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Abstract

The paper outlines the features of metrological support for electrical voltage measurements in the range from 0.1 V to
520 kV. The SE “UKRMETRTESTSTANDARD” maintains three national measurement standards for alternating voltage and
one for direct voltage. The electric voltage scale in the specified range shows five segments of implemented high-precision
measurement standards depending on the type of voltage (alternating or direct) and the effective voltage value (up to 1000 V
or above). Some aspects of transferring the unit of voltage using five high-precision measurement standards are considered.
The paramount importance of metrological traceability and international comparisons of measurement results for the in-
ternational recognition and national development is emphasized. In particular, some information about the comparisons of
national measurement standards of electrical voltage units carried out over the past twenty years is provided. An algorithm
for establishing the metrological traceability to the internationally agreed Josephson’s constant within the specified range is
proposed. The algorithm outlines a route for tracing measurement results using various types of electrical voltage measuring
instruments, depending on the voltage level. It is schematically shown that most of these measurement results can be traced
to the Josephson’s constant. However, for high AC voltages — above 230 kV — the national measurement standard links
the measurement results to the reference capacitors included in the reference measuring system. Nevertheless, the relations
between the five applied high-precision measurement standards, schematically presented in the algorithmic flowchart, show
the main steps for establishing metrological traceability depending on the type and level of electrical voltage. The paper
discusses problematic aspects of metrological support in the specified range of electric voltage measurements. In particular,
there is no national measurement standard of the DC voltage unit in the range from 3 to 1000 V.
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Introduction only when MIs with calibration certificates are used

There is an urgent need to use measuring instru-
ments (MIs) for both direct and alternating voltages in
a wide range — from millivolts to hundreds of kilovolts.
This requires special approaches in the design of such
devices. When measuring low voltages (microvolts, mil-
livolts), the electrical noise and interference are the
major problem. When measuring high voltages, it is
necessary to use special voltage dividers (resistive or
capacitive), which reduce the voltage to a level safe
for the applied MIs. There are other peculiarities in
measuring both direct and alternating voltages. Given
such significant peculiarities, the metrological support
of voltage measurement in a wide range is of utmost
importance [1-3].

The recognition of measurement results of a cali-
bration laboratory at the international level is possible
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[4]. The certificates provide information on measu-
rement uncertainty (UM) [5] and allow establishing
metrological traceability (MT) to the International Sys-
tem of Units (SI). The best level of UM of the final
measurement result within the country is determined
by metrological characteristics of national measurement
standards (NMSs). NMSs shall have published cali-
bration and measurement capabilities (CMCs) in the
Key Comparison Database (KCDB) of the Interna-
tional Bureau of Weights and Measures (BIPM) [6—S8].

One of the key functions of the NMSs is ensuring
the proper level of competitiveness of national manu-
facturers in the global market system. To this end, the
UM associated with the application of NMSs shall
have values similar to the standards of other countries.
NMSs represent the country at the international level
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during international comparisons confirming MT to
the SI system [9, 10]. The results of international com-
parisons are published in the KCDB of the BIPM [6].

Statement of the problem and overview of publications

More than 50 countries operate NMSs of alterna-
ting voltage up to 1000 V and have received the inter-
national recognition of those [6]. One of the leading
National Metrology Institutes (NMIs) in this area is
the German Federal Institute of Physics and Tech-
nology (Physikalisch-Technische Bundesanstalt, PTB).
PTB performed a study of the key element for the
transfer from alternating current (AC) to direct cur-
rent (DC) — multi-junction thermoelectric converters
of the planar type. The study showed, notably, a high
degree of long-term stability at the level of 0.2 uV/V at
a frequency of 1 kHz [11]. The lowest level of the
UM in alternating voltage segment is currently achieved
using such thermal converters, given a wide acceptance
of these MIs among NMIs [12]. It should be noted
that DC voltage reproduced by the primary Josephson
standard is the most accurate one, and it is linked
to the internationally agreed Josephson’s constant
(Kj—go = 483 597.9 GHz/V) [13].

