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Abstract

Phase measurements are necessary for determining main parameters of the oscillatory process in complex electrical
networks. Most often, it is precisely the phase shift angle (PSA) between two oscillatory processes of the same frequency
that is measured. An essential indicator of the quality of electrical energy is the coefficient of asymmetry in a three-phase
electrical network, which depends on the load of consumers in this network. This indicator is affected by a short circuit
between two phase voltages.

Phase measurement standards, phase meters, and phase converters are included in the measuring equipment for
phase measurements. They are widely used in such fields as radiolocation, radio navigation, non-destructive testing, radio
engineering, telecommunications, acoustics, metallurgy, machine and aircraft industry, space industry, as well as in scientific
research and defence.

The State Measurement Standard of Ukraine of the PSA unit between two voltages in the frequency range from
0.01 Hz to 10 MHz is maintained at the State Enterprise “UKRMETRTESTSTANDARD?”, Kyiv. It provides metrolo-
gical traceability of phases measured in the country. The main components of the standard were calibrated at the PTB,
the National Metrology Institute of Germany. In Ukraine, numerous measurement standards and measurement instruments
for phase measurements (more than 500.000 units) are used, in particular, phase calibrators, phase meters, phase shifters,
synchronoscopes etc.

Regular study of metrological characteristics of the DETU 09-07-11 measurement standard is conducted both in the
main (from 5 Hz to 200 kHz) and in the extended (from 0.01 Hz to 10 MHz) frequency range. The PSA values obtained
as a result of the research in the main frequency range do not exceed 0.001° (which is maximum according to measurements
at all calibration points 0.00015°), and in the extended frequency range — 0.01° (which is maximum according to measure-
ments at all calibration points 0.0053°). To eliminate the systematic measurement uncertainty component of the phase
measurement standard, a special calibration is regularly performed using a set of resistive and capacitive phase bridges.
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Introduction

Phase measurements are necessary for determining
main parameters of the oscillatory process in complex
electrical networks. Most often, it is precisely the phase
shift angle (PSA) between two oscillatory processes of
the same frequency that is measured. An important
indicator of the quality of electrical energy is the
coefficient of asymmetry in a three-phase electrical
network, which depends on the load of consumers in
this network. This indicator is also affected by a short
circuit between two phase voltages [1].

The angular error of the measuring transformer
is determined by the angle between the primary
and secondary voltage vectors, so accurate phase
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measurements are crucial [2]. The PSA for a certain
point of the power transmission line compared to the
reference point of the phase at the substation shall be
within the established limits. Depending on the method
of connecting the transformer, the length of the line
and the currents in it at a certain moment, this PSA
may differ from the established one. Therefore, the
exact determining of this PSA is necessary for stable
operation of a specific power grid [3].

Phase measurement standards, phase meters,
and phase converters are included in the measu-
ring equipment for phase measurements. They are
widely used in such fields as radiolocation, radio
navigation, non-destructive testing, radio engineering,
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telecommunications, acoustics, metallurgy, machine
and aircraft industry, space industry, as well as in
scientific research and defence.

The issue of improvement of various methods
of the PSA measurement between two voltages [4—
10], provision of metrological traceability of these
measurements [11], measurement uncertainty evaluation
during the calibration of phase meters and phase
measurement standards [12, 13], automation of phase
measurements at the highest metrological level [14] is
covered in numerous scientific works. However, scientific
publications on the comprehensive study of metrologi-
cal characteristics of the PSA national standards have
not been found, which makes this paper relevant.

State Measurement Standard of Ukraine of the PSA
unit between two voltages

The State Measurement Standard of Ukraine of the
PSA unit between two voltages in the frequency range
from 0.01 Hz to 10 MHz (DETU 09-07-11), which
is maintained at the State Enterprise (SE) “UKR-
METRTESTSTANDARD” (Kyiv), was established
in 2011. It provides metrological traceability of pha-
ses measured in the country. The main components
of the standard (meter-converter of PSA and phase
measurement standard) were calibrated in 2023 at
the PTB, National Metrology Institute of Germany.
In Ukraine, numerous measurement standards and
measurement instruments for phase measurements
are used, in particular, phase calibrators (10 units),
phase meters (50 units), phase shifters (500.000 units),
synchronoscopes (100 units).

