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Abstract

High voltages of alternative current (AC) are important because they are needed for numerous applications in physics
and engineering. High AC voltages are also used to test insulating materials for their dielectric properties. Calibrations of
instruments for high-voltage measurements should provide metrological traceability to national standards. This applies to the
requirements for both voltage measuring instruments and current measuring instruments. The transformer for high-voltage
measurements is used to reduce the values of currents and voltages during measurements in high-voltage electrical networks.

Voltage transformers (VTs) are used to accurately measure high AC voltages. Current transformers (CTs) are used to
convert line currents in power systems to levels that are acceptable for other measuring instruments, which are necessary to
trip protective devices. There are measuring installations that are well known for accurate measurements of the CT coefficient
for large primary currents, and systems for determining the behaviour of the industrial current and VT under distorted
waveforms, etc. The calibration of a high voltage measuring system must be traceable to national or international measure-
ment standards. Mutual comparisons of calibration results of CT and VT standards are carried out with the participation
of several national laboratories.

The results of high voltage transformer measuring systems (GULFMET.EM-S6) and high current transformer measuring
systems (GULFMET.EM-S7) supplementary comparisons are described. The comparisons were carried out between national
laboratories from three Regional Metrology Organizations. In general, the participants of both comparisons have demonstrated
a good agreement of the results in the ratio error and phase displacement for high voltage and current. The comparison results
may be used to improve the participants’ existing calibration and measurement capabilities entries in the Key Comparison

Database (KCDB) of the International Bureau of Weights and Measures (BIPM).
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Introduction

High voltages of alternative current (AC) are
important because they are needed for numerous
applications in physics and engineering. High AC
voltages are also used to test insulating materials for
their dielectric properties. Calibrations of instruments
for high-voltage measurements should provide metro-
logical traceability to national standards. This applies
to the requirements for both voltage measuring in-
struments and current measuring instruments [1].

Direct measurements of high AC voltages is pos-
sible up to about 200 kV. Several types of voltmeters
can be directly connected across the test circuit. Step-
down transformers and voltage dividers are also used
for high AC voltage measurements. The transformer
for high-voltage measurements is used to reduce the
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values of currents and voltages during measurements
in high-voltage electrical networks. Voltage transfor-
mers (VTs) are used to accurately measure high
AC voltages. The voltage on the secondary windings
of VTs is closely proportional in the amplitude and
almost in the phase to the voltage on the primary
windings [2].

Large power transmission systems use high AC
voltage measurements for many applications. Current
transformers (CTs) are used to convert line currents in
power systems to levels that are acceptable for other
measuring instruments, which are necessary to trip
protective devices. In this case, the primary winding
of the CT is connected in series with the high-voltage
circuit, and the secondary winding is connected to
the indicated measuring instruments [3].
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A measurement setup is described in [4], which
was developed for accurate ratio measurements of AC
by CTs for primary currents up to 5 kA. Secondary
current sampling digitizers, together with step-down
transformers, are also used in high-voltage power
systems. In such systems, it is necessary to measure
the harmonic content in the low-voltage measuring
part. A measuring system, which uses a digitizer to
characterize industrial current and voltage transformers
with the harmonic signal distortion, is described in [5].

The PTB (Germany) carried out an intercompari-
son of the calibration of a CT standard and a VT
standard in cooperation with the SMU (Slovakia),
GUM (Poland), UkrCSM (Ukraine) and VNIIMS (Rus-
sia) [6]. In addition, the PTB (Germany) and the
NRC (Canada) carried out bilateral comparisons of
calibration systems for high-voltage transformers.
For the comparisons, a portable calibration system for
VTs of the NRC based on a current comparator was
used. At the frequencies of 50 Hz and 60 Hz with
a resistive burden and voltages of 20% up to 120% of
the rated voltage, the results of two different methods
at all ratios were found to differ by no more than
15x10-¢ for the voltage ratio and 30 rad for the phase
displacement [7].

The problem statement, purpose and objectives of the
study

The purpose of the paper is to highlight the re-
sults of supplementary comparisons of high AC voltage
measuring systems for VIs and CTs, in particular:

+ analysis of the stability of transmission stan-
dards and the consistency of the results obtained by
the participants of the comparisons;

« analysis of the possibility of improving the
calibration and measurement capabilities of the par-
ticipants of the comparisons.

