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Abstract: In this paper the results of the tests of the wideband transformation accuracy of medium
voltage (MV) inductive voltage transformers (VTs) in the frequencies range from 50 Hz up to
5 kHz are presented. The values of voltage error and phase displacement for transformation of
the harmonics of distorted primary voltages are determined. In the case of a typical 50 Hz-type
inductive VT with a rated primary voltage equal to (15/+/3) kV and (20/+/3) kV manufactured by
an international company the limiting values of the accuracy classes extension for quality metering
required by the standard IEC 61869-6 for the Low Power Instrument Transformers (LPIT) were not
exceeded. While, in the same test other MV inductive VTs show poor accuracy and even resonance at
multiple frequencies. Unfortunately, this problem also arises from nonlinearity of the magnetization
characteristic of their magnetic core. Therefore, for transformation of the sinusoidal voltage in the
secondary voltage significant but not easily detectable values of the low order higher harmonics are
present. Moreover, for transformation of harmonics of distorted primary voltage the influence of
connected capacitance on the obtained values of voltage error and phase displacement was tested.

Keywords: inductive voltage transformer; self-generation; distorted voltage; harmonics; composite
error; voltage error; phase displacement; wideband voltage divider; accuracy of VT

1. Introduction

Inductive instrument transformers are subject to nonlinear effects causing problems
in the accurate measurement of PQ issues and non-sinusoidal electrical energy [1-6]. The
problem with their wideband transformation accuracy is caused by the nonlinearity of
the magnetic core. In inductive current transformers this results in significant additional
distortion of the secondary current with the low order higher harmonics, even when a sinu-
soidal current is transformed [7]. In the inductive voltage transformers (VTs) main reason
of the highly nonlinear transformation is resonance for higher harmonic of transformed
distorted primary voltage [8,9]. The additional distortion of the secondary voltage with
the low order higher harmonics is much less significant. The main problem with highly
nonlinear transformation with frequency of the applied voltage results from the internal
resonance caused by the simultaneous presence of inductances and capacitances in the
primary winding of the inductive VT [9,10]. Moreover, new requirements may arise for
partial discharge (PD) tests under non-sinusoidal conditions. The studies presented in [11]
show the application of FFT analysis in PD detection. However, there are still no tests
established for distorted voltages. There are many methods and measuring systems that
enable evaluation of the values of ratio error and phase displacement for transformation of
harmonics of distorted voltages by the inductive VT [6,8,12-14]. Therefore, the methods
and requirements are ready for standardization. The accuracy requirements for low-power
voltage transformers at harmonics are defined in the IEC 61869-6 standard [15]. Since,
still there are no requirements for the accuracy of transformation of higher harmonics by
inductive VTs. In this paper the limits defined for the LPIT are applied also to inductive VTs.
Due to the distortion of voltage and current in the power networks accurate transformation
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of harmonics also by inductive instrument transformers is needed. This problem is widely
discussed in the literature [1-10,12-21], however, the presented results show only poor
transformation accuracy of mass-produced inductive VTs.

The paper presents the application of a measuring system developed for testing the
transformation accuracy of harmonics of distorted voltage by MV inductive VTs [8]. The
results show that the unit designed for the rated primary voltage equal to (15/1/3) kV is able
to ensure the values of voltage error and phase displacement that do not exceed +5%/° in
the frequencies range up to 5 kHz. The inductive VT designed for the rated primary voltage
equal to (20/+/3) kV is able to ensure only +10%/° in the limited frequencies range up to
2.5 kHz. This limitation is caused by the resonance behavior of inductive VT caused by the
simultaneous presence of the capacitance and the inductance in the primary winding [9,10].
In the case of both VTs additional problem with wideband transformation accuracy is
caused by the nonlinearity of the magnetization characteristic of their magnetic core [7].
However, the values of the 3rd, 5th and 7th harmonics are not easily detectable, therefore,
the developed method that enables calculation of the values of the low order higher
harmonics generated in the secondary voltage due to the nonlinearity of the magnetization
characteristics of their magnetic core must be used. Moreover, the significant influence on
the values of voltage error and phase displacement of transformation of harmonics may
have the value of the capacitance connected to the secondary winding. In the tested case
the changes were easily detectable if it exceeded 1 nF.

