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The Use of Voltage Transtormers for the
Measurement of Power System Subharmonics in
Compliance With International Standards

Gabriella Crotti™, Giovanni D’ Avanzo

Abstract— The measurement of subharmonics in distribution
systems requires instrument transformers to reduce voltage and
current to levels fitting with the low-voltage input of the power
quality (PQ) instruments. The in-force international standards
establish algorithms and methods for detecting, measuring,
and reporting subharmonics. In particular, the IEC 61000-4-7
suggests performing the discrete Fourier transform over basic
time frames of ten cycles (12 cycles) for the 50-Hz (60 Hz)
power frequency. Considering the case of 50-Hz constant power
frequency, the spectral analysis is performed with a fixed spectral
resolution of 5 Hz; thus, subharmonics with a frequency not
integer multiple of 5 Hz could introduce inaccuracies in the
measurements because of the spectral leakage. In this framework,
this article investigates the additional error contributions that
can be introduced by voltage transformers (VTs) used, at the
input of PQ instruments, to measure subharmonics in compliance
with international standards. The analysis is conducted through
numerical simulations and experimental tests on two commercial
VTs based on different operating principles. Results show that
the use of a VT to measure subharmonics, in compliance with
international standards, could introduce higher additional errors
compared to the ratio errors of the same device evaluated at
subharmonic frequencies.

Index Terms— Harmonics, inductive voltage transformers
(VTs), instrument transformer (IT), low-power VTs (LPVTs),
power quality (PQ), power system measurements, subharmonics.

I. INTRODUCTION

HE large-scale introduction of distributed generation sys-
tems based on renewable sources and the spreading of
electronic loads is turning the power grids into increasingly
complex systems characterized by increasing disturbances.
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In this scenario, the accurate monitoring of power quality (PQ)
parameters is gaining more and more importance [1], [2], [3],
and several international standards [4], [5], [6], [7], [8], [9]
dealing with this topic have been released.

The measurement chain for PQ monitoring in medium-
voltage (MV) and high-voltage (HV) systems commonly
includes instrument transformers (ITs) to scale the voltage
and current to levels fitting with the input of PQ instruments
(PQIs). Nevertheless, the performance of ITs in the presence
of PQ phenomena represents an issue only partially addressed
in the literature [10], [11], [12], [13] and technical reports
[14].

Among the PQ phenomena, the monitoring of harmonics
and interharmonics plays a crucial role because their presence
causes many problems, such as overheating of conductors,
losses in power transformers, improper functioning of electric
motors, and damage to power factor capacitors.

Subharmonics are particular cases of interharmonics;
in fact, they are defined as components with frequen-
cies lower and, consequently, not integer multiples of
the fundamental frequency at which the supply system is
designed to operate. Subharmonics are injected into the
power grid by distributed generation systems, such as wind
farms [15], [16], hydropowers [17] or photovoltaic plants
[18], and loads, such as arc furnaces and cycloconverters
[19], [20], [21].

The detection and measurement of power system subhar-
monics are covered by international standards [22], [23], which
define the measurement methods, time frames, and indices.
For the evaluation of subharmonics, as well as harmonics
and interharmonics, the discrete Fourier transform (DFT)
performed with a rectangular window is one of the processing
tools recommended by the standard [22], which indicates
as basic measurement time frame an interval equal to ten
cycles (12 cycles) for 50-Hz (60-Hz) systems. Considering
power systems operating at 50 Hz, frequency variations over
time can occur, leading to variable time frames that are not
always equal to 200 ms. In the following, this article will
refer to the specific case in which the power frequency is
constant and fixed to 50 Hz. This restriction is intended to
simplify the analysis by avoiding the error contribution due to
the algorithm for power frequency estimation. However, the
presented results hold true regardless of the specific case that
is taken into account, as long as the additional error of the
power frequency synchronization algorithm with the network
frequency is considered.
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https://orcid.org/0000-0001-7563-396X
https://orcid.org/0000-0003-1311-9791
https://orcid.org/0000-0001-9361-8309
https://orcid.org/0000-0002-9251-3123

9005912

Under the assumption of power frequency constant and
equal to 50 Hz, the spectral analysis for the measurement of
power system subharmonics is performed with a fixed spectral
resolution equal to 5 Hz. However, the resolution of 5 Hz
might not be sufficient for proper detection of subharmonics,
especially when subharmonics with a frequency not integer
multiple of 5 Hz are present, since they produce spectral
leakage that can badly affect the results [24].

Crotti et al. [21] have experimentally shown how sub-
harmonics, having realistic amplitudes and frequencies, can
impact the performance of inductive voltage transformers
(VTs) when they are used for harmonic measurements.

Taking another step forward in this context, this article
focuses on the performances of inductive VTs and low-power
VTs (LPVTs), in the measurements of subharmonics, when
these measurements are performed following the guidelines
given by the international standard [22]. The study is carried
out in three stages. In the first stage, the case of an ideal
PQI compliant with [22] is considered. Numerical simulations
are used to study the errors introduced by such a PQI in the
measurement of the first interharmonic group [5, 45] Hz in
the presence of subharmonics that cause spectral leakage (i.e.,
in the ranges ]0, 5[ and ]45, 50[ Hz). Then, different numerical
simulations are performed to study what happens when an IT
is used upstream of a PQI for the measurement of the first
interharmonic group. In particular, several ITs are simulated
with the aim of performing a sensitivity analysis regarding how
the IT error is affected by its different frequency response para-
meters. Finally, experimental tests on two commercial devices
are carried out to accurately quantify their error contributions
in the measurement of subharmonics in accordance with [22].

