measurement standards.

OuiHka JOBroTpMBaJIoOro apeidy eTrajoHiB iHIYKTMBHOCTI

O.M. Benuuko, T.b. NopaieHko

HepxxasHe nidnpuemcmeo “YKPMETPTECTCTAHOAPT”, syn. MemponoeiyHa, 4, 03143, Kuis, YkpaiHa
velychko@ukrcsm.kiev.ua; gordiyenko@ukrcsm.kiev.ua

AHoTauis

BuMiproBaHHS iHIYKTUBHOCTI € BaXJIMBUM y 06araTbOxX Trajay3siX, 0COOJMBO B €JIEKTPOHIlli, €JIeKTPOTEXHilli, pagioTexHilli
TOLIO. [HAYKTUBHICTb YaCTO € BaXXJIMBUM IapaMeTpoM Yy IIMPOKOMY JAiara3oHi 3acTOCyBaHb, TaKHUX SK pajiornepenaBadi,
CXeMM XKUBJICHHsI, MarHiTHO-pe30HAHCHI iMMyJbCHI JKepesa. TOYHICTh iHAYKTMBHOCTI BIJIMBA€E Ha SIKiCTh TPOMYKIIl,
0COOJIMBO B MPUCTPOSIX, JIe BUKOPUCTOBYIOThCSI KOTYIIKM iHAYKTUBHOCTI, Hanpukiaa GpiibTpu, TpaHchopmMaTopu, iHBEPTOpU
Tol0. BUCOKOTOUHI BUMipIOBaHHST iHAYKTUBHOCTI BUKOPUCTOBYIOTBCS /111 KOHTPOJIIO SIKOCTI MPOAYKIIii, 1100 MepeKoHaTucs,
110 BUPOOJIEHI MPUCTPOI BilMOBiAAIOTH BCTAHOBJAESHUM creuMdikalisM i cTaHaapTaM.

Ipeiid € HebaxkaHOIO BJIACTUBICTIO BCiX 3aC00iB BUMipIOBaHHS Ta €TAJOHIB MPOTSATOM IXHBOTO JKUTTEBOTO ITUKITY. AHANI3
IHCTpYMEHTaJIbHOTO Npeiidy eTaoHiB Mae BeJMKe 3HAUeHHs B MeTpoJiorii. Hanilinuit oonik npeiidy Bimirpae BaxkJuBy pojib
y MATPUMIII TOYHOCTI BUMipIOBaHb. 1Sl €JIEKTPUYHUX €TaJIOHIB JOBTOCTPOKOBUI Apelid € mependauyBaHuM. [IpoBeneHO
aHaJli3 BUIiB apeiidy Ta OCHOBHUX METOIIB MOr0o OLIHKM €TAJIOHIB MiX iX KajiOpyBaHHSIMU. HeBu3HaueHicTh npeildy MoxHa
OLIIHUTU Ha OCHOBIi iCTOpii MOCTIIOBHUX KaJliOpyBaHb, a 3a BIiJICYTHOCTI TaKoi iCTOpii MOXHa 3pOOUTH OLIHKY MOPSIAKY
BEJIMYMHU HEBU3HAYEHOCTI KaaiOpyBaHHS.

HaBeneHo pe3ynbTaTu OLIIHKM JOBIFOTPUBAJIOro Jpeiidy eTajoHiB iHAYKTMBHOCTI JJIsi BUCOKOTOUYHOIO KaliOpyBaHHS
3ac00iB BUMIpIOBaHHS Ta €TAJIOHIB JBOMAa METOIAMMU: JiarpaMaMu MOJIiHOMIiaJIbHOI perpecii Ta JiarpaMamMu eKCIOHEHUIHHOTO
3BaxkeHOro Kop3Horo cepenHboro (EWMA). I'padiku EWMA 3MeHIIyIoTh BifcTaBaHHSI, BJAaCTMBE TPAAMUiHHUM KOB3HUM
cepeqHiM, HagalouM OiIbIIOI BarM OCTaHHIM criocTepexeHHsiM. [lokazaHo, 110 BuKopuctaHHs aiarpam EWMA mopiBHSIHO
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3 perpeciiHuM aHaji3oM JeMOHCTPY€E OUIbIIY YYTJMBICTb 10 3MiH Jpelidy B OCTaHHI pOKM criocTepexeHb. Lle mo3Bosisie
JlabopaTopii BpaxoByBaTU Liei (hakToOp Mpu KajiOpyBaHHI 3acO0iB BUMIpIOBaHHSI Ta €TaJIOHIB.

KirouoBi cioBa: noBrorpuBanuii apeiid; erajioH iHIYKTUBHOCTI; HEBU3HAUYEHICTh BUMIpIOBaHHS; MOJIiHOMiajlbHA
perpecisi; eKCIOHeHIiiiHe 3BajkeHe KOB3HE CEPEIHE.
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