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Abstract

The optimal solution to the problem of metrological assurance in the field of production and operation of the precision
measuring instruments of alternating current in Ukraine is to create a high-precision measurement standard. The theoretical
principles of creating such measurement standards were outlined. A method of comparing alternating current with equivalent
direct current using the precision thermal converter and shunts was selected to construct the measurement standard. Since
the reproduction of alternating current unit must be realized by comparison with equivalent direct current, the main sources
of measurement uncertainty of this unit is a combination of measurement uncertainty of both a thermoelectric converter and
a precision shunt. As the main result of this work, a mathematical model was obtained for the AC reproduction process,
taking into account the contribution of precision meters of both the output voltage of the resistance measure and the output

signal of the thermal converter.
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1. Introduction

Precision electrical instruments, including digital
ammeters, electricity meters (meters having measuring
circuits, both alternating current (AC) and voltage), are
widely used in the power industry and must have pro-
ven accuracy. A significant amount of electricity pro-
duced in Ukraine is annually exported for the billions
of Ukrainian hryvnia. Loss of accuracy of electricity
meters can result in an annual multimillion-hryvnia
loss for the national economy. The reference instru-
ments are used to verify metrological characteristics.
Insufficient level of precision of metrological assu-
rance hinders the development of national production
of measuring equipment and testing equipment for AC,
and also makes it impossible to recognize these pro-
ducts at the world level. The most accurate means of
metrological assurance of measuring instruments are
the state primary measurement standards. In [1] the
problem of the lack of a legally approved measurement
standard of alternating current unit was pointed out
and the direction of its solution was suggested.

All of the world’s existing measurement standards
of AC unit use the following measurement methods:
AC/DC comparison method with a precision ther-
moelectric converter and shunts, method of reprodu-
cing an alternating current unit using multifunctional
calibrators or precision meters with well-defined and
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studied metrological characteristics as well as the me-
thod of determining the magnitude of the current cal-
culating by Ohm’s law for too small currents [2]. Given
the level of national scientific, technical and economic
development, it is advisable to use as a guideline the
experience of operating the national measurement stan-
dards of countries with similar indicators of the over-
all development of the country, such as Poland, the
Russian Federation, Turkey or Hungary. In all of the
countries listed above, the method of constructing the
high-precision measurement standards is based on the
method of thermoelectric AC/DC comparison using
thermal converters and shunts [3, 4].

The purpose of the paper is to highlight the results
in creating the high-precision measurement standard of
AC unit, in particular: to outline the theoretical basis
for the operation of the measurement standard, to de-
rive a mathematical model for AC unit reproduction.

2. Theoretical basis for creating a high-precision mea-
surement standard of alternating current unit

Unlike direct current (DC), the amplitude of the
alternating signals, that is, the power or voltage of the
AC, periodically changes the polarity, and their instan-
taneous value is not a constant in the interval between
the change in polarity. Each instantaneous AC value
has a specific amplitude and polarity. DC and AC
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are equivalent in the sense of producing an identical
average power dissipated on pure active resistance.
Average power is dissipated as a heat which is mea-
sured in turn by a sensor that has a direct dependence
of the output value on temperature, and this output
provides a direct voltage signal proportional to the in-
put temperature. The devices of such a kind are called
thermoelectric converters.

As the main elements of the created measurement
standard should be a precision thermal converter and
a precision shunt, it is necessary to consider the pecu-
liarities of their design and application. The transition
from AC to DC based on the use of thermoelectric
converters to measure the average power produced by
AC on an active resistance for comparison with the
value produced by an equivalent DC on the same resis-
tance [5]. The comparison of AC and DC is most often
done using a thermoelectric converter which measures
the AC and DC voltage drop along the current shunt.

The sensing element of a thermal converter is a
thermal element, that is, a short heating conductor with
an electrically isolated thermocouple [6]. Furthermore,
both elements are placed in a glass evacuated shell.
Alternately, DC and AC input signals are applied to
the input of the thermal converter, causing the current
of a corresponding kind to flow through the heating
element, resulting in a temperature rise that is reflected
in the thermocouple output signal.

The maximum value of the current measured by
the current thermal converter is determined by the
cross-section of the heater which is directly connected
to the circuit where the measured current flows. The
range of the currents that can be measured by the ther-
mal converter is from milliamperes to tens of amperes.