The DETU 09-07-11 measurement standard
consists of a complex of measurement standards and
measurement instruments (Fig. 1):

 phase measurement standard Clarke-Hess 5500-2;

* phase shift angle meter-converter Clarke-Hess
6000A;

* universal digital oscilloscope Tektronix TDS 2024;

« functional generators Hameg HM 8131-2 (2 units);
* frequency synthesizer Hameg HM 8134-2;
* frequency meter Agilent 53132A;
« calibration bridges Clarke-Hess 5002 (4 units);
* Personal Computer (PC).
Main metrological characteristics of the DETU
09-07-11 measurement standard are:
« range of the PSA reproducible values: (0—360)°;
* main frequency range: 5 Hz—200 kHz;
« expanded frequency range: 0.01 Hz—10 MHz;
* root-mean-square deviation (RMSD) of the mea-
surement result:
at a frequency of 1 Hz: 0.001°;
in the extended frequency range: 0.001°—0.01°;
» expanded measurement uncertainty
(k =2; P=10.95): 0.0044°—-0.078°;
 unextracted systematic error:
at a frequency of 1 Hz: 0.003°;
in the extended frequency range: 0.003°—0.03°.
Calibration methods of the SE “UKRMETRTEST-
STANDARD” MKU 628-11/09-2023 for phase meters,
MKU 117-11/09-2023 for phase meters, MKU 629-
11/09-2023 for phase generators are used to calibrate
measurement standards and phase measuring instru-
ments using the DETU 09-07-11 measurement standard.

Reproduction of the PSA unit in the main frequency
range from 5 Hz to 200 kHz

Reproducing the PSA unit between two volta-
ges in the main frequency range is ensured by
a phase measurement standard Clarke-Hess 5500-2
and a phase changer Clarke-Hess 6000A (Fig. 2). Vol-
tage Uggr is the reference voltage, while voltage U,
is variable due to the specified PSA. The universal
digital oscilloscope Tektronix TDS 2024 is used for
monitoring voltages. A PC with a specially developed
program in the LabVIEW software environment [14]
is used to control the visualization and display of the
created PSA.

Fig. 1. General view of DETU 09-07-11 measurement standard
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Fig. 2. Structural diagram of the reproduction of the PSA in the main frequency range

One hundred independent observations are sys-
tematically carried out for each value of the PSA
in the range of values from 0° to 360° with a discre-
teness of 30°.

For each PSA value, the absolute error is de-
termined by the expression:

A(Pi :(pphmi _(pphsi’ (1)

where @, is the PSA value according to the rea-
dings of the meter, in degrees;
¢, is the PSA value according to the readings
of the phase measurement standard, in degrees.
RMSD of the results of direct measurements
for reproducing the PSA unit is calculated according
to the following expression:

Jn, )

where » is the number of observations, n = 100.

Some results of the study of metrological
characteristics of the measurement standard DETU
09-07-11 in the main frequency range are shown
in the Table 1.

Phase measurement standard calibration using bridges

To eliminate the systematic measurement un-
certainty component of the phase measurement
standard Clarke-Hess 5500-2, an “auto-calibration”
mode is performed using a set of calibration resistive
(I:1R) and capacitive (1:1C; 10:1C; 1000:1C) phase

