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Carmine Landi , Senior Member, IEEE, Mario Luiso , Member, IEEE, Davide Signorino ,
and Domenico Giordano , Member, IEEE

Abstract— The aim of the study here presented is to evaluate
how temperature variations affect the metrological performance
of inductive voltage transformers (VTs) in harmonic measure-
ments. The analysis specifically targets the harmonics up to
1 kHz, where measurements using VTs can be challenging due to
their nonlinear behavior. In fact, recent scientific literature has
evidenced that when a VT operates under distorted conditions,
the harmonics at its secondary side are not simply a scaled
version of those injected. Instead, they are a combination of the
injected harmonics and the spurious ones generated by the iron
core due to its B–H curve. This phenomenon has been investi-
gated in laboratory under controlled conditions, and the specific
techniques have been proposed to compensate for it. However,
no studies have analyzed the impact of temperature variation on
this phenomenon and, consequently, on the introduced errors.
This article addresses this open issue through experimental
activities on two different VTs using a high-accuracy reference
setup. Results show that, for different temperatures, the measured
VT harmonic errors can differ up to an order of magnitude,
indicating that this influence quantity cannot be neglected.

Index Terms— Harmonics measurement, instrument trans-
formers (ITs), power system measurement, temperature
variation.

I. INTRODUCTION

HARMONICS represent one of the most critical power
quality (PQ) phenomena due to their increase in recent

years and the associated issues. Harmonics are injected into
distribution grids by newly and widely installed devices essen-
tial for achieving net zero emissions and reducing dependence
on fossil fuel [1], [2].

In fact, the primary contributors to harmonic distortion are
switching-type power converters extensively used in renewable
energy parks, electric vehicle (EV) chargers, energy storage
facilities, and high-voltage direct current (HVdc) systems [3].
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Harmonic distortion in supply voltage presents several
problems, such as overheating of the neutral conductor in
three-phase systems, increased losses in transformers due to
skin effect and eddy currents, and elevated temperatures in
motors and transformers, reducing efficiency and lifespan of
the entire grid.

In this scenario, it is necessary to have an accurate moni-
toring of harmonics and more in general PQ phenomena [4].
In medium-voltage (MV) grids, the PQ measurement chain
always includes transducers to scale down voltage and current
to levels fitting with a low-voltage (LV) PQ analyzer. This task
is commonly assigned to inductive instrument transformers
(ITs) that are already installed in MV grids for metering and
protection applications. As a consequence, it is clear that the
ITs frequency performance has a significant impact on the
overall accuracy associated with the measurement of harmon-
ics and PQ in general. The recently released standard IEC
61869-1 edition 2 [5] introduces extensions to the accuracy
classes of ITs in frequency up to 500 kHz. However, it lacks
guidance on measurement methodologies, testing procedures,
reference instrumentation, or uncertainty evaluation at fre-
quency different from the power one. Additionally, while the
standard [5] requires accuracy verification for low-power ITs
(LPITs) up to the 13th harmonic, it excludes inductive ITs,
which are covered in the existing standards [6], [7] only in
terms of accuracy and characterization at power frequency.

On the other hand, scientific literature has faced the topic
of inductive ITs used in harmonic and PQ measurement in
last decades [8], [9] and highlighted the necessity of defining
proper test procedure for their accurate frequency character-
ization [10]. In this respect, the review articles [11], [12]
provide a deep analysis of many papers proposing methods,
setup, and test conditions for the evaluation of ITs accuracy
in the measurement of distorted test waveforms at LV and
MV levels. However, in literature, the issue of using IT
for PQ measurements has also been evidenced focusing on
transmission systems operating at hundreds of kilovolts [13],
and proper generation and measurement setup for their charac-
terization have been designed and developed in some National
Metrology Institutes (NMIs) [14]. In recent years, the behavior
of ITs has also been investigated at frequencies higher than
those typically associated with harmonic monitoring [15], [16].