Travelling standards for supplementary comparisons

The GULFMET supplementary comparisons
of high voltage transformer measuring systems
(GULFMET.EM-S6) and high current transformer
measuring systems (GULFMET.EM-S7) were con-
ducted from November 2020 to December 2021 [8, 9].
Three national laboratories took part in the compari-
sons: SE “Ukrmetrteststandard” (UMTS, Ukraine —
pilot laboratory), SASO-NMCC (Saudi Arabia) and
UME (Turkey) from the following Regional Metro-
logy Organizations (RMO): GULFMET, COOMET,
and EURAMET.

The National primary standard of units of the AC
electric voltage in the range from 1 to 1.2x330/V3 kV
and with the coefficient of the scale transformation
of the electric voltage at the frequency of 50 Hz
(DETU 08-05-99) took part in the GULFMET.EM-
S6 comparison from UMTS. The National primary
standard of the unit of the coefficient of the scale
transformation of the AC current at the industrial

frequency (NDETU EM-03-2020) took part in the
GULFMET.EM-S7 comparison from UMTS.

Voltage transformers IIOTH-6/10 and HJIJI-35
were selected as travelling standards for the GULFMET.
EM-S6 comparison. The travelling standard ITDTH-
6/10 is characterised by primary rated voltages of 6 kV
and 10 kV and secondary rated voltages of 100 V. The
travelling standard HJIJI-35 is characterised by primary
rated voltages of 22 kV and 35 kV and secondary rated
voltages of 100 V. For both travelling standards, the
operating frequencies were 50 Hz and 60 Hz at the
load of 0 VA (for an open circuit, the load must be
more than 100 kS2).

The current transformer CA535/2 was selected
as travelling standard for the GULFMET.EM-S7
comparison. Main characteristics of the travelling
standard are: the primary rated current from 0.5 A
to 5000 A; the secondary rated current 5 A; load not
more than 0.05 Q.

The comparison of measuring systems was provi-
ded by measuring the ratio error €, and phase displace-
ment O, of the travelling standards for the GULFMET.
EM-S6 and GULFMET.EM-S7 comparisons. For the
GULFMET.EM-S6 comparison, the measurements
were performed at the values of 40, 80, 100 and 120%
of each primary nominal voltage. For the GULFMET.
EM-S7 comparison, the measurements were performed
at the values of 5, 20, 100 and 120% of each primary
nominal. The operating frequencies were 50 Hz and
60 Hz for both comparisons.

As the pilot laboratory, the UMTS performed
repeated measurements on all travelling standards
during the GULFMET.EM-S6 and GULFMET.
EM-S7 comparisons. All travelling standards provide
extreme linearity coupled with extreme stability.
The standard deviation o of the travelling standards
at the frequency of 50 Hz for the GULFMET.EM-S6
comparison varied for the ratio error from 0.0002%
to 0.0006% and for the phase displacement from
0.0002 crad to 0.0033 crad [8]. The standard devia-
tion ¢ of the travelling standard at the frequency of
50 Hz for the GULFMET.EM-S7 comparison varied
for the ratio error from 0.0001% to 0.0002% and
for the phase displacement from 0.0001 crad to
0.0004 crad [9].

Main results of the supplementary comparisons

The preparation of the RMO supplementary
comparison reports should follow the same process
as for key comparisons [10]. The difference in the
preparation of a report on supplementary comparisons
is that the degree of equivalence (DoE) with respect
to the reference value (RV) of such a comparison
can be calculated, but this is not mandatory, and the
final report must be published in the Key Comparison
Database (KCDB) [11] of the International Bureau
of Weights and Measures (BIPM) to underpin the
calibration and measurement capabilities (CMCs) [12].
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RVs with expanded uncertainties and DoEs with
expanded uncertainties of all the participants for the
frequencies of 50 Hz and 60 Hz and all measurements
for the GULFMET.EM-S6 and GULFMET.EM-S7
comparisons were calculated [8, 9]. Measurement
results of the SASO-NMCC for VTIs and CTs were
presented at the frequency of 60 Hz only.