In the paper the limits defined for LPIT in the group of the standards IEC 61869 for
transformation accuracy of higher harmonics are presented. In the next section the object of
the research and its equivalent circuit are discussed. In Sections 4 and 5 the measurement
system, test conditions and the results of the measurements for transformation of harmonics
of the distorted primary voltage by the tested inductive VTs are presented and analyzed.
The last section of the paper present the conclusions.

2. Defined Accuracy Requirements for Transformation of Higher Harmonics in the
Group of the Standards IEC 61869

The accuracy requirements for low-power voltage transformers at harmonics are
defined in the standard IEC 61869-6 [15]. In Table 1 the limiting values of the ratio error
and phase displacement for the measuring accuracy classes of the low power instrument
transformers (LPITs) are presented.

Table 1. Measuring accuracy classes [15].

Ratio Error at Phase
Low Frequency Ratio Error (+) at Harmonics [%] D(lsil;lztcir(r)\:vnt Phase g;iﬂi;‘i‘::"[‘:; (£ at
AcCcluracy [%] Frequency [°]
ass
2nd 5th 7th 10thto Above 2nd 5th 7th 10th to
0Hz 1Hz to and to 13th 13th 1Hz to and to 13th
4th 6th 9th 4th 6th 9th
+1 +1 +8
0.1 100 _30 1 2 4 8 ~100 45 1 2 4 8
+2 +2 +16
0.20.25 100 _30 2 4 8 16 100 45 2 4 8 16
+5 +5 +20
0.50.55 ~100 _30 5 10 20 20 ~100 45 5 10 20 20
+10 +10 +20
1 100 _30 10 20 20 20 100 45 10 20 20 20

The requirements presented in Table 1 are defined to ensure proper accuracy of
transformation for electric energy metering systems in power networks.

In Table 2 the limiting values of the ratio error and phase displacement for the power
quality accuracy classes of the LPIT are presented.
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Table 2. Accuracy classes extension for quality metering and low bandwidth DC applications [15].

Ratio Error (£) at Frequencies Shown Below [%] Phase Displacement (%) at Frequencies Shown

Below [°]
Accuracy Class
01<£f<1) 1<f<15) 1.5<£f<3) 01<£<1) 1<£f<15) 1.5 <£f<3)
kHz kHz kHz kHz kHz kHz

0.1 1 2 5 1 2 5
0.20.2S 2 4 5 2 4 5
0.50.55 5 10 10 5 10 20

1 10 20 20 10 20 20

The requirements presented in Table 2 are defined to ensure proper accuracy of
measurement of the power quality by the systems in power networks.

In Table 3 the limiting values of the ratio error and phase displacement for the accuracy
classes extension for high bandwidth DC applications of the LPIT are presented.

Table 3. Accuracy classes extension for high bandwidth DC applications [15].

Ratio Error (1) at Frequencies Shown Below [%] Phase Displacement () at Frequencies Shown

Below [°]
Accuracy Class
01<£f<5) 5<£<10) (10 < £<20) 01<£<5) 6<£<10) (10 < f<20)
kHz kHz kHz kHz kHz kHz

0.1 1 2 5 1 2 5
0.20.2S 2 4 5 2 4 5
0.50.55 5 10 10 5 10 20

1 10 20 20 10 20 20

The most restrictive requirements are defined in Table 3. They are defined to ensure
proper accuracy of the LPIT in high bandwidth DC applications.