The maximum frequency of the measured cur-
rent depends on the cross-section of the heater and
its length and at the minimum size reaches hundreds of
megahertz. The main advantage of the thermoelectric
converters based on thermocouples is the independence
of such device readout from the shape of the input
signal curve, as a consequence, the high accuracy of
comparing DC and AC values. The disadvantages in-
clude the nonlinear dependence of the output signal
and the inadmissibility of overloading the input circuit
of the thermal converter. Unlike the previous type of
thermal converters, root-mean-square (RMS) sensors
have almost linear dependence of the output signal on
the input signal.

A precision thermal comparator, which is part of
the created measurement standard, namely Fluke 792A,
contains an RMS sensor in its design. The current
through the input circuit of such a thermal compara-
tor should not exceed 6 mA [7]. To extend the range
of measured current to the required specifications, a
set of precision A40 shunts is used, and the output
voltage of A40 shunt must be supplied to the input of
the Fluke 792A thermal comparator.

An elemental shunt is a low-ohm resistor and it
performs the function of converting the electric cur-
rent into the voltage [8]. The main disadvantage of
the shunt is the lack of galvanic isolation between the
circuit in which the measured current flows and the
chain of information processing. The shunts are made
of materials with high resistivity and low-temperature
coefficient (constantan, manganin, nickel, etc.) so that
the increase of the shunt temperature during the cur-
rent flow in it does not cause changes in the output
thermo-EMF of the thermocouple. Uncertainty of the
measuring shunt depends on the parameters of sur-
rounding air (most of all a temperature), a presence of
a reactive component of resistance, a stray capacitance.
The coaxial A40 shunts, manufactured by Fluke, are
specially designed to reduce shunt inductance to low
values [8].

The created measurement standard includes the
elements needed to determine the equivalent value of
DC, namely, the measure of electrical resistance to
the DC and the precision meter of its output voltage.
Their influence on the result of the reproduction of the
AC unit goes to negligible values compared with the
influence of the main elements discussed above, that
is, precision shunts and a thermal comparator whose
total contribution is an order of magnitude higher.

The measurement cycle typically lasts from three
to six minutes and consists of several steps of applying
AC and DC in turns [9]. This minimizes the influence
of thermoelectric effects in the middle of thermal con-
verters and drifts during measurement. It is necessary
to control the value of the output signal of the refe-
rence thermal comparator Fluke 792A from the com-
plement of the created measurement standard, which
has a negligible drift value compared with a thermal
converter that obtains the transmitted size of AC unit.
If the unit size is transmitted to a precision meter or
current source, this will eliminate the five-minute drift
of these measuring instruments.

3. Derivation of mathematical model for alternating cur-
rent unit reproduction

The AC unit can be disseminated in several ways
through measuring instruments (precision AC sources,
precision AC meters, precision thermoelectric conver-
ters) calibrated using the national measurement stan-
dard of AC/DC current transfer. The smallest mea-
surement uncertainty can be achieved with the use of
thermal converters. However, the absolute value of the
AC unit is not disseminated from the national mea-
surement standard of AC/DC current transfer, but the
relative difference between the values of AC and DC
is determined. The AC/DC current transfer difference
has an expression:

grcoe = Lue |

DC —
EAC - EDC

, o))
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where [, is an average value of AC through an input
circuit of a thermal converter;
I, is an average value of DC through an input circuit
of a thermal converter.

To reproduce the alternating current unit, the cir-
cuit shown in Fig. must be implemented.

During the flow of AC [, through a precision
shunt with an electrical resistance to AC Z, (an im-
pedance), a voltage drop U, occurs on this resistance.
The alternating current is determined by the expres-
sion:

st/ Zsn - )

IAC =

»

]

2o [

e PVI

PV2

Measuring circuit for alternating current unit reproduction Z , is a precision shunt; TC is a reference thermal

comparator; PV1, PV2 are the precision direct voltage meters; R, is a standard resistance

Since Uj,,, is the input signal for the Fluke 792A
thermal comparator, bearing in mind the linear
dependence of the output signal, one can obtain

expression:
Iye =K 'U1/ZSH> (3)

where K, . is a characteristic conversion coefficient
of the Fluke 792A thermal comparator for AC input
voltage; U, is an output DC voltage of the Fluke 792A
thermal comparator when AC flows in the current
circuit.

The output signal of the Fluke 792A thermal
comparator is DC voltage, and it should be measured
by a precision DC meter (PV1). The correction of the
measurement of the Fluke 792A output signals in the
case of AC and DC flows can be considered the same
since the voltage will not be significantly different.