E, values of the GULFMET.EM-S6 comparison
participants for the ratio error and phase displace-

ment at the frequency of 50 Hz are given in Table 1.
E, values for all participants at all measurement points
are satisfactory and varied from 0.00 to 0.71 [8].

E, values of the GULFMET.EM-S7 compari-
son participants for the ratio error and phase dis-
placement at the frequency of 50 Hz are given in
Table 2. E, values for all participants at all measure-
ment points are satisfactory and varied from 0.00
to 0.50 [9].

Table 1

E, values of the GULFMET.EM-S6 comparison participants for the ratio error and
phase displacement at the frequency of 50 Hz

Nominal primary Percentage of nominal E values for ratio error €, E, yalues for phase
voltage, kV primary voltage, % displacement 5,

UMTS UME UMTS UME

40 0.11 0.08 0.15 0.08

6 80 0.21 0.16 0.00 0.00
100 0.18 0.16 0.09 0.04

120 0.18 0.16 0.09 0.04

40 0.04 0.04 0.03 0.00

10 80 0.04 0.00 0.09 0.04
100 0.00 0.00 0.15 0.08

120 0.00 0.00 0.21 0.12

40 0.11 0.08 0.03 0.04

2 80 0.11 0.08 0.09 0.04
100 0.07 0.08 0.06 0.04

120 0.14 0.08 0.12 0.08

40 0.28 0.20 0.09 0.08

80 0.39 0.28 0.32 0.19

35 100 0.32 0.24 0.71 0.38
120 0.35 0.28 0.38 0.23

Table 2
E, values of the GULFMET.EM-S7 comparison participants for the ratio error and phase displacement at the
frequency of 50 Hz
Nominal primary Percentage of nominal E values for ratio error & E, Yalues for phase
. o " ! displacement &
current, A primary current, % I

UMTS UME UMTS UME

5 0.43 0.14 0.50 0.00

5 20 0.33 0.00 0.35 0.00
100 0.24 0.00 0.35 0.00

120 0.24 0.00 0.35 0.00

5 0.08 0.13 0.45 0.19

50 20 0.04 0.00 0.43 0.19
100 0.00 0.00 0.34 0.15

120 0.00 0.04 0.30 0.11

5 0.08 0.08 0.18 0.07

200 20 0.17 0.21 0.18 0.07
100 0.17 0.21 0.14 0.04

120 0.17 0.21 0.09 0.04

5 0.17 0.17 0.20 0.07

400 20 0.13 0.17 0.18 0.07
100 0.08 0.13 0.27 0.11

120 0.08 0.13 0.23 0.11

5 0.21 0.17 0.02 0.00

300 20 0.13 0.13 0.02 0.00
100 0.08 0.04 0.00 0.00

120 0.00 0.04 0.02 0.00

5 0.04 0.04 0.09 0.04

1500 20 0.08 0.04 0.16 0.07
100 0.08 0.04 0.14 0.04

120 0.13 0.17 0.02 0.00

5 0.17 0.13 0.05 0.04

2000 20 0.04 0.00 0.02 0.00
00 0.13 0.13 0.05 0.04

20 0.13 0.13 0.05 0.04

5 0.29 0.25 0.41 0.15

4000 20 0.21 0.21 0.14 0.07
100 0.08 0.13 0.02 0.00

120 0.04 0.08 0.11 0.04
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Calibration and measurement capabilities of the
participants of the supplementary comparisons

The results of the participants of the GULFMET.
EM-S6 and GULFMET.EM-S7 comparisons may be
used to underpin their CMC entries [12].

The new measurement capabilities of the UME
for high voltage VTs are underpinned by the results
of the GULFMET.EM-S6 comparison. The UME
plans to revise its existing CMC entries in the KCDB
of the BIPM, as given in Table 3. The GULFMET.
EM-S6 comparison results may be used to improve the
UME existing CMC entries in the KCDB of the BIPM
for expanded uncertainties with the ratio error from
5.0x107 to 2.0x107 (2.5 times) and phase displace-
ment from 0.0050 crad to 0.0020 crad (2.5 times).