3. The Object of the Research and the Equivalent Circuit of Inductive VT for
WIDEBAND Operation up to 20 kHz

The objects of the research are a group of single pole VTs: two with a rated primary
voltage equal to (20/+/3) kV, two with rated primary voltage equal to (15//3) kV. Their
rated secondary voltage is equal to (100/+/3) V. Additionally, one tested inductive VT is
designed as reference for evaluation of the accuracy of inductive VTs for transformation of
a 50 Hz sinusoidal voltage. It has three rated voltage ratios: 200, 100 and 50. Its primary
voltage may be equal to 20 kV, 10 kV, 5 kV or (20/+/3) kV, (10/+/3) kV, (5/+/3) kV. The
results of transformation accuracy tests of the sinusoidal primary voltage of frequency
50 Hz in accordance with the standard IEC 61869-3 by the tested VTs are presented in
Table 4 [22].
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Table 4. Transformation accuracy of the sinusoidal primary voltage of frequency 50 Hz.

TVT Rated Primary Voltage Ratio Error at Rated Frequency 50 Hz Phase Displacement at Rated Frequency
[kV] [%] 50 Hz [°]
VT1 +0.17 +0.03
VT2 15/+/3 -0.21 —0.39
RVD +0.04 +0.03
VT3 -0.11 —0.34
VT4 —0.31 —0.36
VT5 20//3 —0.03 +0.03
RVD +0.04 +0.04
VTs 1 to 4 are 0.5 accuracy class as results from requirement defined in the standard
IEC 61869-3: the values shall not exceed +0.5% for the voltage error and +0.33° for the
phase displacement [22]. VTS5 is the inductive VT designed as reference for evaluation of
transformation accuracy of inductive VTs for 50 Hz sinusoidal voltage of accuracy class
0.05. In this case the values shall not exceed £0.05% for the voltage error and £0.03° for
the phase displacement
To analyze the transformation accuracy of the higher harmonics of the distorted
primary voltage by the inductive VTs an extended equivalent circuit is used (Figure 1).
A R, L, Ry L'y R, L, R, L a
g | Sl ret e L """
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I [ Il
u’, el - o IH 1
Cotii —— Con— Con_— i y Cp—— °F
Gln R e E "
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Figure 1. The model of inductive VT: (a) extended equivalent circuit in the frequency range up to 20 kHz, (b) rendering of

an inductive VT.

In Figure 1 the following notations are used: symbols with two dashes (") indicate
parameters converted to a secondary circuit:

C”"111/C"112/C"T1n—partial equivalent capacitance between the primary and sec-
ondary windings,



Energies 2021, 14, 4432

50f16

C”G11/C"G12/C” Gin—partial equivalent capacitance of the primary winding to ground,
C”B12/C"pu-1yn—parasitic capacitance between neighbor layers of the primary winding,
R”11/R"12/R”1,—partial resistance of the primary winding,

L”41/L"12/L"1,—partial leakage inductance of the primary winding,

Cy—equivalent capacitance of the secondary winding,

Ry-resistance of the secondary winding,

L,-leakage inductance of the secondary winding,

R”pe—equivalent resistance of the iron losses in the magnetic core,

L”, —mutual inductance between primary and secondary windings,

u”j-instantaneous value of the primary voltage,

up-instantaneous value of the secondary voltage.

In the equivalent circuit of the inductive VT the parasitic capacitance of the primary
winding and its leakage inductance are divided into several parts, as presented in [9]. This
is required to correctly reproduce the multi-resonance circuit of the tested inductive VT. The
partial equivalent capacitance of the primary winding to ground forms the conductive path
to ground of each layer of the primary winding. This is caused by the parasitic capacitance
between each layer of the winding (grey area in the primary winding in Figure 1b). The
equivalent capacitance between the primary and secondary windings is caused by the
parasitic capacitances between turns of the windings connected in series. Moreover, it
depends from the thickness of the insulation layers between the windings (yellow area in
Figure 1b).

4. Measuring System and Tests Conditions

The values of voltage error and phase displacement of transformation of distorted
primary voltage’s harmonics by tested VTs (TVT) are determined in the measuring system
presented in Figure 2. It consists of the following devices: digital power meter (DPM),
reference wideband voltage divider (RVD), differential amplifier (DA) used to convert the
differential voltage to the single-ended voltage and the supplying inductive VT used to
step-up a distorted voltage (SVT).

