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Abstract

All electrical energy is produced, transmitted and distributed at high voltages. In this case, the measurement of the
amount of electricity is carried out by electricity meters together with voltage transformers (VTs). The largest capacities are
transmitted and distributed on power transmission lines of voltage of class 750 kV. In Ukraine there are about two hundred
measuring VTs of class 750 kV. In addition, power facilities have been actively built recently, which will also require the
installation of 750 kV transformers.

Working VTs of substations for a class of 750 kV may have great weight and dimensions. Their height is 7 m and weight
is 4000 kg. Working measurement standards have the same weight and dimensions. Therefore, obtaining the size of a physical
quantity from the measurement standards of other countries is very difficult for two reasons: it is very difficult to transport
such working measurement standards abroad; only a few countries have measuring instruments with a voltage of 750 kV.

The purpose of the article is to highlight the results of researches of the State Primary Standard of the unit of scaling
factor of alternating current (AC) voltage up to 750/v3 KV, in particular: formation of the composition of a set of measuring
instruments for the reproduction of the unit of scaling factor; establishing a method for reproducing the unit of scaling factor;
estimation of uncertainty of measurements and other metrological characteristics while transferring the unit of scaling factor.

The article presents the results of the research of the newly established State Primary Standard of the unit of scaling
factor of AC voltage up to 750/vV3 kV, which are of great practical importance. Those researches are aimed at improving

the metrological traceability of AC high-voltage at the national level.
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Introduction

All electrical energy is produced, transmitted and
distributed at high voltages. In this case, the measure-
ment of the amount of electricity is carried out by
electricity meters together with voltage transformers
(VTs). The largest capacities are transmitted and dis-
tributed on power transmission lines of voltage of class
750 kV. On the same power lines, electricity is trans-
mitted abroad, including Western Europe. In Ukraine
there are about two hundred measuring VTs of class
750 kV. In addition, power facilities (new units at Rivne
and Khmelnytskyi nuclear power plants, Kyiv substa-
tion) have been actively built recently, which will also
require the installation of 750 kV transformers.

The results of measurements with the help of VTs
of class 750 kV are used in the accounting of electricity
and safety control of working conditions. According to
Article 20 of the Law of Ukraine “On Metrology and
Metrological Activity”, such measurements are sub-
ject to state metrological control. At the same time,
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in Ukraine there were no measurement standards for
calibration of VTs of class 750 kV. In case of viola-
tion of the mentioned Law, such VTs were operated
by non-certified, energy market participants were paid
for electricity by non-certified VTs.

Working VTs of substations for a class of 750 kV
may have great weight and dimensions. Their height
is 7 m and weight is 4000 kg. Working measurement
standards have the same weight and dimensions.
Therefore, obtaining the size of a physical quantity
from the measurement standards of other countries
is very difficult for two reasons: it is very difficult to
transport such working measurement standards abroad;
only a few countries have measuring instruments with
a voltage of 750 kV [1-5].

Researches of the new established State Primary
Standard of the unit of scaling factor of AC voltage up to
750/V3 KV are of great practical importance and are aimed
at improving the metrological traceability of alternating
current (AC) high-voltage at the national level [6, 7].
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Table 1

Metrological characteristics of the national measurement standards

The largest value of the AC primary i )
Country Expanded relative uncertainty
voltage range
Australia 550 kV 6.0x107
Argentina 525 kV 3.0x10°
Spain 500 kV 1.0x10*
Ukraine 7503 kV 4.4x10%
Russian Federation 7503 kV 2.0x10*

The problem statement, aim and objectives of the study

The purpose of the article is to highlight the re-
sults of researches of the new established State Primary
Standard of the unit of scaling factor of AC voltage up
to 750/V¥3 KV, in particular:

+ formation of the composition of a set of mea-
suring instruments for the reproduction of the unit of
scaling factor;

» establishing a method for reproducing the unit
of scaling factor;

+ estimation of uncertainty of measurements [8]
and other metrological characteristics at transfer of the
unit of scaling factor.