NMIs have to maintain NMSs at appropriate
levels and to establish new scientifically capacious
metrological support systems, as well as methodolo-
gical research support for these measuring complexes.
The purpose of the study is to ensure the integrity of
the electric voltage measurement system, as well as to
develop an algorithm for establishing the MT to the
Josephson constant K .
Ensemble of National Measurement Standards
of electrical voltage units

At the State Enterprise (SE) “UKRMETRTEST-
STANDARD?”, four NMSs of electrical voltage were put
into operation between 1998 and 2019. Establishing an
adequate degree of equivalence of these NMSs in the
whole range of electrical voltage with analogues from
leading countries of the world indicates a large amount
of research work performed [14—17]. The NMS of the
AC voltage unit up to 230 kV successfully passed the
procedure for establishing the degree of equivalence
with the reference system of the PTB Institute [16].
The results of the comparison showed an adequate level
of UM of this NMS and confirmed the MT of the
measurement results to the SI system. Concerning the
NMS of high DC voltage up to 180 kV, it was also ve-
rified [17], confirming the traceability to the SI system.

According to the national regulations, each NMS
in Ukraine shall be periodically studied and improved.
Therefore, the research and custodian institution de-
veloped the programs and regularly implements them.
Recently, a NMS for metrological support of AC vol-
tage measurements in the range from 230 to 520 kV
has been established. It has too large dimensions and
a lot of components, which makes the task of veri-

fying the reproducible quantity through comparisons
extremely difficult, yet there is still scope to observe its
characteristics [18]. Moreover, over the past 20 years,
the long-term instability of the Ukrainian NMS of AC
voltage up to 1000 V has been observed. The con-
tribution of this factor as a standard uncertainty at
a frequency of 1 kHz was evaluated at the level of
0.4 uV/V [19]. Similar studies have been carried out
for the DC voltage standard [20] and other standards,
and there will be more in the future for all the NMSs
at the SE “UKRMETRTESTSTANDARD?” to verify
the UM and ensure the MT.

In Ukraine, 20 NMSs operate in the field of elec-
tromagnetic measurements, and 6 of them ensure the
accuracy and MT of electric voltage measurements.
These NMSs of electric voltage units differ in the kind
of voltage: two of them are standards of direct vol-
tage, and four are standards of alternating voltage. The
difference in the voltage level is also to be considered:
three standards are of low voltage up to 1000 V, and
the other three are those of high voltage above 1000 V.
The last significant aspect of differentiation is the im-
plementation of different frequency ranges in voltage
reproduction: two of them are low-voltage NMSs and
provide reproduction of alternating voltage with a fre-
quency from 10 Hz to 1 GHz, and two others are
high-voltage NMSs for voltages of industrial frequency
only. All of the above NMSs are maintained by quali-
fied personnel with sufficient experience to operate and
verify the reliability of the created measuring systems.

The SE “UKRMETRTESTSTANDARD” main-
tains four NMSs of electric voltage, three of which
cover a wide range from 0.1 V to 520 kV of alternating
voltage, and one NMS reproduces direct voltage in the
range from 1 to 180 kV. These NMSs are of particu-
lar importance for supporting the energy sector of the
Ukrainian economy, which is currently experiencing
difficult times of transition from excessive centraliza-
tion of the electricity supply system to the creation
of more autonomous and independent grids with dis-
tributed electricity sources [21]. The unification within
one scientific metrological centre into one system of
high-precision standards for reproducing the units of
electrical voltage in different ranges opens up additio-
nal opportunities for establishing the MT.

The SE “UKRMETRTESTSTANDARD?” has in-
tegrated several high-precision standards of electrical
voltage units in one institution [16] and provides MT
for measuring laboratories of Ukraine. Fig. 1 shows
the electric voltage scale in the range covered by the
NMSs established and operated at this organization.
The figure has a few elements, which are the blue-
crossed circle. They symbolize MIs for comparing two
quantities simultaneously or in turns, which often are
called comparators. Since such a device also requires
calibration in most cases, this creates additional MT
chains [22]. However, they are not discussed in the
present paper.
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Fig. 1 shows that AC voltage meters up to 1000 V,
such as multi-digit multimeters, require calibration
using a DC voltage standard and an AC/DC trans-
fer standard (thermal voltage converter). Alternatively,
such multimeters can be calibrated using calibrators,
but in this case, the calibrators themselves require the
determination of their characteristics relative to the just
mentioned two standards.

The SE “UKRMETRTESTSTANDARD” has
a secondary measurement standard of DC voltage unit
for voltage up to 1000 V that is calibrated together with
the primary Josephson standard at an external labora-
tory. In this way, a MI that enters the laboratory can
be traced to the Josephson standard using a calibration
certificate of the secondary standard. Measurements
of high DC voltage are performed by reducing it with
voltage dividers. The voltage magnitude shall be ob-
served through the readout of the meter of the divider
output signal, which together make up a high DC vol-
tage meter. They establish the MT through the calibra-
tion using the DC voltage standard of up to 180 kV.