Table 1
Results of the study of metrological characteristics of the measurement standard in the main frequency range
5 Hz 1 kHz 200 kHz
Determined
PSA¢,° Average value | RMSD, Average value RMSD, Average value RMSD,
of PSA ¢, ° m° of PSA o, °© m° of PSA ¢, °© m°
0 —-0.0061 0.6790 0.0024 0.5972 —0.0348 0.8324
30 29.9934 0.7667 30.0022 0.4648 29.9844 0.8040
60 59.9922 0.7255 60.0012 0.4353 59.9713 1.0408
90 89.9940 0.7236 90.0025 0.7175 89.9685 0.8343
120 119.9936 1.2648 120.0022 0.5341 119.9922 0.9395
180 179.9934 0.6765 180.0025 0.6264 179.9766 0.8605
270 269.9922 1.4956 270.0025 0.6889 269.9745 0.9154
300 299.9928 1.3133 300.0021 0.5371 299.9865 0.8217
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Fig. 3. Resistive and capacitive phase bridges:
a-11R; b—-1:1C; c-10:1C; d — 1000:1C

bridges Clarke-Hess 5002 (Fig. 3) and a digital
multimeter Agilent 34410A, which is used as a zero
detector. During this, outputs with voltages Uz and
U,z of the phase measurement standard of 5 V at

a frequency of 1 kHz are connected to inputs 1 (U,,,)
and 2 (U of the calibration bridge. The output of
the calibration bridge is connected to the input of
the digital multimeter Agilent 34410A (Fig. 4).

S Resistive Phase
—o— T o> Bridge R
o>  Clarke-Hess
5002 A
UVAR!
Phase Standard — U Digital Multimeter
Clarke-Hess Sy = Agilent
5500-2 S 34410A
S, Capacitive Phase
T o> Bridge -
Le—"o»  Clarke-Hess " ji
5002 B-D
PC

Fig. 4. Structural diagram for calibrating the phase measurement standard
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Table 2
Phase measurement standard calibration control points
Amplitude of Frequency, Phase standard Deviation of P2 .
refe.rence.: and kHz deviation, m° Permissible Typical value, Bridge type
alternating signals, V ’ limits, m® m°
1 0.58 +5 +2
5 -0.02 +5 +2
> 50 9.98 +10 +5
200 -4.96 + 40 +20 1:1R
1 0.76 +5 +2 (Fig. 3, a)
5 -2.20 +5 +2
50 1.90 +10 +5
200 1.67 +40 +20
’ 1 0.001 +5 +2
5 -0.21 +5 +2 1:1C
50 —0.05 +10 +5 (Fig. 3, b)
200 -0.05 + 40 +20

To calibrate the phase measurement standard
at frequencies of 5 kHz, 50 kHz, and 200 kHz,
the voltage parameters U, and U, of the phase
standard are changed according to Table 2 depen-
ding on the phase bridge type.

The systematic component of the PSA mea-
surement uncertainty of the phase measurement
standard is calculated according to the formula
with its subsequent compensation:

oU U

)
S0 = pos
? U

neg

neg

+U

pos
where 0 is the PSA value, which is 0.1°, by which
it was increased/decreased on both sides of the zero
of the measurement standards;

U,, is the voltage value observed on the indi-

cator of a digital multimeter when the PSA value
of the phase measurement standard is reduced;

; 3)

U,, is the voltage value observed on the
indicator of a digital multimeter for the increa-
sed PSA value of the phase measurement stan-
dard.

Thus, if negative deviations of —0.1° of the
PSA lead to the voltage value of 42.02 mV, and
positive deviations of 0.1° lead to the voltage value
of 43.17 mV, the deviation of the PSA is 0.00135°.

Fig. 5 shows the change in the deviation of
the PSA during the calibration of the phase mea-
surement standard at a frequency of 1 kHz and
an amplitude of 5 V using a 1:1R calibration bridge
in the period from 2016 to 2023. The specified
deviations of the PSA may be approximated by
a positive linear trend line, which is accounted
for when performing calibrations of phase measure-
ment standards and precision phase meters using
the DETU 09-07-11 measurement standard.