The accuracy of RVD is tested as required by the standard IEC 61869-11 [23-25]. Its
frequency response is tested for sinusoidal input voltage with RMS value equal to 150 V
for 15 kV voltage input and 200 V for 20 kV input. The used reference voltage divider
(RVD) has four ranges of the maximum RMS value of the primary input voltage: 20 kV
or (20/+/3) kV, 15 kV or (15/+/3) kV, 10 kV or (10/+/3) kV, and 5 kV or (5//3) kV. Its
rated value of the output voltage is 100 V or (100/+/3) V, respectively. The measuring
system presented in Figure 2 is used to differentially compare the reference voltage from
the RVD with the secondary voltage of the tested inductive VT [8]. The application of the
DA ensures a high input impedance of the DPM voltage input required not to overload the
RVD input [26]. The voltages from DA and RVD are measured simultaneously. Differential
voltage is measured only if the maximum RMS value of the input voltage does not exceed
10 V. Then, the transformation accuracy of tested VTs is obtained from comparison of
their secondary voltage with the output voltage of RVD. To supply the measuring system
programmable power supply system (PPS) is used. It is composed of the audio power
amplifier with rated output active power 4 kW and the arbitrary waveform generator [27].
This enables the possibility to generate the distorted supply voltage for SVT. During the
tests a voltage with the main harmonic (50 Hz) and a single higher harmonic up to the
100th order is used. Its RMS value is equal to 10% of the RMS value of the main harmonic.
The value of phase of higher harmonic in relation to the main harmonic is typically equal
to 0. However, for low order higher harmonics 3rd, 5th and 7th the phase is changed in 10°
steps during the test.
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(b)

Figure 2. The measuring system: (a) schematic diagram, (b) photo of the laboratory setup.

In developed differential method the value of the secondary voltage of tested trans-
former is calculated from the following Equation [8]:

Ucvri = \/ Uy oy + UB . — 2 Urvonk Up e c0s (180° = grvppane) ()

where Ucyrp—calculated RMS value of a ik harmonic on the secondary winding of TVT,
Uryprk—the RMS values of a ik harmonic in the output voltage of the RVD, Upap—the RMS
values of a ik higher harmonic in the output voltage of the DA, and ¢ryppan—the phase
angle of a ik harmonic in the output voltage of the DA in relation to the ik harmonic in the
reference voltage from the RVD.

The value of the voltage ratio error of transformation of a ik harmonic by tested VTs
is calculated from the following Equation [8]:

Ucyrvrik — UrvDnk
URrvDnk

AUty = -100% 2)
Ucyrvik—the RMS values of a hk harmonic in the output voltage of the TVT deter-
mined from Equation (1) (Ucyr) if differential method is used or measured by DPM on
the secondary winding of TVT (Ury ).
The value of the composite error of transformation of a ik harmonic is calculated from
Equation [8]:

u
AsTVThk = ﬁ-lOO% (3)
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The value of the phase displacement of transformation of a 1k harmonic is given by
Equation [8]:
Uty = $Urvrik — PUrvDhK 4)

where pUryry—the phase angle of a ik harmonic on the secondary winding of TVT in
relation to the main harmonic of the output voltage of RVD and ypUgypyx—the phase angle
of a hk harmonic of the output voltage of RVD in relation to its main harmonic.

If differential method is used the value of the phase displacement of a hk harmonic
caused by TVT may be determined from the following Equation [8]:

2 2
\/ Aety e — AUTy
100%

©)

@UTyThe = arcsin

5. The Results of the Measurements for Transformation of Harmonics of the Distorted
Primary Voltage

In the first part of the studies the values of voltage error and phase displacement of
transformation of harmonics of the distorted primary voltage by two inductive VTs with
rated primary voltage (15/+/3) kV were determined (Figure 3).

AUnymi [%]

R N R L T

LT N

Tab.1 ---Tab.2 — —Tab.3 harmonic order [-]

f — —50 — =60~ — 70— — 80~ — 90. _ 10

harmonic order [-]

——VT1l —4—=VT2 ---: Tab.l ---Tab.2 - —Tab.3

(b)

Figure 3. The results for the inductive VTs with rated primary voltage (15/+/3) kV: (a) voltage error,
(b) phase displacement of transformation of harmonics of the distorted primary voltage.