The activity presented in this article is developed in the
framework of a European metrology research project: EMPIR
project I9NRMOS IT4PQ [25]. The main goal of this project
is to establish the methods and procedures for assessing
the errors introduced by ITs when they are involved in PQ
applications.

This article is organized as follows. Section II discusses the
algorithms for the subharmonics measurement and introduces
possible performance indices (PIs) for quantifying the errors
introduced by ITs. Sections III and IV show the results
of numerical simulations for the evaluation of the deviation
introduced, respectively, by an ideal PQI, compliant with [22]
and [23], and by a linear IT in the subharmonics measure-
ment. Section VI describes the generation and measurement
setup for the laboratory characterization of inductive VTs and
LPVTs. Section VII provides experimental results related to
tests performed on a commercial inductive VT and a com-
mercial LPVT. Finally, Section VIII draws the conclusions.

II. STANDARD METHODS AND INDICES FOR
SUBHARMONIC MEASUREMENTS

This section introduces the standard methods and indices
to evaluate the subharmonics, but more in general also har-
monic and interharmonic components, in power systems. The
standard methods and indices are mainly defined in standards
dealing with harmonics and interharmonics measurement [4],

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 71, 2022

Centred Interharmonic

A Interharmonic group Subgroup

A

Amplitude
Amplitude

v
-

0 Harmonic Order 1 0 Harmonic Order 1

Fig. 1. Interharmonic group and centered interharmonic subgroup.

[51, [6], [71, [8], [9]. It is important to highlight that this work
refers to methods and indices defined for Class A PQIs (PQI-
A) used when accurate measurements are necessary [5], [6],
[71, [8], [9]. Without loss of generality, this article will refer to
50-Hz power systems; very similar results can be obtained for
60-Hz power systems by changing the involved frequencies
and the duration of the time frame chosen for the analysis
of the waveforms. Thus, with particular reference to a 50-Hz
constant power system, the standard [22] suggests using the
DFT on time frames of 200 ms, resulting in a fixed frequency
resolution equal to 5 Hz, for the measurement of harmonic
and interharmonic components.

Since the frequencies of interest in this work are in the
range ]0, 50[ Hz, the measurement indices used to quantify
the interharmonic components at frequencies lower than 50 Hz
are the interharmonic group Y, and the gapless interharmonic
centered subgroup Y, [22], as illustrated in Fig. 1 and defined
as in (1) and (2) considering the case of 7 =0

8
2
: / Vh~f1+m~r
m=1

Yesg = \/Yé - Vh2~f1+r - Vh2~f1+8~r )

where Y, is the Root Mean Square (RMS) value of all the
interharmonic components in the frequency interval between
two consecutive harmonic frequencies; Yo is the RMS value
of the interharmonic group excluding the interharmonic com-
ponents adjacent to the harmonics; th'fl +m.r 18 the RMS value
of the voltage at (h-f, + m - r) frequency; f) is the power
frequency; and r is the frequency resolution equal to 5 Hz.
The conventional indices used to evaluate the ITs accuracy
and assign the accuracy class are the ratio and phase errors
defined at power frequency [26], [27]. In this work, the defin-
ition of ratio and phase errors has been extended, considering
the indices in (1) and (2). The IT-PI is defined as follows:

_ kYo =Yy
Y’?sP

Y, = (1)

&y 3)
where k, =V, ./ V , is the rated transformation ratio at 50 Hz
(Vp,r and Vj, are the rated primary and secondary voltages
at 50 Hz); Y, , and Y, ; are the interharmonic group (4 = g)
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Fig. 2. Comparison between time behavior of the actual value (circle marker)
of Y, and the value evaluated according to the IEC 61000-4-7 standard (solid
line) of a voltage signal including 1 V at 50 Hz and 10 mV subharmonic at
5.1 Hz.

or the gapless centered interharmonic subgroup (7 = csg) at
the primary and secondary sides of the IT. These indices allow
evaluating the accuracy of the ITs when they are used for the
measurement of subharmonics in compliance with [22].

As mentioned in Section I, the use of the DFT on a time
frame of 200 ms, when the analyzed signal contains compo-
nents with frequencies not integer multiple of 5 Hz, produces
inaccurate results due to the spectral leakage [28], [29], [30],
[31], [32]. In fact, in these cases, since the periodicity of
the signal is longer than 200 ms, the portions of the signal
analyzed in two adjacent 200-ms time frames differ among
them. Therefore, the DFT produces different results over
different time frames, causing a time-varying behavior of the
analyzed quantities. An example is provided in Fig. 2 that
shows two Y, curves of the same voltage signal composed of
a fundamental tone, at 50 Hz and 1 V, and by a subharmonic,
at 5.1 Hz and 10 mV. The circle marker curve is the Y, actual
value, obtained performing the DFT over a time frame equal
to the signal periodicity (10 s), whereas the solid line is the
Y, value obtained performing the DFT over 200 ms. As it can
be observed, because of the algorithm, the measured Y, has
a mean value of 10 mV, but it oscillates in the range [9.9,
10.09] mV.

This example highlights that there can be situations in
which, even if the signal is stationary, since it is analyzed over
a time frame shorter than its periodicity, the indices in (1)
and (2) have a time-varying behavior, leading also the PIs
in (3) to have the same behavior. To take into account the
variability of (3), it is convenient to introduce the index (4),
which quantifies the maximum absolute value of (3)

& = max|e, | “)

where Uz, is the union of the nonoverlapping time frames
(each one ten cycles of the 50-Hz tone) in which ¢, is
evaluated.