Bases of creation of the national standard

The Ukrainian State Program for the Develop-
ment of the reference base for 2011-2015 provided for
the creation of the State Primary Standard of unit of
scaling factor of AC voltage up to 750/v3 kV. The main
purpose of the scientific research was to ensure the
uniformity and traceability of measurements in Ukraine
for electrical quantities and to expand the range of
measurements of AC voltage in Ukraine.

To implement the measurement standard, the
method of current comparison was chosen, which in-
volves the use of a high-voltage measuring capacitor
and an AC bridge.

The advantages of measuring instrument which
should receive the size of the unit of measurement
from the State Primary Standard are the following:
electricity (accounting for energy resources and pro-
tection systems for personnel and equipment); instru-
ment making (production of high-voltage measuring
and testing equipment); scientific research (measure-
ment of the scaling factor of AC voltage during physi-
cal experiments), etc.

The created State Primary Standard of the unit of
scaling factor of AC voltage up to 750/V3 kV in 2018
was registered in the register of the national measure-
ment standards — NDETU EM-01-2019. Metrologi-
cal characteristics of the created Standard are at the
level of characteristics of installations of similar pur-
pose of such technically developed countries as Aus-
tralia, Argentina, Spain and the Russian Federation
(Table 1) [9].

The availability of the state primary measurement
standard created a system of metrological support for

this subtype of measurements independent from the
national measurement standards of other states.

The composition of the national measurement standard

The State Primary Standard of the unit of scaling
factor AC voltage up to 750/¥3 kV is designed to
reproduce, store and transfer the unit of scaling factor
of AC voltage to secondary measurement standards,
working measurement standards in the range of primary
AC voltage from minus 750/¥3 kV to 750/V3 kV.
A general view of the State Primary Standard is
presented in Fig. 1.

The measurement standard consists of a set of
precision measuring instruments: high-voltage reference
capacitor MSR-600; measuring capacitor SA 6003;
high-voltage reference bridge MVE-01 (hereinafter —
AC bridge); AC voltage source DZC-520-1; load box
SA 5055.

The measurement standard is keeping in the State
Enterprise “Ukrmetrteststandard” (Kyiv, Ukraine) and
the laboratory of high voltage technology Igor Sikorsky
National University “Kyiv Polytechnic Institute”. The
area of the room where the standard is located is 40 m?.
The standard is used to calibrate VTs used in relay
protection systems for personnel and equipment in
electrical installations.

Fig. 1. The general view of the State Primary Standard of the unit
of scaling factor of AC voltage up to 750/N3 kV

10 Ukrainian Metrological Journal, 2021, No 1, 9-14



Yu. Anokhin, O. Velychko

=y = Cu

PV PF

o [}
Input 1 Input 2

oL MVE-01

Fig. 2. The scheme for measurements on the first stage

The results of research of the measurement standard

The method of comparing currents using an
AC bridge and two measuring capacitors is used to
reproduce and store the unit of scaling factor of AC
voltage. Measurements during the reproduction of the
unit of scaling factor of AC voltage are performed in
two stages: for first stage using the scheme according to
Fig. 2 and for second stage using the scheme according
to Fig. 3.

In Fig. 2 and Fig. 3 the following abbreviations
introduced: G, is voltage source up to 1000 V; G, is
high-voltage source; PV is voltmeter; PF is frequency
meter; PZ is non-linear distortion meter; R is load
box; TV _is calibrated VT; C, is low-voltage measuring
capacitor; C, is high-voltage measuring capacitor;
MVE-01 is an AC bridge.

To determine the value of the deviation of the
scaling factor of AC voltage, the ratios of the currents
through the capacitors in the first and second stages
(K, and K, accordingly) are used by the formulas:

C,\1+1g%5., "
RN TR
C, \1+1g’8
K=——N B0 )

Tl

where tgd,_ ~and tgd, are tangent of the dielectric
loss angle of high-voltage capacitor C, for first and
second stages accordingly.