Considering inductive voltage transformer (VT), scientific
literature has highlighted two important issues regarding their
frequency behavior, which can limit their utility in harmonics
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monitoring: 1) nonlinearity associated with the measurement
of first 10–15 harmonics and 2) resonance phenomenon.
Regarding the first issue, Cataliotti et al. [17], Kaczmarek and
Stano [18], and Toscani et al. [19] have shown that VTs can
introduce the errors of some percent in the measurement of
harmonics because of the B–H curve of their iron core. In fact,
when a VT is supplied with a pure sinusoidal waveform at
rated amplitude and frequency, it produces an output voltage
composed not only of the scaled fundamental tone but it also
includes other spurious harmonic tones up to some hundreds
of hertz. Consequently, when the VT is supplied with a voltage
composed of a fundamental tone plus superimposed harmonic
tones, the harmonics observed at the output side will be
the combination of the injected and the spurious ones. This
phenomenon leads to measurement errors, as the secondary
harmonics are not just a scaled representation of the pri-
mary ones. The VT resonance phenomenon can be explained
considering that the electrical model of a VT includes both
inductance and stray capacitance [20]. Depending on the rated
primary voltage, the first resonance can occur at few kHz
and, in the presence of the resonance, the errors introduced
by the VT in the frequency measurement can reach hundreds
of percentage [21]. Regarding the VT resonance phenomenon,
it has been shown to depend on the operating temperature
of the VT; specifically, as the temperature increases, both
the frequency of the first resonance and the maximum error
decrease [22]. More generally, it has been evidenced that
other influencing factors, such as burden conditions, and their
combinations [23], [24], [25] can affect the VT frequency
performance.

As the nonlinearity error of VTs in measuring harmonics,
the existing literature only focuses on the proposal, valida-
tion [17], [19], and comparison [26] of various compensation
techniques aimed at significantly reducing it. All proposed
compensation techniques have been studied and validated
under constant and controlled temperature conditions. They
involve a laboratory identification step to determine a com-
pensation lookup table to be applied to the on-site measured
harmonics. However, the study of the impact of possible influ-
encing quantities on nonlinearities, and thus on the validity
of techniques for their compensation, has not been explored.
In this context, the study presented in this article aims to
investigate the influence of temperature on the nonlinear
behavior of VTs and, consequently, on the related effect on the
ratio error and phase displacement when measuring harmonics.
To achieve this goal, the setup typically adopted for the fre-
quency characterization of MV VTs under realistic conditions,
but controlled laboratory conditions have been modified to
include a climatic chamber and two commercial VTs, one for
indoor application and one for the outdoor one, are tested.

This article is organized as follows. Section II provides
a brief overview related to the standard covering both ITs
and electrical substations range of variation of temperature.
In Section III, the theoretical background on the phenomenon
of VTs nonlinearity is recalled. Section IV described the exper-
imental setup and test procedure adopted to assess the impact
of temperature on the VT nonlinearity. Section V presents
the experimental results, and in Section VI, a discussion of

TABLE I
ITS OPERATING AMBIENT TEMPERATURE CATEGORIES

ACCORDING TO IEC 61869-1 STANDARD

experimental tests is provided. Finally, Section VII draws the
conclusion.

II. REVIEW OF IN-FORCE STANDARDS

This section provides a summary of the relevant standards
dealing with both ITs and electrical substations, focusing on
the possible temperature variation ranges. The goal of this brief
review is to identify the realistic temperature ranges within
which ITs can effectively operate.

A. Standards on ITs
The relevant standard family dealing with ITs is the IEC

61869. Focusing on normal environmental conditions, the IEC
61869-1 [5] classified ITs into three different temperature
categories, as reported in Table I.

Considering special environmental conditions, the same
standard [5] identifies as preferred ranges of variation of
temperature:

1) a) from −50 ◦C to +40 ◦C for very cold climates;
2) b) from −5 ◦C to +55 ◦C for very hot climates.
Considering the accuracy verification, the IEC 61869-1 [5]

standard introduces the “temperature cycle accuracy test,”
which is required only for certain technologies like LPITs,
but not for inductive ones. The test is performed by following
a defined temperature profile that explores the entire range
of variation of temperature identified by the IT temperature
categories (Table I). During the test, the IT is supplied at rated
frequency and with rated primary voltage or current only when
the ambient temperature and maximum/minimum temperature
are reached.

B. Standard on Temperature Conditions in Electrical
Substations

ITs are installed in locations covered by the IEC 60721 fam-
ily standard [27], which classifies environmental conditions
for electrical and electronic equipment. It defines categories
for factors, such as temperature, humidity, and pressure,
to establish design and construction standards ensuring safe
and efficient operation in different environments.