The new measurement capabilities of the UMTS
for high voltage VTs and CTs are underpinned by the
results of the GULFMET.EM-S6 and GULFMET.
EM-S7 comparisons, respectively. The UMTS plans
to revise its existing CMC entries, as given in Table4
and 5.

The GULFMET.EM-S6 comparison results may
be used to improve the existing CMC entries of
the UMTS with expanded uncertainties at the
frequencies of 50 Hz and 60 Hz and the primary
voltage range from 6 kV to 36 kV for the ratio
error from 6.0x10* to 2.4x103 (25 times) and
phase displacement from 0.0170 crad to 0.0030 crad
(5.7 times). The GULFMET.EM-S7 comparison
results may be used to improve the existing CMC

Table 3
Existing and to be revised CMC entries of the UME for high voltage VTs
Expanded uncertainty
CMC entries Primary voltage range
Ratio error Phase displacement, crad
30 Vto 800V 1.0x10° 0.001
Existing CMCs

800 V to 36 kV 5.0x10°% 0.005

To be revised 800 V to 230 kV 2.0x107 0.002

Table 4
Existing and to be revised CMC entries of the UMTS for high voltage VTs
CMC Primary voltage Expanded uncertainty
. Frequency
entries range Ratio error Phase displacement, crad
Existing
50 Hz 1 kV to 220 kV 6.0x10* 0.017 to 0.075
CMCs
To be 50 Hz and 60 Hz 1 kV to 220 kV 6.0x10* 0.017 to 0.075
revised 50 Hz and 60 Hz 6 kV to 36 kV 2.4x107 0.003
Table 5
Existing and to be revised CMC entries of the UMTS for high voltage CTs
CMC Expanded uncertainty
tri Frequency Current ranges
entries Ratio error Phase displacement, crad
Primary current:
Existing 0.5 A to 10000 A s B
CMCs 50 Hz Secondary current: 0.5 A, 6.0x107 to 8.0x10 0.010 to 0.100
1A,2A,25A,5A
Primary current:
50 Hz and 60 Hz 0.5 A to 10000 A 6.0x10° to 8.0x10° 0.010 t0 0.100
Secondary current: 0.5 A,
To be 1A,2A,25A,5A
revised
Primary current:
50 Hz and 60 Hz 5 Ato 4000 A 2.0x107 0.004
Secondary current: 5 A
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entries of the UMTS with expanded uncertainties
at the frequencies of 50 Hz and 60 Hz, the primary
current from 5 A to 4000 A, and the secondary current
of 5 A for the ratio error from 6.0x10~ to 2.0x10~
(3.0 times) and phase displacement from 0.010 crad
to 0.004 crad (2.5 times).

Summary
The supplementary comparisons of high voltage
transformer measuring systems (GULFMET.EM-

S6) and high current transformer measuring sys-
tems (GULFMET.EM-S7) were conducted between
national laboratories from three RMOs (GULFMET,
COOMET, and EURAMET). In general, the parti-
cipants of both comparisons have demonstrated
a good agreement of the results in the ratio error and
phase displacement for high voltages and currents.
The results of these comparisons may be used to
improve the participants’ existing CMC entries in the
KCDB of the BIPM.

OCHOBHI pe3yJbTaTH J0JATKOBHUX 3BipeHb
BUMipPIOBAJIbHMX CHUCTEM BHCOKOI HANPYTH TA CTPYMY

O.M. Bennuko', B.M. Kikano', KO.J1. AHoxin', T.B. lopaieHko?
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AHoTauis

Bucoki Hanpyru 3miHHoro ctpymy (AC) BaX/MBi, OCKiTbKM BOHM HEOOXimHi s 6araThoX 3acTOCyBaHb y (i3uiii
Ta TexHilli. BuMiploBaHHsS BUCOKOI HaNpyru 3MiHHOTO CTPYMY BMKOPUCTOBYETHCS B CHCTEMaxX MacOBOIO IepeaaBaHHS
eJIEKTPOEHEPTii I KepyBaHHS Ta 3aXMCTY, MOHITOPUHIY Ta BUMiploBaHHs. Bucoki Hanpyru 3MiHHOTO CTpyMy BHUMipIOIOThCS
LIUISIXOM 3HMKEHHS HaIpyru 3a IOMOMOro0 TpaHchOopMaTopiB i MOAUIbHUKIB Hanpyru. BuMipioBajibHUIT BUCOKOBOJBTHUI
TpaHcGOpMaTOp BUKOPUCTOBYETHCS Il 3HUKEHHST 3HAU€Hb CTPYMY Ta HANpyry MpY BUMipIOBaJbHUX POOOTaX B €IEKTPUUHUX
MepexaxX BMCOKOi HaIpyTH.