The value of the deviation of the scaling factor of
AC voltage of the VT ¢, determined by the formula,

as a percentage:
K,
g, =|1- 100%.
Kz ' Knom

The absolute difference between the phases of the
primary and secondary voltage of VT §, determined by
the formula, in minutes:
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Fig. 3. The scheme for measurements on the second stage

o, =arctg 6, —arctgd. . “4)
The scaling factor of AC voltage of the VT is
determined by the formula:

K = Knom (5)
" 1+, /100

The standard deviation for measuring the deviation
of the scaling factor of AC voltage ¢, is determined
by the formula:

2 2
aSU 2 [ agy j 2
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where S, and §. are standard deviations for
Cyy Cyy

measurement of the ratio C,/C, and C,/C,,
accordingly; Stg;,CHI and S{gécﬁz are standard deviations
for measurement of the tangents of the dielectric loss
angle tgd. ~and tgd. accordingly.

The standard deviation for measurement of the
absolute phase difference between the primary and
secondary voltages SSU is calculated by the formula:

Sy, =Ss. +Si (7
where S, and §;  are standard deviation for

CH1

measurement of the t;rzlgent of the angle of dielectric
loss tgd., and tg 8., accordingly, determined by
the formulas:

Sﬁc = arCtg (S‘g 8¢ )7 SB('HZ = arCtg (S[g ey ) (8)
The limits of non-excluded systematic
error for measurement of the deviation of the

scaling factor of AC voltage ¢, is determined
by the formula:

B
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where ® . and © . are non-excluded systematic errors
CHl CHZ

for measurement of the ratio C,/C,, and C,/C,,
accordingly;
©. is non-excluded systematic error due to the
dependence of the capacitance of the high-voltage
reference capacitor MSR-600 on the voltage;
@tgﬁqﬂ and 0,; ~are non-excluded systematic errors
for measurement of the tangent of the dielectric loss
angle tgd. and tgd. accordingly;
©,, is non-excluded systematic error for measurement
of the tangent of the dielectric loss angle of high-
voltage reference capacitor MSR-600.

The limits of the non-excluded systematic error for
measurement of the absolute phase difference between
the primary and secondary voltages are calculated by

the formula:

0O,

3,

+ [CR
CH1 bCH 2 aLH

0, =*(

(ON ‘+

). (10)

where ©;  and ®6CH2 are non-excluded systematic
errors for measurement of the tangent of the dielectric
loss angle tgd. and tgd, accordingly;
®, is non-excluded systematic error due to the
taanent of the dielectric loss angle of the high-voltage
reference capacitor MSR-600.

The limits of non-excluded systematic error for

measurement of the deviation of the scaling factor of

AC voltage ¢, and for measurement of the absolute
difference between the primary and secondary voltages
8, are determined for the values of scaling factor of

330/\3kV 750/ 3 kv
the AC voltage 0V and 1003V ° the
values of the absolute phase difference of primary and
secondary voltages 0' and 10'.

The standard deviation S, and the limits of
non-excluded systematic error ®, in measuring the
scaling factor of AC voltage and the standard deviation
S;, and the limits of non-excluded systematic error in
méasuring the absolute phase difference of primary and
secondary voltages ®; are shown in Table 2.

The combined standard uncertainty for
reproduction of the scaling factor of AC voltage is
determined by the formula:

U, =S. +6. /3.

The combined standard uncertainty for measurement
of the absolute phase difference between the primary and
secondary voltages is determined by the formula:

U, =4S: +0; /3.

The combined standard uncertainties U, and Uy
in the reproduction of the scaling factor of AC voltage
are shown in Table 3.

an

(12)

Table 2
The standard deviations and the limits of non-excluded systematic errors
330//3 kv 750/\/3 kv
K. 100 V 100/3V
0 10' 1) 10'
SSU 8.0909x107 8.0915x107 8.0909x107 8.0915x107
Sau 0.01135 0.01135 0.01135 0.01135
Gsv 2.395x10°% 5.796x107 4.362x107 7.632%1073
950 0.103 0.153 0.103 0.153
Table 3

The combined standard uncertainties in the reproduction of the scaling factor of AC voltage

330/4/3 kv

750/\/3 kv

100 V 100/3V
0 10' 0 10°
U, 1.3851x10° 3.3473x10° 2.5197%10° 4.4071x10°
Us, 0.0605 0.0891 0.0605 0.0891
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Summary

The creation of the primary measurement
standard of the unit of scaling factor of AC voltage
in the range of up to 750 kV made it possible to
solve the issue of ensuring metrological traceability
of the corresponding working measurement standards

at the national level. Metrological characteristics of
the created primary measurement standard are at
the level of characteristics of installations of similar
purpose of such technically developed countries
as Australia, Argentina, Spain and the Russian
Federation.