¢, m°
1.00 -
y = 0.0008x - 35.957 o
R? = 0.8048 e
0.50 -t
0.00 i
-0.50 A A
-1.00 /', ==
-1.50 '
-2-00 1 T T ! T T
01.06.2016 01.11.2017 01.04.2019 01.09.2020 01.02.2022 01.07.2023

Fig. 5. Deviation of PSA during calibration using a bridge
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Fig. 6. Structural diagram of the reproduction of the PSA in the expanded frequency range

For equal values of the resistance in two arms
of the bridge, the deviation of the PSA of the phase
measurement standard is determined by preliminary
determining the phase error. The 1:1R PSA deviation
of the bridge at 5 V is 0.017°, at 7 V it is 0.023°, and
the 1:1C PSA deviation of the bridge at 7 V is —0.010°.

Reproduction of the PSA unit in the main frequency
range from 0.01 Hz to 10 MHz

The reproduction of the PSA unit between
two voltages in an extended frequency range is
implemented by the frequency synthesizer Hameg
HM 8134-2, which is synchronized by the Secondary
Time and Frequency Measurement Standard of
VETU 07-01-03-10 (maintained at the SE “UKR-

METRTESTSTANDARD”), two functional gene-
rators Hameg HM 8131-2 (main and additional) and
a phase shift angle meter-converter Clarke-Hess 6000A
(Fig. 6). The universal digital oscilloscope Tektro-
nix TDS 2024 is used to control the parameters of
reproduced voltages, and the frequency meter Agi-
lent 53132A is used to control the reproduced fre-
quency. A PC with a specially developed program
in the LabVIEW software environment [14] is used
to control the meter, the frequency counter, and to
display the reproduced PSA.

Some results of the study of metrological cha-
racteristics of the DETU 09-07-11 measurement stan-
dard in the expanded frequency range are shown in
the Table 3.

Results of the study of metrological characteristics of the measurement standard in the expanded frequency Ff:rkl);ee ’
1 kHz 500 kHz 1 MHz
Determined
P e es | Rmsp,e | NERERE | Rsp, e | ADEES | Rvisp, ¢

0 0.0000 0.0006 0.0000 0.0008 0.0000 0.0011
30 29.9937 0.0006 29.9972 0.0021 29.9934 0.0030
60 59.9873 0.0004 59.9881 0.0020 59.9862 0.0034
90 89.9780 0.0009 89.9821 0.0025 89.9795 0.0033
120 119.9718 0.0005 119.9762 0.0015 119.762 0.0040
180 179.9566 0.0008 179.9636 0.0017 179.9627 0.0042
270 269.9351 0.0005 269.9408 0.0016 269.9403 0.0053
300 300.9281 0.0006 299.9332 0.0022 299.9371 0.0037
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Conclusions

Regular study of metrological characteristics of
the DETU 09-07-11 measurement standard has been
conducted both in the main and in the extended
frequency range. The PSA values obtained as a result
of the study in the main frequency range (from 5 Hz
to 200 kHz) do not exceed 0.001° (which is maximum
according to measurements at all calibration points

0.00015°), and in the extended frequency range (from
0.01 Hz to 10 MHz) — 0.01° (which is maximum
according to measurements at all calibration points
0.0053°). To eliminate the systematic measurement
uncertainty component of the phase measure-
ment standard, a special calibration is regularly
performed using a set of resistive and capacitive phase
bridges.

JlocaiIKeHHsI JIePXKABHOIO MEPBUHHOIO €TAJOHA OXUHMII
KyTa 3CyBY (pa3 MiK JBOMAa HaNpyramu
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AHoTamnis

