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Introduction

* This work 1s part of WP1 and 1t 1s a collaboration between University of
Campania «Luig1 Vanvitelli» and INRIM

* T'wo of the objectives of WP1 are:

* Selection of PQ phenomena (and related range of variations) under which
characterize the I'T's

* Selection of the algorithms with which evaluate the performance of an I'T when
used for PQ measurements

e This work 1s focused on subharmonics
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PQ measuring chain for MV grids

Voltage Scaled Voltage '
(or Current) | Instrument or Current Power Quality | PQ indexes

—_—
Transformer Analyzer

»
»

(IEC 61869-X) (IEC 61000-4-X)

* A PQ analyzer will perform PQ measurements according to IEC 61000-4-X

* In particular, harmonics measurement 1s performed according to

IEC 61000-4-7

e Spectral analysis 1s performed over a ime frame of 200 ms (for 50 Hz
systems), so having a spectral resolution of 5 Hz
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Harmonics and subharmonics inductive V'1's

* Harmonics are one of the most diffused PQ phenomena, so it 1s quite
natural that they must be included 1n the characterization of an I'T
intended to be used for PQ measurements

* Subharmonics are spectral components having frequencies lower than
the power frequency, that 1s 50 Hz for European countries

* According to 61000-4-7, PQ analyzers have not the right spectral
resolution (5 Hz) to measure all the possible subharmonics (f.1. 1 Hz)

e Should we include the subharmonics 1n the I'l" characterization?
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Inductive Voltage Transtormers

* Inductive MV VT's are often used for PQ measurements, very often for
harmonics measurements

* Recent literature shows that they can introduce errors up to some

percent, due to their intrinsic non-hinearity when they measure
harmonics

 What happens 1if, other than harmonics, there are also subharmonics at
their input?
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Scope and implementation

e We tested two commercial MV V'T's

* They were used to measure harmonics, with and without the presence
of subharmonics

 Harmonics are measured over time frames of 200 ms, according to IEC

61000-4-7

* The scope 1s to reproduce what would happen 1n a realistic situation,
where harmonics would be measured by a PQ analyzer

* The impact of the presence of the subharmonics on the measurement
of harmonics at the output of the inductive VT's 1s evaluated
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Subharmonics: typical amplitudes and frequencies

* Very wide Literature survey

e Considered Standards: IEELE 519, IEEE 1159, IEC 61000-2-4,-2-12,-3-6

Arc Furnaces

TABLE I: SUBHARMONIC TEST PARAMETERS
Cycloconverters

Frequency (Hz) Amplitude (% of fund)

0.01-0.02-0.05 0.1

Wind Farms - ]

Interarea Oscillations

Hydropowers —
I . . .

001 002 005 01 0.2 05 1 2 5
Frequency (Hz)

0.1-0.2-0.5 0.1-03

1-2-5-10-20 01-1-3
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Background considerations on V'1's non-linearity

* Even with a sinusoidal primary voltage, the magnetizing current 1s

distorted

* The presence of a subharmonic increases the flux and so the

magnetizing current 1s more distorted

* The harmonic components of the magnetizing current oscillate
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What happens in the secondary voltage?

. T}ie distortion of the magnetizing current reflects in a distortion of the secondary
voltage

* Ilven when the primary \{oltafge 1s a sine wave, the secondary voltage contains
spurious harmonics coming from the magnetizing current

* So, let us imagine that a V1" 1s supplied a waveform composed by the fundamental
tone, harmonic components and subharmonic tones

* The harmonic components of the secondary voltage are the result of the vector sum

of:

1. the actual harmonics superimposed on the primary voltage (modified by the
systematic V'I' ratio and phase errors at the specific harmonic frequency)

2. the spurious harmonic components due to both the fundamental and the low
frequency components.
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A. Cataliotti et al., "Compensation of Nonlinearity of Voltage and Current
Instrument Transformers," in /EEE Transactions on Instrumentation and

Te St de S Crlptl()n Measurement, vol. 68, no. 5, pp. 1322-1332, May 2019.

* Sinusoidal tests and SINDICOMP
* Sine waves from 80% to 120% of rated voltage

Measure the primary and secondary spectrum

Use the secondary spurious harmonic phasors to compensate the
reconstruction of the primary phasors

~d ~d >sin
° — —
Wn= Vin —Wn

* Reference test: FH1 (Fundamental + 1 sweeping harmonic tone)

e Fundamental at rated voltage and frequency

 Harmonics at 1 %, order from 2 to 10, zero phase
ker,h_Vp,h

Ep = s Pn = Psn — Pp,n
Vp,h
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Test description

e Subharmonic tests: FHS (Fundamental + 1 harmonic +1 subharmonic)

* The same FHI1 tests but with all the combinations of the subharmonics in the
table