For indoor cases, the specific standard to consider is IEC
60721-3-3 [28]. This standard identifies five environment
classes, each with distinct temperature variation ranges, as out-
lined in Table II.

For outdoor cases, the specific standard to consider is IEC
60721-3-4 [29]. This standard identifies two main categories
of locations (sheltered not wheatear protected and open-air)
and five temperature classes, as reported in Table III.

It is important to note that there is a lack of uniformity
between the temperature ranges defined for IT classes in [5]
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TABLE II
TEMPERATURE CLASSES ACCORDING TO IEC 60721-3-3 STANDARD

TABLE III
TEMPERATURE CLASSES ACCORDING TO IEC 60721-3-4 STANDARD

Fig. 1. Third harmonic ratio errors versus different harmonic displacements
for two VTs from different manufacturers.

and those specified in IEC 60721-3, Parts 3 and 4 [28], [29] for
environmental conditions for electrical and electronic equip-
ment installation. This occurs even though the IEC 61869 -1
[5] standard explicitly references [28], [29] for detailed infor-
mation on environmental condition classifications.

III. VT NONLINEARITY: THEORETICAL BACKGROUND

Fig. 1 illustrates the third harmonic ratio error of two
different VTs measured by supplying the VTs with a waveform
consisting of the fundamental tone at their rated amplitude
and frequency, along with a superimposed third harmonic at
a reduced amplitude (1%) and varying the harmonic phase
displacements relative to the fundamental tone. The result
presented in Fig. 1 refers to tests performed under laboratory-
controlled conditions, i.e., (23 ◦C ± 1 ◦C). As evident from
the data in Fig. 1, different harmonics phase displacements
result in different values of the third harmonic ratio errors,

Fig. 2. VT simplified scheme to study the effect of nonlinearity.

with a variability in the order of a percentage in the analyzed
case.

This effect is due to the nonlinearity introduced by the
magnetic characteristics of the VT iron core [17]. In fact,
when a pure sinusoidal voltage is applied to the primary
side of a VT, the hysteresis behavior of the magnetic core
induces distortion in the magnetization current. By analyzing
the harmonic content of the magnetization current, it includes
harmonics, which are not present in the primary input signal.

Under no-load conditions, the behavior of a VT at a generic
harmonic frequency (indicated as h) can be described using
the simplified VT model depicted in Fig. 2, where:

1) Z
∗

represents the VT primary winding (the series con-
nection of the equivalent resistance R and the leakage
inductance L).

2) The harmonic component of the magnetization current
is modeled with the current generation I m,h .

The magnetization current depends on the hysteresis loop
characteristics, determined by the peak and frequency of the
input voltage. In realistic cases, the VT input voltage is
composed of a large fundamental tone at rated amplitude with
small superimposed harmonic, implying that it is possible to
assume that the harmonic magnetization current depends only
on the fundamental component.

Consequently, when a VT is energized with a sinusoidal
voltage (“sin”), the harmonic secondary voltage can be
expressed as follows:

V
sin
s,h = −Z

∗
· I m,h . (1)

Therefore, if the VT is supplied with a distorted voltage
(“d”) composed of a fundamental plus one harmonic tone,
the harmonic tone at the VT secondary side will be the
combination of the injected harmonic and the spurious one
as described in the following equation:

V
d
s,h = V

d
p,h − Z

∗
· I m,h . (2)

Looking at (2), it is possible to say that Z
∗

is a constant
parameter whereas, under realistic operating conditions, the
magnetization current relies only on the fundamental compo-
nent. Based on these observations, a compensation technique
called SINDICOMP has been proposed and validated, as well
detailed in [17]. Other technique with the same objective has
been presented in [18] and [19] and compared to SINDI-
COMP [26]. In the study and analysis of this phenomenon and
techniques, the effects of temperature have never been inves-
tigated as evident in (2), where this variable does not appear.
However, scientific literature has highlighted that the magneti-
zation processes in ferromagnetic materials are dependent on
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Fig. 3. Experimental setup. (a) Block scheme and (b) picture of the VT
placed into the climatic chamber.

temperature [30], [31], [32]. Consequently, operating tempera-
ture can influence the VT magnetizing current, represented in
Fig. 2 by the generator I m,h , and, in turn, affect the harmonic
measurement errors introduced by the VT. Nevertheless, this
issue has yet to be investigated, potentially leading to errors
in assessing the harmonic accuracy of the VT and affecting
the effectiveness of compensation techniques [26]. In fact, all
the discussed methods include an identification step, where
suitable lookup tables of compensation phasors are determined
through tests performed in laboratory, under controlled con-
ditions. These obtained lookup tables are subsequently used
to compensate for harmonic measurements performed on-site,
where temperatures and consequently the behavior of the VT
may significantly vary.