Tpanchopmaropu Hanpyru (TH) BUKOPUCTOBYIOTBCS [UISI TOYHOTO BUMIpIOBaHHSI BUCOKOI HAMpPYr¥ 3MiHHOTO CTPyMY.
Hamnpyra na BropunHiii croponi TH 61u3bko npomnopilifiHa 3a aMIUTITyI0I0 10 HaMpyrd Ha TMEepBUHHIN CTOPOHI Ta Maiixe
B (azi. Tpanchopmaropu crpymy (TC) nepeTBOpioIOTh MEpeXeBUI CTPYM y 3HAUEHHS, MPUIATHI /ISl 3aCO0iB BUMipIOBaHHS,
JIYUIBHMKIB, 3aXMCHUX pejie Ta iHIMX momioHux mpuctpoiB. [lepBuHHa oomotka TC 3’emHaHa MOCHIIZOBHO 3 JIAHIIIOTOM,
MO SKOMY TPOXOIUTh JIiHIHHUI CTPYM, SIKM MOTPiOHO BUMIpSATH, a BTOpMHHA OOMOTKA 3’€HaHa 3 MpuWiagaMu abo
3aXVCHUMU TIPUCTPOSIMHU.

Jlo6pe Bimomi BUMipioBaJIbHI YCTAHOBKU TSI TOYHOTO BUMiptoBaHHS KoedillieHTa TC a1 BeJIMKUX MEPBUHHUX CTPYMIB,
CUCTEMM I BU3HAUEHHS MOBEMiHKM mpomuciioBoro ctpymy i TH 3a crorBopeHux ¢dopM curHaiy Toino. KamidopyBaHHs
BUMIPIOBaJIbHOI CUCTEMM BUCOKOI HaNpyru Ma€e OyTH MPOCTEXKEHO J0 HalliOHaJbHMX a00 MIXXHApOJHUX €TajloHiB. B3aeMHi
3BipeHHs KaniopyBaHHs etajoHiB TH i TC mpoBoasaThCsl 3a ydacTio psily HalliOHAJbHUX JabopaTopiid.

OrmucaHo pe3yJbTaTy IONATKOBUX 3BipeHb cHMCTeM BuMipioBaHHS BUCOKOBOJbTHUX TH (GULFMET.EM-S6) i cuctem
BuMiproBaHHsI BUCOKOBOJILTHUX TC (GULFMET.EM-S7). i 3BipeHHsI TPOBOAMIMCS MiX HalliOHAJIbHUMU JJaOopaTopisiMu
TPBOX PETiOHAIBPHUX METPOJIOTIYHUX OpraHizalliif. 3arajJoM MiX yJacHUKaM1 000X 3BipeHb € XOpOIla Y3TOMKEHICTh Pe3y/IbTaTiB
LIOA0 MOXMOKHM CITiBBiIHOIIEHHSI i 3CyBY (pa3 uisi BUCOKOI Harpyru Ta ctpymy. IIpoBeneHi 3BipeHHSI MOKpAIyIOTb ISt
YYaCHUKIB HasIBHI PSIAKU KaJiOpyBaJlbHUX Ta BUMIPIOBAJbHUX MOXJIMBOCTEeH B basi naHuX KJIO4OBUX 3BipeHb MiXKHapoaHOTo
O10po 3 Mip Ta Bar.

KiouoBi cioBa: 3MiHHUI CTpyM BHUCOKOi HAmNpyru; 3MiHHUU CTPyM CHUJIBHOTO CTPyMY; €TaJOH; BUMipIOBaHHS;
HEBM3HAYEHICTh BUMipIOBaHHSI.
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