Voltage transformers, which perform a downward
scaling function, have been recently widely used for
high AC voltage measurements. The low voltage of the
secondary winding of the transformer is measured, for
example, by a voltmeter, which are in concert a version
of implementation of a high AC voltage meter. Such
a combined instrument establishes the MT through

the calibration of a voltage transformer linked to the
NMS of the high AC voltage that has a few elements
which are also calibrated using the NMS of AC voltage
up to 1000 V.

As for measuring the AC voltage above 230 kV,
capacitive voltage transformers are usually used, which
are essentially a combination of a high-voltage capa-
citor and a reduced-voltage transformer unit. Indeed,
voltmeters are also connected to the secondary win-
dings of such transformers to observe the voltage va-
lue accounting for a transformation ratio. However, it
should be noted that the NMS for AC voltage above
230 kV is the standard for large-scale voltage reduc-
tion, which is probably due to the lower prevalence of
high-voltage meters up to 520 kV.

Algorithm of establishing metrological traceability
to the Josephson’s constant

Any measuring laboratory uses multimeters, volt-
meters, kilovoltmeters, voltage transformers, voltage
dividers, etc. to measure electrical voltage. Depen-
ding on the type of voltage and its nominal value, MIs
shall be calibrated using a corresponding high-preci-
sion measurement standard to establish the MT to the
Josephson’s constant.

The SE “UKRMETRTESTSTANDARD” has es-
tablished and maintains four NMSs of electrical voltage
units of various types and ranges:
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Fig. 1. Electric voltage scale for the MT established at the SE “UKRMETRTESTSTANDARD”
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* National Measurement Standard of alternating
voltage from 0.1 to 1000 V in the frequency range from
10 Hz to 1 MHz (DETU 08-07-02);

* National Measurement Standard of direct vol-
tage from 1 to 180 kV (DETU 08-04-99);

+ National Measurement Standard of alternating
voltage and scale transformation coefficient from 1 to
230 kV (DETU 08-05-99);

» National Measurement Standard of scale trans-
formation coefficient up to 520 kV (NDETU EM-01).

The SE “UKRMETRTESTSTANDARD” also
maintains a secondary measurement standard of a di-
rect voltage up to 1000 V (DCV WS). All of these
high-precision standards within the same institution
are connected within the system of establishing MT
to the SI system, in particular, to the internationally
agreed Josephson’s constant. The best UM in calibra-
ting MIs using the ensemble of the standards would
be: with DETU 08-07-02 — 0.002%; with DETU 08-
04-99 — 0.05%; with DETU 08-05-99 — 0.05%; with
NDETU EM-01 — 0.05%; with DCV WS — 0.001%.

The algorithm for establishing MT to the Joseph-
son’s constant K/—% is presented in Fig. 2.

The MIs mainly have a measurand indication de-
vice, which is the initial data source for obtaining the
measurement result. Fig. 2 shows that firstly, such a
result shall be characterized against the actual voltage
value: up to 1000 V or above 1000 V. The next step is
to characterize the type of voltage: alternating (ACV) or

direct (DCV). After specifying these two basic features
at a voltage up to 1000 V, the chain of MT traces to the
standards of the lowest uncertainty (to DETU 08-07-02
if the voltage is ACV, or to DCV WS if the voltage
is DCV). Otherwise, the measurement result is traced
to the high-voltage NMSs (to DETU 08-04-99 if the
voltage is DCV; to DETU 08-05-99 if the voltage is
ACV up to 230 kV; and to NDETU EM-01 if AC
voltage is in the range from 230 to 520 kV).

The next step in tracing to the Josephson con-
stant is to match the voltage (V) levels as the primary
Josephson standards reproduce a direct voltage under
3 Vor 10 V. An intermediate stage of tracing from
the DETU 08-04-99 standard to the DCV WS is the
calibration of a few components of the first one using
the more accurate low-voltage standard. In turn, the
DCV WS undergoes the matching calibration linked
to the DC voltage standard by a special voltage divi-
der [23]. The final step is to calibrate the DC voltage
standard against the Josephson standard [24].