IV. MEASUREMENT SETUP AND PROCEDURE

This section introduces the experimental setup used to
assess the impact of temperature on the phenomenon of VT
nonlinearity and the adopted test procedure.

A. Generation and Measurement Setup
The general block scheme of the adopted generation and

measurement setup is represented in Fig. 3, where also a
picture of one the two VTs under test inside the climatic
chamber is reported. The generation of distorted waveforms
at megavolt level is obtained by using an arbitrary waveform
generator (NI AWG 5421, 16 bit, ±12 V), coupled with a
high-voltage power amplifier (Trek high-voltage power ampli-
fier ±30 kV, ±20 mA from dc to 2.5 kHz at full voltage and to
30 kHz at reduced voltages). As regard the measurement, the
reference transducer is a 30-kV wideband resistive–capacitive
(R–C) voltage divider designed, built, and characterized at
INRiM [33]. For the acquisition of the output voltages of the
VT and the R–C divider, a comparator with various NI DAQ
modules (from ±0.5 to ± 425 V, 24 bit, 50 kHz) is used.

To assess the impact of temperature variation on the VT
nonlinearity, the device under test is placed inside a climatic
chamber (100 × 100 × 120 cm3, from −80 ◦C to +180 ◦C).

TABLE IV
RATIO ERROR UNCERTAINTY CONTRIBUTIONS FROM 5 TO 20 kV AND

FROM 100 Hz UP TO 1 kHz

TABLE V
PHASE ERROR UNCERTAINTY CONTRIBUTIONS FROM 5 TO 20 kV AND

FROM 100 Hz UP TO 1 kHz

In order to monitor the temperature on the surface of the VT,
a platinum resistance temperature detector (PT100) coupled
with a digital multimeter (6.5 digit) is used.

The experimental measurement setup used in this study has
been fully characterized at power frequency and within the
frequency range of 100 Hz–1 kHz. At power frequency, the
uncertainty (95% confidence level) is 70 µV/V and 70 µrad,
determined through comparison with INRIM reference VTs.
For the harmonic frequency range, the systematic ratio and
phase errors, along with their associated uncertainties for
the R–C divider, are determined using the following key
procedures: 1) assessment of the voltage dependence of the
scale factor (SF); 2) measurement of the frequency response
at reduced amplitude; 3) stability tests; and 4) proximity tests.

The acquisition system is calibrated using a Fluke 5730 A
calibrator. Detailed uncertainty budgets for ratio and phase
errors from 100 Hz to 1 kHz are detailed in Tables IV and V.

B. Test Procedure

To assess the impact of temperature on VTs accuracy in
harmonics measurement, tests are performed by varying the
climatic chamber temperature in [−25 ◦C, 55 ◦C] range that is
the extreme temperature class (3K24) for the indoor case [28].
The climatic chamber is also configured to maintain a relative
humidity level of 0%. Experimental tests are conducted after
a waiting period that ranges from 10 to 40 h depending on the
test temperature to achieve a thermal equilibrium.

Two different approaches can be used to evaluate the
VTs dependence on temperature in relation to nonlinearity
phenomenon. These approaches vary based on the test signal
employed and the output performance index considered.
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The first procedure involves supplying the VT with a
sinewave as spectrally pure as possible at rated voltage and
frequency (sinusoidal test). Even though the goal here is to
generate a spectrally pure sinusoid, the frequency spectrum
will inevitably contain spurious harmonic tones due to the
nonideal behavior of the generation systems. The effect of
temperature on the nonlinearity can be observed by comparing
the injected spurious harmonics with those observed at the
VT output for each temperature T , according to the following
equation:

1V̄ sin
h (T ) = V̄ sin

p,h(T )− V̄ sin
s,h(T ). (3)