JlociKeHHsl Jep>KaABHOr0 NMEPBMHHOIO €TAJIOHA OJMHMILI
KoedilicHTa MacmTaOHOro mepeTBOPEeHHs] HANMPYTH 3MiHHOTO
ctpymy a0 750/V3 kB

FO.J1. AHoxiH, O.M. Benunyko

Al “YkpmempmecmcmaHdapm”, eyn. MemponoeiyHa, 4, 03143, Kuis, YkpaiHa
y.l.anokhin@gmail.com; velychko@ukrcsm.kiev.ua

AHoTanisa

VYcs enekTpuuHa eHeprisi BUPOOJSIETLCS, TEepeaaeTbcsl W PO3MOMIISIETbCS MPU BUCOKIM Hampysi. ¥ 1IbOMY BUIAIKy
BUMIPIOBaHHS KiJIBKOCTI €JICKTPOCHEPTii 3MiiICHIOEThCS JIYMIBHUKAMM €JICKTPOCHEPTii pa3oM i3 TpaHcdopMaTopamMu Ha-
npyru (TH). Haii0inbli moTy>KHOCTI MepeaaloThesl M po3MOMAUISIOTLCS Ha JIiHisIX eJleKTporiepeaay kjacoMm Hampyru 750 kB.
B YkpaiHi icHye 61m3bKo aBoxcor BumiproBanbHUX TH kimacy 750 kB. Kpim Toro, ocraHHiM 4acoM akTMBHO OYIyIOThCS
E€HepreTMyYHi 00’€KTH, 1110 TaKOX MotpedyBarrume BctaHoBieHHS TH kiacy 750 kB.

Po6oui TH mincranmiit knacy 750 kB MoXyTh MaTu BelMKy Bary Ta rabapuTu. 3BMYaifHO iX BHCOTa CTAHOBUTH 7 M,
a Bara — 4000 kr. PoGoui etaoHu MaioTh TaKy X Bary i po3Mmipu. Tomy oTpumatu po3mip pizuuHOI BEJIMUYMHU 32 €TAJIOHAMU
IHIIMX KpaiH MPaKTUYHO HEMOXJIMBO 3 JBOX OCHOBHUX MPUYUH: MyXe CKJIaTHO TPAHCIOPTYBATU Taki poOOUi eTaloHU 3a
KOPJIOH; JIMIIIE JesKi KpalHU MaloTh NMEPBUHHI eTajoHu st Hanpyru 750 kB.

Merto1o cTaTTi € BUCBITJIEHHSI Pe3yJIbTaTiB JOCHIIKEHb IeP>KaBHOTO MEPBMHHOIO €TajloHa OAMHUIII KoedillieHTa Maclil-
TaGHOTO TIEPETBOPEHHS 3MiHHOI Hampyru mo 750/V3 kB, 30kpema: (popMyBaHHS CKIALy €TAJOHHUX BUMipIOBATBHUX TTPH-
JIafiB AJIs BiATBOPEHHSI OAMHMUII KoedillieHTa MaclITaOHOro INepeTBOPEHHS; BCTAHOBJIEHHS CIOCOOY BiATBOPEHHS OIMHMILI
KoedilieHTa MaciITabHOrO MEPETBOPEHHSI; OlliHKAa HEBU3HAYEHOCTI BUMIPIOBAaHb Ta iHIIMX METPOJOTIYHUX XapaKTEPUCTUK
Mpu TiepeaaBaHHiI OAMHULI Koe(illieHTa MacIITaOHOIro TMepeTBOPEHHS.

Haseneno pesynbraTé MOCIIIKEHHST HOBOCTBOPEHOTO AEPYKABHOTO MEPBUHHOTO €TaJOHA ONWHUIN KoedillieHTa MacII-
TaGHOIO MEPETBOPEHHS 3MiHHOI Hanpyru no 750/V3 KB, gxi MaioTh Benvke MpakTW4YHe 3HaueHHH. Ll mociimKeHHs crips-
MOBaHi Ha TOJIMILIEHHS METPOJIOTIYHOI TTPOCTEXKYBAHOCTI BUCOKOBOJIbTHUX 3MiHHUX CTPYMiB Ha HalliOHAJbHOMY DiBHi.