TABLE I: SUBHARMONIC TEST PARAMETERS

Frequency (Hz) Amplitude (% of fund)

I 0.01-0.02-0.05 0.1
I 0.1-02-0.5 0.1-0.3
111 1-2-5-10-20 01-1-3

* Quantify the subharmonic impact: &, = max|e, — &,|, ¥, = max|, — @7l

w
Uw, n

* w, equals 10 cycles of fundamental frequency

* & () evaluates the maximum absolute increment of the harmonic ratio (phase)
error caused by the presence of the subharmonic.
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Measurement setup

TABLE II. RATED CHARACTERISTICS OF THE ANALYZED VTS

Rated prima Rated Rated Accuracy
volta pe (kVI;y secondary burden class
g voltage (V) (VA)

2043 1003 30 0.5

1143 1103 50 0.5

Low Voltage
High Voltage

+ LabVIEW

MEASUREMENT

AND CONTROL
SOFTWARE

ETHERNET r

COMPARATOR }

12.8 MHz

Universita

igisui  EMPIR Il =

de]la, CaInpa,I]]_a The EMPIR initialive is co-funded by the Eurepean Uien's Harizan 2020
.. S research and innavation pragrarmme and the EMPIR Participaling States
Lungi Vanvitell:

ITaPQ

Instrument
Transformers
for Power
Quality

I'T4PQ - 2nd Stakeholder Workshop
Mario Luiso
9" February 2022




Ratio error with and without subharmonic

50 100 150 200 250 300
Time (s)
Fig. 6. Ratio errors of VT, at second harmonic with (circle markers) and
without (square marker) subharmonic component at 0.01 Hz and 0.1 %.
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Impact of subharmonics on fundamental tone

* T'he worsening of ratio error (<0.05%) and phase errors (<0.4 mrad) are
a small fraction of the VT accuracy class (0.5, 0.5 % and 9 mrad)
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Impact of subharmonics on harmonics

Subharmonic frequency (Hz) at 0.1% amplitude
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Impact of operating conditions

Fundamental Amplitude Harmonic Amplitude Burden

T T T T

Fundamental Amplitude(%) T ! ! I ! T Harmonic Amplitude (%)
I g0 100 [ 120 s 3

I s

Burden (VA)
[ o 30

5 6 7 5 7
Harmonic order 7 Harr(n())mc order h Harmonic order #/
a
(@) (a)
Fig. 17. Maximum absolute increments of VT, ratio errors at harmonic  Fig. 18. Maximum absolute increments of VT, ratio errors at harmonic .. . . . .
. . . . . . . . . Fig. 19. Maximum absolute increments of VT, ratio errors at harmonic
order A, with various values of fundamental amplitude, in presence of a order 4, with various values of harmonic amplitude, in presence of a

. . N
0.1 %, 0.01 Hz subharmonic component. 0.1 %, 0.01 Hz subharmonic component. order h, with null 'fmd rated burden (30 VA), in presence of a 0.1 %,
’ 0.01 Hz subharmonic component.

ir;il\ifesrtslilti E M PI R n Em@ | T4 PQ IT4PQ - 2nd Stakeholder Workshop

Mario Luiso
de]la, Campama The EMPIR inilialive is co-funded by the European Union's Harizan 2020 !rr::::fr;er:;rs
L. x research and innavation pragrarmme and the EMPIR Participaling States for Power 9th Febmary 209292
Lungi Vanvitell: Qualiey




Conclusions

* The fundamental tone measurement 1s practically not affected by the
presence of subharmonics

* In presence of subharmonic, harmonic ratio and phase errors increase when
Elhe subharmonic amplitude increase and when the subharmonic frequency
ecreases.

* The harmonic measurements are highly affected by the presence of a
subharmonic, especially the second and the third harmonics, where ratio and
phase errors can mcrease up to values as high as 20 % and 30 mrad.

* The harmonic maximum absolute increments are comparable with the
measurement uncertainty when the subharmonic has:

* 1) frequency higher than 5 Hz and amplitude up to 3 % or
e 2) amplitude up to 1 % and frequency higher than 1 Hz.
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Conclusions

* The 0.5 accuracy class limits are exceeded with subharmonics characterized
by:
* 0.1 % amplhitude and frequency from 0.01 Hz to 0.2 Hz (ULFOs and LLFOs cases);
* (0.3 9% amplitude and frequency up to 0.5 Hz;
* 1 9% amplhtude and frequency up to 1 Hz;
* 3 9% amplitude and frequency up to 2 Hz;

* The harmonic absolute maximum error significantly increases as the
fundamental amplhtude increases and decreases when the amplitude of the
harmonics increases

* In presence of a subharmonic, the burden condition does not significantly
alter the performance.
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