The inductive VT labelled VT2 shows multi-resonance behaviour, while VT1 in the
tested range up to the frequency 5 kHz is compliant with the requirements defined in the
standard IEC 61869-6 for the LPIT and presented in Tables 1-3.
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In Figure 4 the obtained values of voltage error and phase displacement of transfor-
mation of harmonics of the distorted primary voltage by for three inductive VTs with rated
primary voltage (20//3) kV are presented.

150
130 | AUk [%]
110
90
70
50

-50 harmonic order [-]

-90 —K=VT3 —8=VT4 —=VT5 oo Tab.l ---Tab.2 — —Tab.3

-40 harmonic order [-]

-60 —H=VT3 —8=VT4 —=VT5 ---e Tab.l =---Tab.2 = =Tab.3

(b)

Figure 4. The results for the inductive VTs with rated primary voltage (20/+/3) kV: (a) voltage error,
(b) phase displacement of transformation of harmonics of the distorted primary voltage.

The inductive VTs labelled VT4 shows multi-resonance behaviour, while VT5 is near
resonance frequency at 5 kHz. The VT3 in the tested range up to the frequency 5 kHz
shows the highest wideband transformation accuracy that will be further analysed.

In Figure 5 the values of voltage error and phase displacement at harmonics of
inductive VT with rated primary voltage (15/,/3) kV and of the wideband reference
voltage divider at voltage ratio 150 and same input voltage are compared. For comparison
the most accurate inductive VT up to frequency of higher harmonic equal to 5 kHz is
chosen from Figure 3.
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-3 i ——VT1 —4—RVD - —Tab.3 harmonic order [-]

(b)

Figure 5. The results for the inductive VT (15//3) kV and the wideband reference voltage divider:
(a) voltage error, (b) phase displacement at harmonics.

The values of voltage error (Figure 5a) did not exceed —5%, while the values of phase
displacement (Figure 5b) did not exceed —2°. Moreover, for transformation of harmonics of
distorted primary voltage the influence of connected capacitance on the obtained values of
voltage error and phase displacement was tested. A typical value of the input capacitance
of the voltage measuring channel of the used DPM is 0.2 nFE. If the value of the parallel
capacitance is increase to 1 nF only a slight increase of the voltage error is detected, while
the increase of this capacitance to 26 nF results in significant change of the values of voltage
error determined for the tested VT1. However, there was no detected change of the value
of the phase displacement.

To determine the maximum values of the voltage error and phase displacement for
transformation of the 3rd, 5th and 7th by tested VTs their phase in relation to the main
harmonic of the primary voltage is changed in 10° steps during the test. In Figure 6 the
change of the values of voltage error (a) and phase displacement (b) with the change of the
value of phase angle of transformed higher harmonics in relation to the main harmonic of
distorted primary voltage are presented.
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08 AUrym [%]

=¥=3 harm.
-8-5 harm.
-4-7 harm.

0.6

0.4

0.2

320 360

-0.2 .
YUpvpnk [°]
-0.4
(a)
0.0
0 40 80 120 160 200 240 280 320 360
-0.1 Upvpni [°]
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-0.2 =3 harm.
-8-5 harm.
03 PUrvmi [ ] —-7 harm.
(b)

Figure 6. The changes of the values of voltage error (a) and phase displacement (b) with the phase
angle of transformed higher harmonics.

The maximum values of the voltage error and phase displacement of transformation
of the low order higher harmonics 3rd, 5th and 7th are obtained at different phase angles in
relation to the main harmonic of the distorted primary voltage. These values are changing
sinusoidally with this phase angle. Its influence decreases with increase of the frequency of
higher harmonic. Therefore, when the RMS value of higher harmonic is set to 10% of the
primary component it is significant only up to its 7th order.