With the second approach, the VT is supplied with a test
voltage composed of a fundamental tone plus 1 superimposed
harmonic tone (FH1 Test), according to the following equation:

vFH1(t) =
√

2Vn sin (2π f0t)+
√

2Vh sin(2πh f0t + ϕh) (4)

where Vn and f0 are the VT primary rated voltage and
frequency, respectively; Vh , h, and ϕh are the harmonic ampli-
tude, order, and phase, respectively. Tests are performed by
imposing the fundamental tone at rated conditions and the
harmonic tone at 1% ·Vn amplitude and varying both the order
and phase shifts with the respect to the fundamental. Harmonic
ratio and phase errors are then assessed based on the following
equations:

εh =
kr Vs,h − Vp,h

Vp,h
(5)

1ϕh = ϕs,h − ϕp,h (6)

where kr = Vp,r/Vs,r is the rated transformation ratio (Vp,r
and Vs,r are the rated primary and secondary voltages, respec-
tively); Vs,h and Vp,h are the root mean square (rms) values of
the primary and secondary h-order harmonic voltage, respec-
tively; ϕp,h and ϕs,h are the phase angles of the primary and
secondary h-order harmonic voltage, respectively.

Due to the nonlinearity phenomenon, the indices (5) and (6)
assume different values for different harmonic phases ϕh (see
Fig. 1). For this reason, for each test temperature, two indices
[see (7) and (8)] are properly defined to quantify the maximum
errors introduced by the VT under test in the measurement of
harmonics

ξ T
h =

∣∣εh(T )− ¯εh(T )
∣∣ (7)

11ψT
h =

∣∣ϕh(T )− ¯ϕh(T )
∣∣ (8)

where

1) ∪ϕh indicates that the “maximum” function is computed
over the entire range of the generated harmonic phase
angle ϕh at which ratio and phase errors are evaluated.

2) εh(T ) (1ϕh(T )) is the ratio (phase) error at h-order
harmonic, evaluated for different harmonic phase angles
ϕh at temperature T.

3) ¯εh(T ) (1 ¯ϕh(T )) is the mean value of the ratio (phase)
error at h-order harmonic, evaluated for different har-
monic phase angles ϕh at temperature T.

TABLE VI
MAIN FEATURES OF THE VTS UNDER TEST

TABLE VII
MEAN VALUE OF THE VTS 3RD AND 5TH HARMONIC RATIO AND PHASE

ERRORS IN THE INVESTIGATED TEMPERATURE RANGE

V. EXPERIMENTAL RESULTS

The devices under test are two commercial resin insulated
VTs from two different manufacturers, one is designed for
indoor installation (VTI) and one for the outdoor use (VTO).
The iron cores of the two VTs are made of grain-oriented
iron-silicon alloy, and their main features are summarized in
Table VI. For both the VTs, tests are performed under null
burden condition.

As first analysis, considering the FH1 test, Table VII
presents the mean values of the third and fifth harmonic ratio
errors measured for the various generated harmonic phases ϕh .
It can be observed that the two VTs exhibit different behaviors.
Specifically, when considering VTI, the mean values of the
ratio errors observed within the investigated temperature range
show a variation of 0.87% for the third harmonic and 1.20%
for the fifth. On the contrary, for VTO, the harmonic ratio
errors remain relatively constant (variation in the order of
hundreds of µV/V) across different temperatures.

As regard the behavior of the ratio and phase errors versus
the generated harmonics, Figs. 4–7 present the results in terms
of errors deviation with respect to the mean values. Each figure
provides curves obtained at different temperatures.

First, it is observed that for various temperatures, the
harmonic ratio and phase errors of both VTs assume different
values, indicating an impact of temperature on the nonlinearity
phenomenon. However, the indoor VTI shows a stronger
dependency on temperature compared to VTO.

In fact, focusing on the VTI, it can be observed that with
the decrease of the temperature, the errors notably increase
exceeding 10% for the ratio error and one hundred of millira-
dians for the phase error. The indoor VTI is designed to operate
from 40 ◦C down to −5 ◦C, in this temperature range variation
of one order of magnitude are observed for the third harmonic
ratio error: ξ−5 ◦C

3 has a value of 8.8%, ξ 18 ◦C
3 is equal to

0.62%, whereas at 40 ◦C, ξ 40 ◦C
3 decreases to 0.15%. Including

into the analysis also the other test temperatures, the trend
is confirmed being ξ 55 ◦C

3 = 0.07% and ξ−25 ◦C
3 = 14.18%.