III. IMPACT OF SIGNAL PROCESSING

This section aims at quantifying the error introduced by the
signal processing suggested by [22] for the measurement of

9005912

Y, and Y5, when subharmonics with frequencies in the range
[0.1, 49.9] Hz are present in the analyzed signal.

For this purpose, two different simulations are performed.
In the first step, only subharmonic components in the range
[5, 45] Hz are considered, whereas, in the second step, also,
the subharmonics outside this frequency range are included in
the analysis. It is worth highlighting that the first step of the
analysis focuses on the first interharmonic group defined by
[22]. Additional tones, in the ranges ]0, 5[ and ]45, 50[ Hz,
adjacent to the first interharmonic group, are included in
the second step. As a result of the mismatch between the
periods of these components and the time frame used for the
analysis, they can introduce spectral leakage into the [5, 45] Hz
frequency range.

The PIs used for this analysis are the same introduced in
Section II for the IT [see (3) and (4)]. In particular, &, is
obtained by assuming the following.

1) k, =1 V/V.

2) Y, , equal to the actual value (obtained by performing
the DFT on a time frame equal to an integer multiple
of the signal periodicity).

3) Y, is equal to the value calculated by implementing the
measurement method indicated by the standard [22].

A. Case of a Single Subharmonic

In the first case, a voltage signal composed of a fundamental
tone plus one subharmonic, as described in (5), is numerically
simulated

51(t) = A sin(27 fot) + Asub—n SIN2T foup—n? +@Psup—n). ()

The fundamental tone has amplitude Ay equal to 1V,
and the frequency fy is fixed to 50 Hz; in this way, using
a sampling frequency equal to an integer multiple of the
signal frequency, there is no need for a specific technique
to estimate the signal frequency. Therefore, there is perfect
synchronization between the fundamental tone and the 200-ms
time frame, avoiding the spectral leakage contribution due to
the fundamental component. The subharmonic has amplitude
Aguwp—n equal to 1% of Ay, frequency fop—n variable in the
range [5, 45] Hz with a frequency step equal to 0.25 Hz,
and initial phase angle g, randomly (uniform distribution)
variable in the range [—z, m]. The signals are numerically
generated for a time duration of 10 s, and 100 initial phase
angles @gp—n are extracted for each subharmonic frequency.
All the results reported in the following refer to the maximum
errors obtained by using the random variation of the initial
phase.

The simulation outputs are provided in Figs. 3 and 4 where
the mean absolute values of ¢, and &, evaluated over 10 s are
reported along with their maximum values &, and {cse. As a
general comment, it can be observed that signal processing has
a slightly lower impact on the evaluation of Y., compared to
Y,, being the maximum &, greater than the maximum . This
is explained by considering that, in the evaluation of Y., the
tones at 5 and 45 Hz, introduced by the spectral leakage when
the analyzed time frame is not an integer multiple of the signal
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Fig. 3. Mean absolute value and maximum absolute value (&) of &,
introduced by the signal processing in the measurement of Y,, versus the
generated subharmonic frequency.

e
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Fig. 4. Mean absolute value and maximum absolute value (esg) Of &cggs
introduced by the signal processing in the measurement of Ycsg, versus the
generated subharmonic frequency.

period, are not included, and for this reason, the overall error is
reduced. The maximum & is equal to 7.3%, and it is observed
for fow—n equal to 6 Hz, whereas the maximum & is 6.9%
at 12.75 Hz. It can be noticed that, for subharmonics with
frequencies fyub—n integer multiple of 1.25 Hz, the ¢, values
are overlapped with the mean values of |¢,|. In fact, when
s1(t) [see (5)] is composed of a fundamental tone at 50 Hz
and a subharmonic at a frequency integer multiple of 1.25 Hz,
the period of s;(¢#) can be 800 (odd multiples of 1.25 Hz)
or 400 ms (even multiples of 1.25 Hz). In this case, a time
frame of 200 ms corresponds to a portion of the signal of,
respectively, a quarter or a half of the period. The DFT,
performed on nonoverlapped and consecutive portions of a
quarter or a half of the period, produces the same magnitude
spectra, implying that Y,, and by extension ¢,, assumes a
constant time behavior.

B. Case of Multiple Subharmonics

For this second case, the simulated signal is composed of a
fundamental tone plus two subharmonics, as described in the
following equation:

S1 (t) = Af Sin(27l'f()l) + Agub—n sin(27rfsub,ht + ¢sub7h)
+ Asub—h,out sin (znﬁub—h,outt +§0sub—h,out) . (6)

The fundamental tone has amplitude A; equal to 1 V
and frequency fy fixed at 50 Hz; the first subharmonic has
amplitude Ag,,—, equal to 1% of Ay, frequency fsup—n variable
in the range [5, 45] Hz, and initial phase angle @, randomly
(uniform distribution) variable in the range [—z, w]. The
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the signal processing in the measurement of Y,, when signals composed of
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Fig. 6. Mean values of |¢,| and absolute maximum values &g, introduced by
the signal processing in the measurement of Y,, when signals composed of
tones with fyp—n equal to 5 (square marker), 22 (circle marker), and 45 Hz
(diamond marker), and fsup—h,out in [0.1, 4.9] Hz range are analyzed.

second subharmonic has amplitude Agp—h ou €qual to 1% of
Ay, frequency fob—nou variable in the ranges [0.1, 4.9] and
[45.1, 49.9] Hz, and initial phase angle @gp—hou randomly
(uniform distribution) variable in the range [—z, w]. The
signals are numerically generated for a time duration of 10 s,
and 100 initial phase angles @sub—h and @sub—h,ou are extracted
for each subharmonic frequency. Also, in this case, all the
reported results refer to the maximum errors obtained by using
the random variation of the initial phase. For sake of brevity,
only results related to &, at fop—n equal to 5, 22, and 45 Hz
are provided, but similar considerations also apply to &cs, and
different fsp—n frequencies.