To calculate the values of the low order higher harmonics self-generated in the sec-
ondary voltage by an inductive VT there are two methods. In the first approach the
procedure starts with determination of the maximum value of voltage error. In the second
approach the calculations may start with determination of the maximum value of phase
displacement. The flow chart of the developed method is presented in Figure 7.
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Figure 7. The method to calculate the values of the low order higher harmonics self-generated to the secondary voltage of the inductive
VT: (a) flow chart, (b) the approach with the maximum value of voltage error (c) the approach with the maximum value of phase

displacement.

In the first step of the developed procedure to calculate the low order higher har-
monics generated in the secondary voltage of the inductive VT the values of voltage error
AUty and phase displacement gUryyy for the low order higher harmonics are deter-
mined. The value of phase angle of each higher harmonic in relation to the main harmonic
is changed by 10° during the test (Figure 7a: p. 1). In the second step the maximum
value of voltage error MAX(AUryty) and corresponding value of phase displacement
eUryrIMAX(AUryTHi)] from Figure 7b are chosen (Figure 7a: p. 2a). Alternatively, the
maximum value of phase displacement MAX(@Ury ) and corresponding value of voltage
error AUTyr[MAX(@Uryrni)] from Figure 7c are chosen (Figure 7a: p. 2b). In the same
step the average values {(AUryy) of voltage error (Figure 7b) or {(¢Uryy) phase dis-
placement (Figure 7c) are calculated (Figure 7a point 2c). In the third step the value of the
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difference between the maximum value MAX(AUrytyk) and the average value C(AUryyx)
of voltage error (Figure 7a: p. 3a) or the value of the difference between the maximum
value MAX(pUryty) and the average value {(@Ury ) of phase displacement is calculated
(Figure 7a: p. 3b). In the next step (Figure 7a: p. 4) the value of the composite error is
calculated from Equation (6) for the maximum value of voltage error or from Equation (7)
for the maximum value of phase displacement:

AeTyTik = \/(MAX(AUTVThk) — {(AUryrie))? + sin(@Uryr [MAX (AUryii)] — ¢ (@UryTae) )*-100% (6)

Aeryrik = \/(AUTVT [IMAX (@Uryrie)] — {(AUryii))* + sin(MAX (9Ury i) — {(@Uryrik))*-100% @)

~
X 0.05
3 0.04
£0.03
>70.02
0.01

0

Then finally the percentage values of the self-generated higher harmonics to the
secondary voltage U, are determined from Equation (8):

Aeryrie-Urv Dk
Ughkso = — 10— 8
TVTh

Uryryi—the RMS value of the main harmonic of the secondary voltage of TVT.

In Figure 8 the percentage values of the self-generated higher harmonics to the sec-
ondary voltage by inductive VTs (15/,/3) kV (a) and (20/+/3) kV (b) determined for
transformation of the sinusoidal voltage of rated value are presented.

~ 0.1
K0.08
£0.06
- 50.04
a—p >0.02
0
5 7 3 5 7
harmonic order [-] harmonic order [-]
(a) (b)

Figure 8. The percentage values of the self-generated higher harmonics (a) (15/+/3) kV and (b) (20/+/3) kV.

The values of the self-generated higher harmonics to the secondary voltage are cal-
culated as a percentage of the RMS value of the main harmonic of the secondary voltage.
The inductive VI3 (20/+/3) kV is characterized by higher self-distortion of the secondary
voltage than VT1 (15/+/3) kV. The most important observation is that the values of self-
generated higher harmonics are very small and the power analyzer is unable to detect them
in the secondary voltage of inductive VT. The values presented in Figure 8 are determined
from the developed procedure and although they are rather small they have a significant
influence on the wideband transformation accuracy of both inductive VTs.

In Figure 9 the determined values of voltage error and phase displacement at harmon-
ics of inductive VT with rated primary voltage (20/+/3) kV and of the wideband reference
voltage divider at voltage ratio 200 are compared. In this case the most accurate inductive
VT up to frequency of higher harmonic equal to 2.5 kHz is chosen from Figure 4.
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Figure 9. The results for the inductive VT (20//3) kV and the wideband reference voltage divider:
(a) voltage error, (b) phase displacement at harmonics.