Depending on the frequency of the input signal,
the characteristic coefficient K, . has a slight difference
due to the design feature of the Fluke 792A thermal
comparator (there are semiconductors, active and
reactive elements that affect the precision of conversion
to some extent).

Taking into account the AC/DC transfer difference
of the Fluke 792A thermal comparator, expression (3)
can be represented as follows:

]Ac:KDc’(1+8Tc)'U1/ZSH> 4)

where K. is a characteristic conversion coefficient
of the Fluke 792A thermal comparator for DC input
voltage; O, is the AC/DC transfer difference of the
Fluke 792A thermal comparator.

In the case of a DC flow /. in the scheme of
Fig. through a precision shunt with active electrical
resistance R, a voltage drop U, occurs on this
resistance. The direct current is determined by the

expression:

Ine =Ugyy [Ry - ®)
Since U.

i, 18 the input signal for the Fluke 792A
thermal comparator, bearing in mind the linear
dependence of the output signal, one can obtain from
the expression (5):

I :KDC'Uz/RSH» ©)

U, is an output DC voltage of the Fluke 792A thermal
comparator when DC flows in the current circuit.
The internationally agreed definition of an error
of a transfer from AC to DC, i.e., AC/DC transfer
difference, is the relative difference between AC and
DC, provided that the output thermo-EMFs are equal

14 Ukrainian Metrological Journal, 2020, No 2, 12-17



V. Isaiev, O. Velychko

in both cases. Taking into account expression (1) for
determining the current AC/DC transfer difference,
the Fluke 792A output signal by expression (6) (taking
into account the AC/DC transfer difference of A40
shunt) can be represented as follows:

Inc =Kpe Uy [Zgy - (14+8g). O

When DC flows through both a precision shunt
and a standard resistance measure in series, the signal
in proportion to the current is transmitted to the PVI
and PV2 meter input.

The process of reproducing an alternating current
unit can be described by a system of equations:

(U+ +U_ )/RM = (Udc+ +Uqy )/KDC Ry s

]AC = Uac/KAC 'ZSH .

U, /Ry =Us, [Kpc Ry

U /Ry =Us [Kpc Ry ®)

Iy = Uac/KAC Ly
where U, and U are the average values of PV2 precision
meter readout depending on the direction of DC flow;
R,, is the true value of the resistance of the standard
measure;
U,., U, and U _ are average values of PVI precision
meter readout depending on DC flow direction and
AC frequency.

If we add the first two components of the system

(8) and divide by two, we get:

®)

Continuing the transformation of the system (9), given the unequal coefficient K:

Kpe =Ry (

dc+

+U- )/RSH '(U+ + U—)3

(10)

Toe =U, - (14+850) - (14 8g) /Ky Ry -

Substituting K. to determine the current in the lower member of a system (10), we obtain:

[AC = (1+5TC)'(1+65H)‘Uac '(U+ +U—)/RM '(Udc+ +Udc—)'

From the obtained expression (11), it can be seen
that the value of AC is calculated by Ohm’s law based
on the values of electrical resistance of the measure
and the readout of the meter PV2.

The AC/DC transfer difference of both the
reference thermal comparator Fluke 792A and the
shunt A40 should also be taken into account when
reproducing the AC unit. These AC/DC transfer
difference values depend on the ratio between the
characteristic coefficients of the Fluke 792A thermal
comparator and the ratio between the active and
reactive components of the A40 shunt resistance (i.e.,
the frequency dependence of the output signals).
The values of the voltage readout of PVI indirectly
influence on the value of current obtained since they
should be the same in equation (1).

4. Conclusion

The main elements of a high-precision mea-
surement standard of alternating current unit are a
precision thermal converter, a precision shunt, precision
DC voltage meters, a standard measure of electrical
resistance. The determination of the magnitude of both
the electrical resistance and the electric DC voltage is
ensured with great accuracy to date.

Since this cannot be said about alternating current,
the main source of the measurement uncertainty
in the reproduction of this physical quantity is the

an

AC/DC transfer differences of both precision thermal
converter and precision shunt. The AC/DC transfer
difference of a precision thermal converter depends
on the relationship between the DC voltage conversion
coefficient and the AC voltage conversion coefficient
depending on a frequency.