As it can be observed in Figs. 5 and 6, even if fy,,_p is
an integer multiple of 5 Hz, the presence of subharmonic
components outside the frequency range [5, 45] Hz leads
&, to assume mean values and oscillations different from
0%. The worst cases are observed for the combinations
with the lowest absolute value of the difference between
Ssub—h and fiub—h out» Which are the combinations 5 Hz/4.9 Hz
and 45 Hz/45.1 Hz. In these cases, oscillations up to 150% are
found. On the contrary, the lowest variations are observed in
the cases where fop—n and fop—n,ou differ the most, i.e., the
combinations 5 Hz/0.1 Hz, 45 Hz/0.1 Hz, and 5 Hz/49.9 Hz.

These results can be explained considering that the tones
outside the range [5, 45] Hz produce leakage that distributes
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TABLE I
SIMULATED ITS

£ (0.1 Hz) Ag (0.1 Hz) £ (50 Hz) Ap(50 Hz)
(%) (rad) (%) (rad)
From -30 to 0 From -n/4 to 0 0 0

along the frequency spectrum, resulting in subharmonic com-
ponents not present in the analyzed signal. As the distance
between the frequencies fob—nh and fob—nou decreases, the
leakages produced by the component at fob—n,ou and the tone
at fyp—hn combine in an additive way, resulting in higher errors.

IV. IMPACT OF INSTRUMENT TRANSFORMERS

This section analyses, through numerical simulations, how
an IT coupled with a PQI affects the measurement of Y,
and Y. In particular, the simulations have the main target
of investigating the sensitivity of the IT error contributions,
to the subharmonic measurements, with respect to the IT
frequency response parameters. In other words, the simulations
do not aim at accurately quantifying the error contribution of
a specific type of IT to the measurement of subharmonics
(performed according to [22]), but they are intended to show
how the errors vary as the IT frequency responses change.

The in-force standards of the IEC 61869 family dealing with
ITs do not indicate the performance requirements for the IT
involved in the measurement of subharmonics. In this respect,
the only information is provided in IEC 61869-6 [33], where
the extension of the LPVT accuracy class for measurements at
frequencies lower than the rated one is indicated. In particular,
in [33], for each IT accuracy class, limits for the ratio and
phase errors, defined according to (7) and (8), at 1 Hz are
reported

_ ky - Vs(fsubfh) - VP(fSUb*h)
S(fsubfh) - Vp(fsub—h) D

Ap(fav—n) = <V (fsub—n) — <V p(fsub—n) (8

where
kr =Vy,/Vr rated transformation ratio (V, , and Vi,
are the rated primary and secondary volt-
ages);
Vp(fsub—h) RMS values of the primary and secondary

and Vs (fqub—h)

<V p(fsub—n) phase angles of the primary and secondary
and <V(fsub-h) harmonic voltage phasors at fiup_p.

harmonic voltages at frequency fyub—n;

Starting from this information, several scenarios are con-
sidered in the simulations, as reported in Table 1. In all the
cases, the IT ratio and phase errors at 50 Hz are set to zero,
whereas the errors at 0.1 Hz change and go from the limits
of [33] for a 0.5 accuracy class IT to zero. As a result, in the
various cases, the IT frequency response has two fixed points
at 0.1 and 50 Hz. For the union of these two points, infinite
options would have been available, but any selection would
have been unrepresentative of all the possible IT models.
As a result, the simplest solution—a straight line connecting
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Fig. 7. Examples of simulated IT ratio and phase error responses at
subharmonics frequencies.

the points at 0.1 and 50 Hz—is chosen. While remaining
completely general and not at all representative of any specific
IT model, this option allows meeting the IEC 61869-6 [33]
error limits. Some examples of the response of the simulated
ITs at subharmonic frequencies are provided in Fig. 7.

It is worth noting that the numerical simulations described
in this section have been run by considering all the possible
combinations of the following:

1) IT frequency response according to Table I;

2) frequency and phase of the subharmonic inside the range

[5, 45] Hz, according to (5);
3) frequency and phase of the subharmonic inside the
ranges ]0, 5[ and ]45, 50[ Hz, according to (6).
However, since there are a number of variables in this analysis,
for sake of clarity toward the reader, the results are presented
in various steps, and in each step, some variables have a fixed
value.

A. Case of a Single Subharmonic

In analogy to Section III-A, even with the presence of a
simulated IT, the case of a single subharmonic is first ana-
lyzed. Here, all the possible combinations of: 1) IT frequency
response according to Table I and 2) frequency and phase of
the subharmonic inside the range [5, 45] Hz, according to
(5), are considered. The IT error contributions are evaluated
according to the IT-PI (4) introduced in Section II.

The main outcomes of this simulation are listed in the
following and summarized in Table II.

As a first result, it is evidenced that, for fy,—n integer
multiple of 5 Hz and for any combination of the IT ratio and
phase error, the PI ¢, and &, assume the same values of the
IT ratio error at fy,_n With a constant time behavior.

For Ag(0.1 Hz) equal to O rad and any value of (0.1 Hz),
the indices &, and &5, do not oscillate over time, and they are
overlapped with the IT ratio errors.

On the contrary, for Ap(0.1 Hz) different from O rad, the
indices ¢, and & assume mean values equal to the IT ratio
errors but show an oscillating time behavior with a maximum
absolute value up to seven times the IT ratio error.