In the case presented in Figure 9 the analysed frequencies range is limited to 2.5 kHz.
The inductive VT with the rated primary voltage equal to (20/+/3) kV is able to ensure the
accuracy classes extension for quality metering required by the standard IEC 61869-6 for
the LPIT.

6. Conclusions

The MV inductive voltage transformer may ensure transformation of harmonics of
distorted primary voltage with values of voltage error and phase displacement as required
by the standard IEC 61869-6 for the LPIT. The influence of the secondary winding on
the resonance behavior of the MV inductive voltage transformer is negligible. Different
harmonics transformation accuracies of the tested MV inductive instrument transformers
show that the proposed tests are required prior to their application in the power network
where their wideband properties may be required. Moreover, the problem with the wide-
band transformation accuracy of the inductive VTs is also connected with the nonlinearity
of the magnetization characteristic of their magnetic core. Therefore, for transformation
of the sinusoidal voltage in their secondary voltage the significant values of the 3rd, 5th
and 7th harmonic are present. This also causes a need for the phase angle of the trans-
formed higher harmonic to be considered when assessing the transformation accuracy
of inductive VTs. However, the values of the low order higher harmonics are not easily
detectable. Therefore, the developed method that enables calculation of the values of the
low order higher harmonics generated in the secondary voltage due to the nonlinearity of
the magnetization characteristic of their magnetic core must be used.
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List of Symbols and Acronyms

Symbols with two dashes (') indicate parameters converted to a secondary circuit.

C"B12/C Bn-1)n

C"c11/C"G12/C"Gin

parasitic capacitance between neighbor layers of the primary winding,
partial equivalent capacitance of the primary winding to ground,
partial equivalent capacitance between the primary and secondary

C'111/C 112/ C 110 windings,

Cy equivalent capacitance of the secondary winding,

DA high impedance wideband amplifier (1:1) to convert the differential
voltage to single ended voltage,

DPM digital power meter,

hk order of higher harmonic e.g., h1 is first harmonic, h3 is third harmonic.

L, mutual inductance between primary and secondary windings,

L”11/L"12/L"1p partial leakage inductance of the primary winding,

L, leakage inductance of the secondary winding,

MAX(eUryr) the maximum value of phase displacement,

MAX(AUryr) the maximum value of voltage error,

PPS programmable power supply system,

R”11/R"12/R"1n
R"fe

partial resistance of the primary winding,
equivalent resistance of the iron losses in the magnetic core,

Ry resistance of the secondary winding,
RVD reference wideband voltage divider,
SVT supplying inductive VT used to step-up distorted voltage,
TVT tested inductive voltage transformer,
the RMS values of a ik harmonic in the output voltage of the TVT;
Ucyrvik (Ucyn) if differential method is used or measured by DPM on the
secondary winding of TVT (Uryk),
u”’q instantaneous value of the primary voltage,
up instantaneous value of the secondary voltage,
Ucvnk calculated RMS value of a ik harmonic on the secondary winding of TVT,
Upank the RMS values of a hk higher harmonic in the output voltage of the DA,
U the the percentage values of the self-generated higher harmonics into the
ghk’ secondary voltage
URrvDhk the RMS values of a ik harmonic in the output voltage of the RVD,
AUTyTIMAX(@UTyTH)] the value of voltage error determined for the MAX(dUryThk),
Ae the value of the composite error of transformation of a hk harmonic of
TVThk the distorted voltage by TVT,
the average value of the change of the phase displacement with phase
C(oUryik) angle of transformed higher harmonic in relation to the main higher

harmonic of distorted voltage,
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the average value of the change of the voltage error with phase angle of
C(AUTyThe) transformed higher harmonic in relation to the main higher harmonic of
distorted voltage,
the phase displacement of transformation of a hk harmonic of the
distorted voltage by TVT,
the phase shift of a 1k harmonic in the output voltage of the DA in
relation to the ik harmonic in the reference voltage from the RVD,
eUryT[MAX(AUry)] the value of phase displacement determined for the MAX(AUyhi)-

QUryThk

PRVDDAhK
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