The AC/DC transfer difference of a precision
shunt depends on the relationship between the active
resistance and the impedance depending on a frequency
of current in a circuit.

A mathematical model for alternating current
reproduction has been derived based on the
analysis which allowed to identify the main influen-
cing factors that could distort the measurement
results that are:

the values of AC/DC transfer difference of both
precision thermal converter and precision shunt;

the resistance value of the standard resistance
measure;

the value of the measured voltage at the output
terminals of resistance measure;

the offset between these values of voltage due to
the flow of direct current in different directions;

the difference between the output signals of
thermal comparator due to the flow of the current of
different polarity;

the difference between the output signals of
thermal comparator depending on the frequency.
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MaremMaTHyHa MOJejIb BUCOKOTOYHOIO BiITBOPEHHS
CHJIM 3MIHHOIO CTPyMY

B.B. IcaeB, O.M. Benunyko
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AHoTauis

PoGoty npucBsiueHO BUKOHAHHIO OJJHOTO 3 €TalliB PO3BUTKY HalliOHAJAbHOI METPOJIOTIYHOI CIY>KOM — BUPILIEHHIO MPO-
0JieMu METpOJIOriyHOro 3abe3rneyeHHs] BUPOOHUIITBA Ta €KCIUlyaTallil Mpelu3iiiHuX BUMIipIOBayiB, JKepea CUJIM 3MiHHOTO
CTPYMY 1 TEPMOEJIIEKTPUYHMX MEPETBOPIOBAYIB CUJIM CTPYMY B Tajy3sx HalliOHaJAbHOI eKOHOMiKM. B YKpaiHi eKkcriyaTyloThest
0u3bko 250 oguMHMIL Mpeuu3iiHuX 3ac00iB BUMIpIOBAJIbHOI TeXHIKM — €TaJOHIB, SIKi Ha 1€l yac He MaloThb HaJeXXHOTO
METPOJIOTIYHOTO 3a0e3IeYeHHsI, IX METPOJIOTIYHI XapaKTePUCTUKM He MiaTBepIKeHi. ONTUMAaJIbHUM pillIeHHSIM 3a3HauyeHOl
MnpooJieMU B Taly3i BUPOOHUIITBA Ta €KCIUlyaTallil Mpeuru3iiHUX BUMipIOBAJIbHUX MPWIAAiB 3MiHHOTO CTPyMY € CTBOPEHHS
BHCOKOTOYHOTO €TAJIOHY.

Y po0oTi 3a3HAaUEHO OCHOBHI METOIM METPOJIOTIYHOTO 3a0e3MeUeHHs MPEeLU3iiiHUX BUMIPIOBAaHb CWJIM 3MiHHOTO CTPyMY,
110 BUKOPMCTAHi MpU MOOYHOBI HALIiOHAJBHUX €TaJOHIB KpaiH CBIiTy. 3AiliCHEHO aHai3 TpeLu3iiHuX 3ac00iB, Mpu3Haye-
HUX U BUMIPIOBaHHS I KOMIIapyBaHHSI CUJIM Ta HAMPYTW 3MiHHOTO CTPYMY, OKPECIeHO TEOPETHYHi 3acaayl CTBOPEHHS
BUCOKOTOYHOIO €TaJIOHY OJMHUIL CUJM 3MIHHOTrO cTpyMy. Jljisi TOOYyI0OBY €TajioHy OyJI0 0OpaHO METOJ IMOPIBHSIHHSI CUJIU
3MiHHOTO CTPYMY 3 €KBiBaJEHTHOIO CHUJIOIO TIOCTIHHOTO CTPYMY i3 BUKOPHMCTAHHSIM TPEIU3iifHOTO TepMOIiepeTBOpioBaya Ta
IIYyHTIB. OCKUJIBKM BiATBOpEHHsI Ta 30epiraHHsI OOMHMII CUJIM 3MIiHHOTIO CTpyMy MOBMHHO peaji3yBaTHUCSl 3a JIOMOMOIOIO0
MOPiIBHSIHHS 3 €KBIBAJIEHTHOIO CUJIOIO TIOCTIHHOIO CTPYMY, OCHOBHUM JXKE€pPeJIOM HEBU3HAYEHOCTI BUMIPIOBaHb 1Ii€T OMUHUILLI
€ KoMOiHallisl HeBU3HAYeHOCTe BUMipioBaHb TepMoesekTpuuHoro Kommaparopa Fluke 792A Tta nmpeuusiiiHux myHTiB A40.