Returning to the DETU 08-05-99 and NDE-
TU EM-01 standards, the difference in quantities that
the two standards keep should be noted. The first NMS
is a standard of a high AC voltage unit, and the se-
cond one is a standard of both the scale transformation
coefficient and the phase displacement. As a result,
the DETU 08-05-99 has MT to the DETU 08-07-02
through the calibration of precision voltmeters as part
of the standard. In contrast, the NDETU EM-01 is

/ Measurement Result /

DETU 08-04-99 yes X
DETU 08-07-02
3
NDETUEM-01 Matching V L
¥ A A
Matching V L DETU 08-05-99 ACV+>DCV
Matching C L
3
Matching V Matching V
/o7 |
KJ-90

Fig. 2. Algorithm for establishing the MT to the Josephson’s constant K,.go
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fundamentally designed in such a way that it requires
the use of reference capacitor C,. Moreover, the ratio
between the primary and secondary voltages of vol-
tage transformers is determined by the reference ratio
of currents flowing in the reference measuring system.
Due to this circumstance, the results of the voltage
measurement during calibration against NDETU EM-
01 are traced to the reference capacitance, or, more
precisely, to the ratio of two ones with matching the
voltage levels.

Over the past twenty years, the SE “UKRMETR-
TESTSTANDARD?” has participated in numerous
international comparisons. Regarding the NMSs of
electrical voltage units, the international comparisons
were: the DETU 08-04-99 — in 1998 [16] and bila-
teral comparisons in 2008; the DETU 08-05-99 — in
1998 [16] and 2020 (GULFMET.EM-S6, where three
countries participated) [25]; the DETU 08-07-02 two
times participated in comparisons in 2005, in a bilateral
comparison (COOMET.EM-S1), and in multilateral
comparison in 2013 (COOMET.EM-K6a where five
countries participated) [15]. The SE “UKRMETR-
TESTSTANDARD?” was a pilot laboratory in COOM-
ET.EM-K6a and GULFMET.EM-S6 comparisons.

It should be added that the State Primary Mea-
surement Standard of the Unit of AC Voltage in the
Frequency Range from 30 to 1000 MHz (DETU 09-
05-04) and the State Primary Measurement Standard
of the Unit of Electromotive Force and DC Voltage
(DETU 08-03-07) also participate in the establishment
of MP in Ukraine. In particular, the DETU 09-05-04
standard has CMCs in the KCDB database and
thus the linkage of the reproduced unit of AC vol-
tage in the range from 0.1 to 3 V at frequencies from
30 MHz to 1 GHz to the SI system is confirmed.

The DETU 08-03-07 standard shall periodically par-
ticipate in international comparisons to confirm the
linkage of the reproduced unit of DC voltage to the
ST system.

To date, Ukraine does not maintain internatio-
nally recognized measurement standards of the unit of
electrical DC voltage in the range from 3 to 1000 V.
This means that there is no MT for measurement re-
sults in this DC voltage range, and there is a need to
establish a corresponding high-precision measurement
standard. Similarly, there is no NMS of alternating
voltage unit in the frequency range from 1 to 30 MHz,
and, accordingly, the MT of measurement results is
not established.

Conclusions

The introduced ensemble of high-precision mea-
surement standards for the reproduction, preservation,
and transfer of electrical low and high voltage units
allows ensuring the uniformity of measurements in the
field. The ensemble of high-precision measurement
standards of the SE “UKRMETRTESTSTANDARD”
allows establishing the metrological traceability: in the
range of direct voltage from 1 to 180 kV; in the range of
alternating voltage from 0.1 V to 520 kV. The developed
algorithm for establishing the metrological traceability
offers a scheme of connections between high-preci-
sion standards within the SE “UKRMETRTEST-
STANDARD?”, which links most of these standards
to the Josephson constant. The conducted internatio-
nal comparisons of national standards allow confirming
the metrological traceability of electric voltage units
in a wide range (from 0.1 V to 230 kV of alternating
voltage and from 1 to 180 kV of direct voltage) to the
SI system.
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AHoTanjis