For sake of clarity, Figs. 8 and 9 show, respectively, £, and
Cesg Tesulting from these simulations only in some specific
conditions listed in the following.

1) ¢(0.1 Hz) is fixed at —1%.
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TABLE II

IMPACT OF ITS ON SUBHARMONICS MEASUREMENT: MAIN RESULTS OF
THE SIMULATIONS WITH ONE SUBHARMONIC TONE

Simulation Parameters Results
£ (0.1Hz) Ap(0.1 HZ) fsub—h g and g.54
Multiple of 5 'Do not oscillate over
Any value Any value Hz time and assume values
equal to € (fsub—h)
Do not oscillate over
Any value 0 Any value time and assume values
equal t0 € (fsub-n)
Any value Oscillate over time
Any value Any value except for and assume mean value
5 Hz multiple equal to € (fsup-n)
8
~A¢ (0.1 Hz)=-0.79 rad
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Fig. 8. Maximum error (¢,) introduced by linear ITs, with different phase
error responses, in the measurement of Y, versus the generated subharmonic
frequencies.

5 A (0.1 Hz)=-0.79 rad
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4 A¢ (0.1 Hz)=-0.10 rad
A (0.1 Hz)=0.00 rad
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Fig. 9. Maximum error () introduced by linear ITs, with different phase
error responses, in the measurement of Yy versus the generated subharmonic
frequencies.

2) Just four values of Ap(0.1 Hz), the two cases that lead to
the maximum and the minimum errors and two middle
points, are shown.

In Figs. 8 and 9, looking to a particular value of fy,,—n on the
horizontal axis, an increase in the values of &, and s can be
observed when A, (0.1 Hz) increases.

The maximum values of &, and &, are 7.8% and 4.7%, and
they are observed for fyp—n equal to 6 and 13 Hz, respectively,
and for Ap(0.1 Hz) equal to — z/4.
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TABLE III
SIMULATED ITS USED IN THE CASE OF MULTIPLE SUBHARMONICS

Simulated £ (0.1 Hz) Ag (0.1 Hz) £ (50 Hz) Ag (50 Hz)
ITs (%) (rad) (%) (rad)
ITA -1 -m/4 0 0
ITy -1 -0.20 0 0
ITc -1 -0.10 0 0

B. Case of Multiple Subharmonics

In analogy to Section III-B, the case of multiple subharmon-
ics is then analyzed. Here, all the possible combinations of: 1)
IT frequency response according to Table I; 2) frequency and
phase of the subharmonic inside the range [5, 45] Hz, accord-
ing to (5); and 3) frequency and phase of the subharmonic
inside the ranges ]0, 5[ and 145, 50[ Hz, according to (6), are
been considered.

For sake of clarity, the results are presented in three steps.

In the first step, the analysis is carried out in the following
conditions.

5g = fcsg = &g = Ecsg — e(15 Hz) )

1) fsw—n is fixed to 15 Hz, that is, a tone included in both
Y, and Y. The reason for this choice comes from the
fact that, with the sole presence of this subharmonic,
according to Figs. 8 and 9, at 15 Hz, the following
condition applies:

2) This means that ¢, and &, do not oscillate and are
equal to &(15 Hz). This, in turn, implies that it is
possible to evaluate the oscillations introduced by the
sole subharmonic outside the range [5, 45] Hz.

3) Three different ITs are considered and shown in
Table III. In fact, since Section IV-A highlights that the
IT phase error A, (fsub—n) represents the most critical
element for the PIs, here, €(0.1 Hz) is constant and
equal to —1%. A,(0.1 Hz) has three different values
that include the limit value for a phase error of [33].

4) The frequency and phase of the subharmonic inside the
ranges ]0, 5[ and ]45, 50[ Hz, according to (6), are
variable.

Due to the presence of such a subharmonic tone, the signals
considered in this step have a periodicity that is not an integer
submultiple of the 200-ms analyzed time frame. This fact leads
&g and & to oscillate and have a mean value different from
&(15 Hz). In other words, (9) does not apply anymore.

Figs. 10 and 11 show, respectively, &, and & for the three
simulated ITs (see Table III); they also show the absolute value
of the IT ratio error |e(15 Hz)| = 0.7%, equal for all the three
simulated ITs.

As it can be observed, &, and &, strongly depend on
the phase errors of the simulated IT. When subharmonics
in the [0.1, 4.9] Hz range are present [see Fig. 10(a) and 11(a)],
the following maximum values of , and &, are found.

1) & =22.1% and &ep = 14.3% for IT,.

2) &, =6.3% and &y = 4.6% for 1Tp.

3) & =3.6% and &y = 2.7% for 1Tc.
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Fig. 10. Maximum error () introduced by linear ITs, with different phase
error responses, when signals composed of tones with fgb—h equal to 15 Hz
and fob—h our in (a) [0.1, 4.9] Hz range and (b) [45.1, 49.9] Hz range are
analyzed.

5
- - - €og(15 H2) 1T,
VLN (15 HD 1T,
’ ’ ~
10 p S gg15 H) 1T,
2 “[€(15 Hz) |
— ’ *
o
=
w s
0
0 1 2 3 4 5
Frequency fsub-h,out (Hz)
(@)
4 /_f-" o185 HD) 1T
SE (15 H) 1Ty
3 o €015 H) 1T,
2 X - |g(15 Hz) |
S v \
o
=
w

45 46 47 48 49 50

Frequency fsub_h’out (Hz)
(®)

Fig. 11. Maximum error ({csg) introduced by linear ITs, with different phase
error responses, when signals composed of tones with fgp—h equal to 15 Hz
and fsub—h out in (a) [0.1, 4.9] Hz range and (b) [45.1, 49.9] Hz range are
analyzed.