st MozmeoBaHHS MPOIECY BiATBOPEHHSI CWJIM 3MiHHOTO CTPyMy 3aCTOCOBAHO MiKHAPOAHO Y3TOMKEHE BU3HAYEHHS
MOXUOKM KOMMApyBaHHS MOCTIHHOIO Ta 3MiHHOTO CTPYMiB, MIPOAHAIi30BAHO BUMIpIOBAJIbHY CXEMY, MOCIiIOBHICTh omneparliit
i CymyTHi eNeKTpUuHi sBUIIA. Y pe3yabTaTi OyJlo OTpUMAaHO MaTeMaTUYHY MOAEb MPOLECY BiITBOPEHHS CUJIM 3MiHHOTO
CTPYMY 3 ypaxyBaHHSIM BHECKY Mpelu3iiHUX BUMIpIOBayiB BUXiAHOI HANpPYrd Mipu OIMOPY i BUXiTHOTO CUTHAJy TEPMO-
repeTBopioBayva.

KunrouoBi ciioBa: eTasioH; oauHUIL cuiau 3MiHHOTO cTpyMy; AC/DC nepeTBopeHHSs; TepMOIepeTBOPIOBayY; Mpelu3iiHuit
LIYHT; HEBU3HAYEHICTh BUMIipPIOBAHHSI.

MartemaTuueckass MoJejb BbICOKOTOYHOTO
BOCIIPOM3BEIEHUS CHJIbI NEPEMEHHOr0 TOKAa

B.B. Ncaes, O.H. Benuuko

[Tl “YkpmempmecmcmaHdapm”, yn. Memponoeauyeckasi, 4, 03143, Kues, YkpauHa
black2001w@gmail.com; velychko@ukrcsm.kiev.ua

AHHOTAIMSA

OnTuMaJIbHBIM pELIEHUEM IIPOOJIEMbl METPOJIOIMYECKOrO O0ecleyeHrss B O0JIACTH IPOM3BOACTBA M OKCILIyaTallu
TOYHBIX U3MEPUTEBHBIX TTPUOOPOB MEPEMEHHOTO TOKa B YKpauHe SIBJISIETCS CO3IaHNe BHICOKOTOYHOTO 3TajioHa. M310KeHbl
TEOPETUYECKUE OCHOBBI CO3MAHMS TAKMX DTAJIOHOB. JIJIs1 MOCTpOEHMsT 3TajoHa ObLI BLIOPaH METON CPaBHEHMs CHJIBI IIepe-
MEHHOTO TOKa C 9KBUBAJIEHTHOIM CHJIOI MOCTOSTHHOTO TOKa C MCIOJb30BaHUEM TPELM3NOHHOTO TepMoIIpeodpa3oBartess U
yHTOB. ITOCKOJNIBKY BOCIPOM3BENEHUE €IMHUIIBI CHJIBI IIEPEMEHHOIO TOKA MOJIKHO OBITh OCYILECTBIECHO IIyTeM CpaBHE-
HUSI C DKBUBAJCHTHOM CHJIOM MOCTOSTHHOTO TOKA, OCHOBHBIM MCTOYHWKOM HEOIPEACICHHOCTH U3MEPEHUS 3TON eIMHMIIBI
SIBJISICTCSI KOMOMHAIIMsSI HEOIPEIeIEHHOCTU U3MePEHHUsI TEPMOJIEKTPHUECKOro Ipeodpa3oBaTesisi U MPELU3MOHHOTO LIYHTA.
B pesynbrare 3TOi paGoOTHI OBLIA MOJyYeHA MaTeMaTHUecKass MOJICb Mpollecca BOCIIPOU3BEICHMST CUJIbI TIEPEMEHHOTO TOKa
C YYeTOM BKJala MPEeUM3UMOHHBIX M3MEpUTENell BBIXOAHOIO HAIpPsSKEHUsI MEpPbl COMPOTMBIEHUSI M BBIXOAHOTO CUTHasa
TEepPMOIIpeoOpa3oBaTeisl.
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KmoueBble cioBa: 5TajoH; eauMHUIIAa cuJibl TiepeMeHHOro toka; AC/DC mpeobOpa3oBaHue; TepMoIrpeoOpa3oBaTelib;
MPELM3UOHHBIN IIYHT; HEOMPEIeJIeHHOCTh U3MEPEHMUS.
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