®azoBi BUMIpIOBaHHS BaXJIMBI Ul BUSHAYEHHSI OCHOBHMX TapaMeTpiB KOJMBAIBHOTO TPOLIECY B CKIATHUX eJIeKTPUY-
HUX Mepexax. Haituacrimme BuMiptoeTbest caMme KyT 3cyBy (a3 (K3®d) mixk 1BOMa KOJIMBAaIbHUMU TIPOIECAMU OTHAKOBOI
YacTOTU. BakIMBUM MOKAa3HUKOM SIKOCTi €JIEKTPUYHOI eHeprii € KoedilieHT HecuMmeTpii B TpudasHiii eJeKTpu4Hiii Mepexi,
Ha SIKWIl BIUIMBA€ HAaBaHTAXEHHsI CMOXUBaYiB y Wil mepexi. Ha ueit mokazuuk BrmBae K3® wmix nBoma dazHumMu
HarnpyraMu.

o 3aco06iB BuMiptoBaHHs (3B) misg BumiproBaHb (da3um BimHOCATBCS eTajoHU (ha3u, BUMiptoBaui ¢da3u Ta dazo-
rnepeTBopioBavi. BOHU IIMPOKO 3aCTOCOBYIOTHCSI B TAKMX rajy3six, sSIK pajiiojioKallisi, paaioHaBirailisi, HepyHHiBHUIA KOHTPOJIb,
panioTexHika, TeJIeKOMYHiKallii, aKyCTMKa, MEeTaJIyprisi, MalllMHO- Ta aBiaOyaiBHA rajaysb, KOCMiYHa rajy3b, a TAKOX HayKOBi
IOCHTIIKEHHS Ta 000pOHA.

HepxaBuuii erajoH Ykpainu omuuuii K3® mix nBoma HampyramMu B miamasoni yactor Bim 0,01 T'm mo 10 Ml
30epiraetbess B A1 “YKPMETPTECTCTAHJAPT”, M. KuiB. Bin 3a6e3mnedyye MeTpOJOTiUYHY MPOCTEXYBaHIiCTh (has3,
BUMIpSIHUX y KpaiHi. OCHOBHi KOMITIOHEHTM eTajioHa OyJu BiJKajiOpoBaHi B HaLliOHAJIbHOMY METPOJIOTIYHOMY iHCTU-
TyTi Himewunnu — PTB. B YkpaiHi BUKOpPMCTOBYETHCSI BeJlMKa KiJIbKICTh €TaJOHIB i 3ac00iB 1Jisi BUMiploBaHHS (a3u
(mmoHax 500 TMc. ogMHUIIL), 30KpeMa Kayiopatopu dasu, dazomerpu, (azoobdepradi, CHHXPOHOCKOMHU TOIIIO.

IIpoBomsThCSl peryasipHi MOCTIIKEHHST MeTposnoriynnx xapakrepuctuk etaiona JETY (09-07-11 gk B ocHOBHOMY
(Bin 5 T'm mo 200 xI'u), tak i B posmmpeHomy (Bim 0,01 Ty mo 10 MI'n) nmiamazoni wyactor. OTpuMaHi B pe3yJibTari
nociimkenb 3HadeHHs CKB B ocHOBHOMY fianasoHi yactor He nepesuinyioth 0,001° (MakcuMyM 3a BUMIipIOBaHHSIMU
y BCix Toukax Kaniopysanusg 0,00015°), a y posmmpeHoMy aiana3oHi yactor — 0,01° (MakcuMyM 3a BUMIpIOBAaHHSAMU Y BCiX
Toykax Kamiopysanusa 0,0053°). [ BUKJIIOYEHHS CUCTEMATUYHOI CKJIaJO0BOI HEBM3HAYEHOCTI BMMIpIOBAHHS eTajoHa (asu
PeryJiipHO MPOBOIUTHCS CrielliajibHe KaaiOpyBaHHS 3 BUKOPUCTAHHSM HaOOpY PE3UCTMBHMX i €MHICHUX (Da30BUX MOCTIB.

KirouoBi cioBa: Kyt 3cyBy (hasu; Hanpyra; BUMipioBaHHS (a3u; €TaJIOH BUMIiPIOBAHHS; HEBU3HAUYEHICTh BUMiPIOBAHHS.
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