It can be noticed that &, and s also strongly depend on
the faub-nou values. By the comparison of Fig. 10(a) with
Fig. 10(b), and Fig. 11(a) with Fig. 11(b), it can be observed
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that the maximum values of £, and ¢ decrease between 70%
and 80% when subharmonics in the [45.1, 49.9] Hz range are
present instead of the subharmonics in the [0.1, 4.9] Hz range.
In fact, for instance, looking at Fig. 10(a) and (b), for the 1Ty,
the maximum values of &, are 21.8% and 3.2%, respectively.
Looking at Fig. 11(a) and (b), for the IT4, the maximum values
of &sgare 14.3% and 4.1%.
In general, we can observe the following.

1) For fub—nou < 5 Hz [see Fig. 10(a) and 11(a)], both &,
and &, are greater than |e(15 Hz)|, and moreover, &, is
greater than .

2) Instead, for foup—nou > 45 Hz, L is always greater
than |e(15 Hz)| [see Fig. 11(b)], whereas &, is lower
than |e(15 Hz)| for some frequencies [see Fig. 10(b)].

In order to understand these results, first, we have to consider
that the errors of the simulated ITs in the range 10, 5[ Hz
are higher (in absolute value) than the errors in the range [45,
50[ Hz. This condition, anyway, is generally valid for all the
ITs for power system applications.

Therefore, with a fab_now < 5 Hz, the spectral leakages
at the primary and secondary sides of the IT significantly
differ among themselves, and this leads the errors ¢, and &g
to increase. Instead, with a fyp—houw > 45 Hz, the spectral
leakages at the primary and secondary sides of the IT are
very similar, and this leads the errors ¢, and e, to decrease.

Moreover, since the components at foub—howw < 5 Hz
produce a more significant leakage in the first portion of
the [5, 45] Hz range, . is lower than &, because Yo
does not include the 5-Hz tone. Similarly, the components at
Ssub—h.out > 45 Hz has a stronger influence on the last portion
of [5, 45] Hz range and, for this reason, . is higher than &.

In the second step, the analysis is carried out in the
following conditions.

1) foub—n,out is fixed to 4.9 Hz. In fact, from the analysis
of the results of all the numerical simulations, the worst
case resulted in the combination of two subharmonics:
one with fyp—n = 6 Hz and one with fop_honw =
4.9 Hz. For sake of clarity, this particular condition is not
presented before, but it is considered in the following.

2) An IT having Ap(0.1 Hz) = —x /4 rad and ¢(0.1 Hz) =
—30% (—30% and —x/4 rad are the limits of [33] for
a class 0.5 IT) is considered. As in the previous point,
this case produced the worst results. Again, for sake of
clarity, this particular condition is not presented before,
but it is considered in the following.

3) The frequency and phase of the subharmonic inside the
range [5, 45] Hz are variable.

Fig. 12 shows the behavior of &, and the mean value of |g,|
when fou_n varies. The behavior of ., and the mean value
of |ecsg| are not shown since they are lower than, respectively,
&, and the mean value of |g,].

As it can be observed, the maximum value of &, is equal
to 54.5%, and it is found when fy,,—p is equal to 6 Hz.

In the third step, the analysis is carried out in the following
conditions.

1) fab—n and fup—hou are fixed to, respectively, 6 and
4.9 Hz. This choice is made since, from the results of
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Fig. 13, Maximum value of ¢, versus IT ratio and phase errors at 0.1 Hz.

the first and second steps, this particular combination
gives the worst error condition.
2) €(0.1 Hz) and A@(0.1 Hz) are variables in the ranges
shown in Table L.
Fig. 13 shows the behavior of £, versus &(0.1 Hz) and
Ap(0.1 Hz). We can observe the following.
1) The maximum value of & is 54.5%, obtained for
£(0.1 Hz) = —30% and A¢p(0.1 Hz) = —=z/4 rad.
2) & is equal to 0% when £(0.1 Hz) = 0%
Ap(0.1 Hz) = 0 rad.
3) & is lower than 10% when [e(0.1 Hz)| < 9.5% and
|A,(0.1 Hz)| < 62 mrad.
4) & is lower than 3% when |e(0.1 Hz)| < 2% and
|A4(0.1 Hz)| < 30 mrad.

and

C. Comments on the Results of the Numerical Analysis

Sections IV-A and IV-B have analyzed, through numerical
simulations, the impact on the measurement of subharmonics
in the range [5, 45] Hz, in compliance with [22], of the
frequency response parameters of linear ITs, compliant with
the IEC 61869 standard family. The main outcomes of the
simulations are summarized in the following.

1) When the IT phase error is different from zero in
the [0.1, 49.9] Hz frequency range, it introduces time-
varying errors &g and &cg.

2) The maximum absolute values of &, and & (¢, and
&esg) strongly depend on the IT phase error responses,
whereas their mean values depend on the IT ratio errors.
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TABLE IV
RATED CHARACTERISTICS OF THE ANALYZED VTS

. Rated
Accuracy Rated Primary Secondary Rated
Type Class Voltage Voltage Burden
kV VA
V) W A
LPVT 1 10 100 5
Inductive VT 0.5 3 100 25
)
PXI Low
Voltage
-> Voltage Amplifier

(72}
=2
[+2] Medium
X 5 LabV'IEW Voltage
9 MEASUREMENT
S| | ANDCONTROL [ Reference J [ VI, J
g SOFTWARE Voltage Divider
=2

Ch1

I YD
Ch2
J

Fig. 14. Block diagram of the generation and measurement setup for the
MV VT under test.