Similar results are also observed for other harmonics and for
phase errors. For instance, ψ−25 ◦C

5 = 132.2 mrad, whereas
ψ55 ◦C

5 is equal to 1.5 mrad.
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Fig. 4. VTI third harmonic ratio (a) and phase (b) errors measured at different
temperatures: 18 ◦C (dashed-dotted line), 40 ◦C (diamond marker), 55 ◦C
(asterisk marker), −5 ◦C (square marker), and −25 ◦C (circle marker).

Fig. 5. VTI fifth harmonic ratio (a) and phase (b) errors measured at different
temperatures: 18 ◦C (dashed-dotted line), 40 ◦C (diamond marker), 55 ◦C
(asterisk marker), −5 ◦C (square marker), and −25 ◦C (circle marker).

Regarding the outdoor VTO, its operational temperature
range spans from −25 ◦C to 40 ◦C. As evidenced in

Fig. 6. VTO third harmonic ratio (a) and phase (b) errors measured at
different temperatures: 18 ◦C (dashed-dotted line), 40 ◦C (diamond marker),
55 ◦C (asterisk marker), −5 ◦C (square marker), and −25 ◦C (circle marker).

Fig. 7. VTO fifth harmonic ratio (a) and phase (b) errors measured at different
temperatures: 18 ◦C (dashed-dotted line), 40 ◦C (diamond marker), 55 ◦C
(asterisk marker), −5 ◦C (square marker), and −25 ◦C (circle marker).

Figs. 6 and 7, the deviations in harmonic ratio and phase
errors are notably lower compared to those observed for
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Fig. 8. VTI amplitude of the spurious harmonic tones measured under
a sinewave at rated conditions at different operating temperatures: 18 ◦C
(asterisk marker), 40 ◦C (diamond marker), and −5 ◦C (square marker).

VTI. Examining the third harmonic ratio error, the measured
values are as follows: ξ−25 ◦C

3 = 0.91%, ξ−5 ◦C
3 = 0.68%,

ξ 18 ◦C
3 = 0.75%, ξ 40 ◦C

3 = 0.60%, and ξ 55 ◦C
3 = 0.35%. Thus,

the variations across the investigated temperature range are
limited within a factor of 3. Similarly, for the third harmonic
phase error, the curve deviations remain within a factor of 3,
with the respective values: ψ−25 ◦C

3 = 11.6 mrad, ψ−5 ◦C
3 =

7.4 mrad, ψ18 ◦C
3 = 10.2 mrad, ψ40 ◦C

3 = 5.6 mrad, and
ψ55 ◦C

3 = 3.8 mrad.
For a comprehensive understanding over a wider frequency

range, Fig. 8 illustrates the magnitude of the harmonic spurious
phasors, as determined by (3), obtained suppling VTI with a
sinusoidal waveform (THD ≤ 0.02%) at rated voltage at three
distinct temperatures. This analysis focuses only on VTI due to
its higher sensitivity to temperature compared to VTO. As can
be observed in Fig. 8, even if VTI belongs to −5/40 ◦C class,
different scenarios are observed in terms of nonlinearity within
this temperature range. In fact, when operating at −5 ◦C, the
amplitudes of 1V̄ sin

h are more than 20 times higher than those
measured at 40 ◦C over the entire considered frequency range
that goes from 150 Hz to 850 kHz.

Moreover, the experimental results obtained under con-
trolled laboratory temperature and presented in literature,
as outlined in [26], prove that nonlinearity is a frequency-
dependent phenomenon, becoming negligible beyond the
10–15th harmonic. Nevertheless, as illustrated in Fig. 8, exper-
iments on VTI have demonstrated that it is not correct to
confine nonlinearity to the first 15 harmonics. Depending on
the operating temperature, spurious harmonics may be nonneg-
ligible even at higher frequencies. For instance, considering as
threshold 1V̄ sin

h ≤ 0.1 V, at T = 40 ◦C, the spurious phasors
remain below 0.1 V from the 7th harmonic, while at T =

18 ◦C, this threshold is reached from the 11th harmonic. When
VTI operates at T = −5 ◦C, spurious phasors are below 0.1 V
only after the 31th harmonic.