CTaTTIO TIPUCBAYEHO BUCBITIIEHHIO OCOOJMBOCTEN METPOJIOTIYHOIO 3a0€e3MeueHHs] BUMIpIOBaHb €JIEKTPUYHOI HAIIPYTU B
nianasoHi Bin 0,1 B no 520 xB. Ha JdepxaBHomy ninnpuemctsi “YKPMETPTECTCTAHIOAPT” cTBOpeHO Tpu HalliOHAJIbHi
€TaJIOHW HAmpyTyd 3MiHHOTO CTPyMy Ta OIMH HAlliOHAJbHUI €TaJlOH BUCOKOI HAIpyru MocTiiiHoro crpymy. IloGymoBaHa
LIKaJIa eJEKTPUYHOI HANpPYrd B 3a3HAYEHOMY Jiana3oHi BifoOpaxae I’SITb CETMEHTIB peali30BaHUX BUCOKOTOYHUX €Tajo-
HiB 3aJIeXKHO Bill poay Hampyru (3MiHHA YW MOCTiiiHA) Ta Airo4oro 3HayeHHs Hanpyru (mo yu moHan 1000 B). PosrisiHyto
JIesIKi acIeKTH TiepeIaBaHHSI OMWHWII HANpyTd 3a JOIMOMOTOI0 TH>SITM BHUCOKOTOYHMX eTajoHiB. IlimkpeciieHo ocoOjvBe
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3HAQUEHHSI METPOJIOTIYHOI MPOCTEXYBAHOCTI Ta MiXKHApOAHUX 3BIpEHb PE3y/abTaTiB BUMIpIOBaHb /11 BU3HAHHS Ta PO3BU-
TKy KpaiHu. 30Kpema, MOJaHO JAedKi BiIOMOCTi MpO MPOBENEHi 3BipeHHS HalliOHAJbHUX E€TaJIOHIB OJWHULb €JEeKTPUUHOL
HaIpyTy TMPOTITOM OCTaHHIX JBAIISITU POKiB. 3alpONIOHOBAHO AJITOPUTM BCTAHOBJIEHHSI METPOJIOTIYHOI MPOCTEXYBAHOCTI
10 MiXHApOJaHO y3romxkeHoi ctanoi JIKo3edcoHa B Mexax 3amaHOro jaiana3oHy. BiH okpeciitoe MapHIpyT MpOCTeXyBaH-
HsI pe3y/abTaTiB BUMIpIOBaHb 3acO0aMM BHUMIPIOBaHHSI €JEKTPUYHOI HAIPyryd Pi3HUX TUIIB 3aJIeXKHO BiJ piBHS HaIpyTHu.
CxeMaTU4YHO MoKa3aHo, 110 OUIbIIICTh TAKMX PEe3yJIbTaTiB BUMipIOBAHHS MOXYTh OyTH TpocTexkeHi 1o crajioi JxozedcoHa.
OpHak aJiss BUCOKOI HArpyru 3MiHHOTo crtpymy mnonaza 230 kB HauioHanbHMII €TaJloH TOB’SI3y€ pe3yabTaTu BUMIipIOBaHb
3 eTaJJOHHMMU KOHJIeHCATOpaMM, 110 € B CKJaMi 1i€ei BUMiptoBaJibHOI cucteMu. [lpoTe 3B’SI3KM MiX IT’SITbMa 3aCTOCOBA-
HUMU BHUCOKOTOYHHMMM €TaJIOHAMU, CXeMaTMYHO NpeICTaBlIeHi B aJTOPUTMidHiil OJOK-CXeMi, MOKa3yloThb OCHOBHi KPOKM
JIJISI BCTAHOBJIEHHSI METPOJIOTIYHOI TMPOCTEXXYBAHOCTI 3aJie’KHO Bifl pOMy Ta pPiBHSI €JIeKTPUYHOI HAIpyru. Y CTaTTi 3a3Ha-
YeHO MpoOJIEeMHI MOMEHTH METPOJIOTIYHOro 3a0e3MeuyeHHs] Y BUSHAYEHOMY Jiala30Hi BUMipIOBaHHS €JeKTPUYHOI HAIpyru.
30KpeMa, KOHCTaTOBAHO BilCYTHICTh HAIIOHAJIBHOTO €TaJIoOHa OMWHUIII HANpyru TocTiiiHoro crpymy Bim 3 mo 1000 B.

KiwouoBi caoBa: ejekTpuuyHa Hampyra; HalliOHAJIbHUU €TajoH; METPOJIOriuyHa MPOCTEeXYBaHICTh; BUMipIOBaHHS;
KaJliopyBaHHS; 3MiHHUI CTPYM; MOCTIAHUUI CTpyM.
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