3) The amplitude of &, and . can dramatically increase
when the IT is supplied also with subharmonics in the
[0.1, 4.9] Hz frequency range. In this case, the observed
¢, are always greater than &, and the maximum errors
are found for the combination of the tones at fyp—n
equal to 6 Hz and fob—h,on €qual to 4.9 Hz.

4) On the contrary, the presence of subharmonics in the
[45.1, 49.9] Hz range in the IT input signal has a
lower impact on ¢, and & compared to the case of
subharmonics in the [0.1, 4.9] Hz range.

V. MEASUREMENT SETUP

Several commercial VTs were tested in order to quantify
the impact of VTs on the measurement of subharmonics and
give experimental evidence of the main results shown in
Section IV. However, for sake of brevity, in the following,
only the results related to two commercial VTs (one inductive
VT and one LPVT based on capacitive sensing technology) for
MYV phase to ground measurement applications are shown.

The VTs’ main features are summarized in Table IV. The
generation and measurement setup are shown in Fig. 14.
The reference voltage signal to be applied to the VTs under
test is provided by an Arbitrary Waveform Generator (AWG)
National Instrument (NI) PCI eXtension for Instrumentation
(PXT) 5422 (16 bit, variable output gain, £12-V output range,
200-MHz maximum sampling rate, and 256-MB onboard
memory). The AWG generates a 4-MHz clock that is used
to derive the sampling clock; this allows obtaining coherent
sampling, thus avoiding spectral leakage. Acquisition of the
primary and secondary waveforms of the VT under test has
been performed through the data acquisition board PXlIe-
6124 (£10 V, 16 bit, and maximum sampling rate: 4 MHz).
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Waveforms have been sampled with a 10-kHz rate obtained
through oversampling in order to reduce the impact of noise.
The output of the AWG is connected to an HV power amplifier
(NF HVA4321, up to 10 kV, from 0 Hz up to 30 kHz) feeding
the VT under test. Primary voltages are scaled by an Ohm-
Labs KV-10A HV divider (HVD) with a ratio of 1000 V/V.
The ratio and phase error of the HVD from 0 up to 50 Hz are
below 105 xV/V and 120 urad with an extended uncertainty
(level of confidence 95%) of 50 wV/V and 50 wurad. The
uncertainty of ratio error includes the amplitude nonlinearity
contribution equal to 30 xV/V.

VI. EXPERIMENTAL RESULTS

This section discusses the experimental tests performed
on the two considered VTs. The same test signals used in
Sections III and IV are generated through the measurement
setup presented in Section V.

A. Characterization of VTs at Subharmonic Frequencies

In Fig. 15, the ratio [see Fig. 15(a)] and phase [see
Fig. 15(b)] errors are shown for the LPVT and the inductive
VT under test.

In this characterization, the test waveform is composed of
the fundamental tone at 50 Hz and the rated amplitude with
a single superimposed subharmonic with a fixed amplitude
of 3% and a frequency variable in the range [0.5, 49.5] Hz.
This is called the FS test (fundamental plus one subharmonic).
The evaluation of ratio and phase errors is performed over an
integer number of periods of the FS signal in nonoverlapped

9005912

Error (%)

Frequency fsub_h’out

(Hz)
()

|—o—8, —0—5eq —=—

H
T

Error (%)

[~]
T

455 46 47 48 49
Frequency f (Hz)

49.5

sub-h,out

(b)

Fig. 16. LPVT: the maximum absolute value of the interharmonic group
(&), the maximum absolute value of the centered interharmonic subgroup
(esg)» and the ratio error at the second subharmonic frequency (e at 10 Hz)
from (a) 0.5 to 4.5 Hz and (b) 45.5 to 49.5 Hz.

time frames [34]. This test aims at providing the low-frequency
characterization of the transformer under test; in fact, the
obtained ratio and phase errors can be assumed as the reference
performance of the VTs under test when they are used to
measure voltage subharmonics in the frequency range [0.5,
49.5] Hz. In these tests, the following conditions apply: 1)
there is only one subharmonic tone and 2) the spectral analysis
is performed over a time frame that represents an integer
number of the signal period. This implies that the amplitude of
the single subharmonic tone is practically coincident with Y,
and Y, and so ¢, &g, and &, have the same value. As it can
be seen, the ratio and phase errors of the inductive VT under
test range from —0.4% at 0.5 Hz up to 0.1% at 49.5 Hz and
from 20 mrad at 0.5 Hz up to 4 mrad at 4 Hz, respectively,
so having a quite flat behavior, compared to its accuracy class
error limits. The ratio and phase errors of the LPVT under
test range from 9.7% at 0.5Hz up to 0.1% at 49.5Hz and from
338 mrad at 0.5 Hz up to —19.5 mrad at 15 Hz, respectively,
so having a worse behavior, with respect to its accuracy class
error limits.

B. Performance of the VIs Under Test in Presence of Two
Subharmonics

Figs. 16 and 17 show ¢, and ., in different test con-
ditions. The test waveform is composed of the fundamental
tone at 50 Hz and rated amplitude, and two superimposed
subharmonic tones. The first subharmonic is fixed at 10 Hz
and has an amplitude equal to 3% of the fundamental tone.
The second subharmonic has the same amplitude (3%) and
frequency variable in the ranges [0.5, 4.5] and [45.5, 49.5] Hz.
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Figs. 16 and 17 also report the ratio error &(10 Hz) of
the VTs, evaluated by considering a time frame equal to
an integer number of periods of the signal (so considering
also the periodicity of the fundamental and of the additional
subharmonic tone).