Moreover, the experimental results obtained under con-
trolled laboratory temperature and presented in literature,
as outlined in [26], prove that nonlinearity is a frequency-
dependent phenomenon, becoming negligible beyond the
10–15th harmonic. Nevertheless, as illustrated in Fig. 8, exper-
iments on VTI have demonstrated that it is not correct to
confine nonlinearity to the first 15 harmonics. Depending on
the operating temperature, spurious harmonics may be nonneg-
ligible even at higher frequencies. For instance, considering as
threshold 1V̄ sin

h ≤ 0.1 V, at T = 40 ◦C, the spurious phasors

Fig. 9. Third harmonic ratio error of the VTI with a fundamental component
at 100% and a third harmonic at 1%, measured at −5 ◦C. Results are shown
without compensation (solid line with square markers), with SINDICOMP
applied using a lookup table obtained at 18 ◦C (dotted line), and with
SINDICOMP applied using a lookup table obtained at −5 ◦C (square markers
without a line).

remain below 0.1 V from the 7th harmonic, while at T =

18 ◦C, this threshold is reached from the 11th harmonic. When
VTI operates at T = −5 ◦C, spurious phasors are below 0.1 V
only after the 31th harmonic.

VI. RESULTS DISCUSSION AND FINAL CONSIDERATIONS

The experimental test results presented in the previous
Section V have revealed an important dependency of the
VTs harmonic errors due to the nonlinearity phenomenon on
the temperature. In particular, as the temperature increases,
a reduction in the variation of the harmonics ratio and phase
error curves is evident for both tested VTs, with near-flat
curves observed at 55 ◦C for VTI (ξ 55 ◦C

3 = 0.07% and
ψ55 ◦C

3 = 0.63 mrad). On the contrary, at lower temperatures,
different scenarios occur between the two devices and for the
VTI also −5 ◦C, which is an admissible operating temperature
(see Table VI), represents a critical condition in terms of har-
monic accuracy. Considering the IEC 61869-1 v2 standard [5],
which defines accuracy across five frequency ranges (WB0 to
WB4), the VTI may either stay within or exceed the limits set
for the WB0 range (±5% for a 0.5 accuracy class), depending
on its temperature. As regard VTO, it meets the requirement
of the IEC 61869-1 standard [5] for the WB0 class at every
investigated temperature.

The different sensitivity of the two VTs with respect to
the temperature can be attributed to the fact that they are
constructed differently. Regarding the insulating material, the
indoor VT is insulated exclusively with epoxy resin, while
the outdoor VT is insulated with both epoxy resin and sili-
cone. Additionally, the ferromagnetic core is sized differently;
specifically, outdoor VT is built with cores containing a
significantly greater amount of iron (one-third more).

As additional comment, the experimental findings presented
in Section V suggest the necessity of studying an improved
version of the nonlinearity compensation techniques [26] to
include the temperature of the VT as an additional input
parameter when VTs are used in premises other than 3K20.
In this regard, a preliminary study is presented in Fig. 9,
where the results obtained using the SINDICOMP technique,
as described in Section III, are shown. As can be seen,
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employing the lookup table obtained at 18 ◦C for compen-
sating nonlinearity error of VTI operating at −5 ◦C yields no
correction. On the contrary, using the lookup table acquired
at the actual operating temperature significantly reduces the
nonlinearity error and ξ−5 ◦C

3 goes from 8.8% to 0.16%.

VII. CONCLUSION

This article has investigated the impact of temperature on
the performance of VTs in harmonic measurements. Specifi-
cally, the study focused on the influence of temperature on the
nonlinearities introduced by the B–H characteristic of the VT
iron core. A preliminary analysis of the international standards
dealing with both VTs and the premises for their installation
was conducted to identify a realistic temperature variation
range to adopt for the experimental activity. The INRiM
reference generation and measurement setup was modified to
include a climatic chamber and it was used to test two VTs
designed for different installations (indoor and outdoor).

Results showed that the nonlinearity phenomenon can be
highly sensitive to temperature. In particular, errors introduced
in the harmonic measurement can vary within a wide range,
from hundreds of ppm to tens of percentage, depending on
the VT temperature. The experimental results emphasize the
importance of incorporating the temperature of the VT as
an additional input parameter in the existing compensation
techniques. This underscores the need for additional studies
on these methods to ensure their effectiveness in realistic
environmental conditions.
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