KimouoBi cioBa: 3MiHHUII CTpyM BMCOKOI HAmpyTW; €TajOH; BUMIipIOBaHHS; KaJliOpyBaHHS; HEBU3HAYEHICTh BHUMiplo-
BaHHSI.

HccaenoBanue rocyJaapCTBEHHOr0 MEPBUYHOrO 3TAJOHA
equHNIbI Ko3((puieHTa MacITa0HOr0 Mpeodpa3oBaHuUs
nepemMeHHoro Hanpsukenus 10 750/V3 kB

KO.J1. AHoxuH, O.H. Benunyko

[Tl “YkpmempmecmemarOapm”, yn. Memponoauyeckas, 4, 03143, Kues, YkpauHa
y.l.anokhin@gmail.com; velychko@ukrcsm.kiev.ua

AHHOTaIMSA

Bcst anektpudeckast sHepTUsT IPOU3BOIUTCS, TIEPENaeTCsl U PacIIpeNesisieTcss Ha BBICOKOM HampspkeHnH. B aTom ciydae
M3MEpeHre KOJMYECTBA IEKTPOIHEPTUU MPOU3BOIUTCS IEKTPOCUETYMKAMU COBMECTHO C TpaHC(hopMaTopaMy HampsLKEHUs
(TH). HanGonbimve MOITHOCTH TIEPEedalOTCsS M PpaCcTIpeNeISIIOTCS 110 JJUHUSIM 3JIEKTpoIiepeaay Kiacca HarnpsokeHust 750 kB.
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B Ykpaune HacumThIBaeTcs OKOJIO ABYXCOT m3MeputenbHbiXx TH kimacca 750 kB. Kpome Toro, B mociemHee BpeMsi aKTUBHO
CTPOSITCSI DHEPrOOOBEKThI, YTO TakxKe IoTpedyeT yctaHoBku TH Ha 750 kB.

Paboune TH moncranumii kmacca 750 kB mMoryT mmeTh 007bII0ii Bec U rabaputhl. OOBIYHO MX BBICOTA COCTABJISIET
7 M, a Bec — 4000 kr. PaGouue 3TajloHbl MMEIOT aHAJOTUYHBIN Bec M radbaputhl. ClenoBaTesibHO, TOJYyYeHUE pa3Mepa
(U3UYECKON BEJIMYMHBI OT STAJIOHOB JAPYTUMX CTpaH MPaKTUYECKW HEBO3MOXHO IO JABYM OCHOBHBIM IMPUUYMHAM: OUYEHb
TPYIHO TPAHCIOPTHUPOBATh TaKWe pabouuMe 3TAJOHBI 3a TPAHMILY; TOJIBKO HECKOJbKO CTPAH MMEIOT MEPBUYHbBIE 3TATOHBI
¢ HanpsbkeHuem 750 kB.

[MpencraBneHbl pe3ynbTaThl UCCIAENOBAHUN BHOBBH CO3MAHHOTO TOCYIapCTBEHHOTO TEPBUYHOTO 3TaJOHA €IUHUIILI
Koo ULIMeHTa MacIITaGHOTO MPeoOpa3oBaHMs MEPEMEHHOr0 HampspkeHus a0 750/V3 kB, uMeronime GonblIoe MpaKTH-
YeCcKoe 3HauyeHWe. DTU UCCIeIOBAaHUSI HAIpaBlieHbl Ha YIY4YIICHWE METPOJOTUYECKOM IPOCIEKUBAEMOCTH TTEPEMEHHOTO
TOKa BBICOKOTO HAMpPSIKEHUsI HA HAlMOHAJIbHOM YPOBHE.

KioueBsie coBa: HCpeMeHHbIﬁ TOK BBICOKOI'O HaIIPpAXEHUA, 3TAJIOH, U3MEPEHUEC; KaJTM6pOBKa; HEOINPEACIEHHOCTb

U3MEPECHUA.
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