Figs. 16(a) and (b) show &, and &, for the LPVT when the
second subharmonic tone frequency fsup—hout varies, respec-
tively, in the ranges [0.5, 4.5] and [45.5, 49.5] Hz. As it can be
seen, there is a remarkable difference between ¢(10 Hz) and
the indexes &, and Cegq. In fact, it results in that (10 Hz) =
4% [in Fig. 16(a) and (b)], whereas the following holds.

1) & ranges from 8.5% when fsup—nouw = 1 Hz down to
5.7% when fyb—hou = 4.5 Hz [see Fig. 16(a)].

2) &, ranges from 2.5% when fop—houw = 46.5 Hz up to
4% when fob—n,ou = 49.5 Hz [see Fig. 16(b)].

3) Cesg ranges from 7.5% when fop—nouw = 0.5 Hz down
to 4.6% when fup—houw = 4.5 Hz [see Fig. 16(a)].

4) &ese ranges from 4.5% when fop_nou = 45.5 Hz down
to 3.9% when fp—hou = 47.5 Hz [see Fig. 16(b)].

It is worth noting that &, and &, behave differently in the
two different frequency ranges, in accordance to the simulation
results discussed in Section IV.

Fig. 17(a) and (b) shows the measured &, and &, for the
inductive VT when the second subharmonic tone frequency
Jsub—h,out Varies, respectively, in the ranges [0.5, 4.5] and [45.5,
49.5] Hz. Also here, there is a difference between (10 Hz)
and the indexes &, and Ccg,. In fact, it results in that £(10 Hz)
is about —0.2% [in Fig. 17(a) and (b)], whereas the following
holds.
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1) &, ranges from 0.4% when fup—h,ouw = 0.5 Hz down to
0.15% when fop—houe = 4.5 Hz [see Fig. 17(a)].

2) &, ranges from 0.2% when fop—now = 45.5 Hz up to
0.3% when fup—h.ou = 49.5 Hz [see Fig. 17(b)].

3) e ranges from 0.38% when foup—n,oue = 0.5 Hz down
to 0.14% when fop—houe = 4.5 Hz [see Fig. 17(a)].

4) &esg ranges from 0.22% when foup—n,oue = 45.5 Hz down
to 0.35% when fob—h,our = 46.5 Hz [see Fig. 17(b)].

For the inductive VT under test, which has a quite flat ratio
and phase errors (compared to the limits of its accuracy class),
as shown in Fig. 15(a) and (b), the difference between ¢, and
Sesg 18 negligible.

As a general comment on the experimental results, they
mainly show that there are cases in which the errors introduced
by a VT in the measurement of the first interharmonic group
(&, or &) are equal to twice the errors of the same VT
obtained through the laboratory characterization procedure
(ratio error ¢€). This result is observed for all the tested VTs,
even if here only two VTs are presented for sake of brevity
and clarity. It is worthwhile noting that this result is here
observed for two VTs based on different operating principles
and different low-frequency responses. In fact, for the LPVT,
le(10 Hz)| is equal to 4%, whereas &, reaches 8.5%. In the
same test conditions, the inductive VT has |¢(10 Hz)| equal
to 0.2%, whereas ¢, reaches 0.4%.

These results imply that, with the signal processing sug-
gested by [22], it is not possible to compensate for VT
errors by using the frequency response data measured dur-
ing laboratory characterization. Instead, the use of different
DFT windows [30] or measurement techniques [31], [32]
that reduce or avoid spectral leakage would ensure that the
maximum VT error & coincides with the ratio error |e]. As a
result, in these cases, more accurate measurements of the
power system subharmonics could be obtained by correcting
for the VT ratio error at subharmonics frequency, which would
represent a systematic error.

VII. CONCLUSION

This article has analyzed from a numerical and an experi-
mental point of view the performance of VTs when used to
measure subharmonics in compliance with the international
standards IEC 61869 family and IEC 61000-4-7.

The main outcomes of the work can be summarized as
follows.

1) For the evaluation of the performance of the IT at
subharmonic frequencies, extensions (&g and &csg) of
the definition of the ratio error (¢), including the inter-
harmonic group (Y,) and the centered interharmonic
subgroup (Ycsg), have been proposed.

2) According to IEC 61000-4-7 suggestions and consid-
ering the case of power frequency constant and equal
to 50 Hz, Y, and Y., and consequently also &, and
£csg, Must be evaluated over time frames of 200 ms.
This causes &, and ., to have a not constant time
behavior when subharmonics having a period not equal
to an integer submultiple of 200 ms are present in the
signal.
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3)

4)

5)

For this reason, the maximum absolute values of ¢, and
&csg are always higher than the ratio error of the IT
(supposing to evaluate the ratio error over a time frame
integer multiple of the signal period). In presence of
subharmonics in the range [5, 45] Hz ([10, 40] Hz), the
value of €, (g.5¢) averaged over time is equal to the ratio
error.

In the presence also of subharmonics outside the range
[5,45] Hz, ¢, and ey, strongly increase, and their value,
even averaged over time, is higher than the ratio error
of the IT.

Experimental test of commercial VTs (inductive and low
power) has shown that &, and &5 can double the value
of the ratio error at subharmonic frequencies.

Particularly, this last point induces a concluding remark. The
performance of a VT at subharmonic frequencies is generally
worse than that at power frequency. Therefore, for accurate
subharmonic measurements according to IEC 61000-4-7, par-

ticul

ar attention should be paid to the choice of the accuracy

class to avoid an excessive loss of accuracy at low frequencies.
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