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Abstract: Large-scale renewable energy plants, flexible AC (alternating current) and high voltage
DC (direct current) transmission systems, and modern consumer devices utilize power electronics
that tend to increase harmonic emissions. Furthermore, such emissions are nowadays known to ex-
ceed the traditional 2 kHz range typically considered for harmonic analysis. However, the accuracy
of such harmonic measurements in medium and high voltage networks is questionable due to the
lack of accuracy specifications for the respective instrument transformers that are being used in the
measurement chain. Therefore, the motivation of this study is to review the existing techniques for
measuring high-frequency voltage harmonics, i.e., those in the range 2-9 kHz, in medium-, high-,
and extra high-voltage electricity networks, where most large-scale power electronic converters are
being connected. Different transducer types are compared in terms of measurement accuracy. The
reviewed literature indicates that some transducers can introduce errors due to their nonlinearities.
The study also identifies the limitations of calibrating these transducers at frequencies above 2 kHz
due to the unavailability of suitable sources capable of generating the required test waveforms. Fur-
thermore, the study emphasizes the necessity for establishing accuracy limits for harmonic meas-
urements above 2 kHz.

Keywords: power quality; medium voltage; high voltage; extra high voltage; high-frequency
harmonics; instrument voltage transformers; frequency response; high voltage calibration

1. Introduction
1.1. Recent Trends in Electricity Supply Networks

The world is transitioning rapidly towards the use of renewable energy resources to
minimize the adverse impacts of greenhouse gas emissions from conventional energy
sources. The global grid connected capacity of renewable energy sources has increased
from 1567 GW in 2013 to 3381 GW in 2022 [1]. Due to this accelerating shift in generation
technology, the volume of power electronic converters, which provide the interface be-
tween the electricity grid and renewable energy sources, is known to be increasing rap-
idly. These converters are connected at all voltage levels in electricity supply networks,
ranging from rooftop solar PV systems in low-voltage (LV) networks to large-scale renew-
able energy plants connected to medium-voltage (MV), high-voltage (HV) and extra high-
voltage (EHV) networks (refer to voltage level classifications in Table 1). Electric vehicles
(EV), smart household and office appliances, air conditioners, and heating and cooking
appliances are also reshaping how the electricity is consumed in modern homes [2,3]. In
addition, emerging grid infrastructure technologies, such as microgrids, smart grids,
high-voltage direct current transmission (HVDC) systems, flexible alternating current
transmission systems (FACTS), and a variety of power electronic controlled equipment
are steadily expanding both in capacity and their range of applications [4-10].
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Table 1. Classification of AC voltage levels according to voltage (Un) range [11].

Voltage Level Voltage Range
Low voltage (LV) Un <1000 V
Medium voltage (MV) 1000 V< Un <35 kV
High voltage (HV) 35kV<Un<230 kV
Extra high voltage (EHV) 230 kV < U

1.2. Harmonics in Electric Power Systems

Depending on the frequency range of emissions, the harmonics of the power system
can be classified as shown in Table 2.

Table 2. Classification of harmonic emissions according to the frequency (f) range [12].

Harmonic Emission Type Frequency Range
Low frequency 100 Hz < f<2 kHz
High frequency 2kHz <f<9kHz
Low-frequency conducted 9kHz <f<150 kHz
High-frequency conducted 150 kHz < £ <30 MHz
Radiated 30 MHz < f

Conventionally, magnetic transformers [13,14], rotating machines [15], electric arc
furnaces [16,17], and traditional power electronic converters, such as line-commutated
rectifiers and thyristor-based inverters [18,19], were identified as main contributors to har-
monic emissions. These harmonic emissions were mostly limited to lower order harmon-
ics with frequencies below 2 kHz. In addition, the number of harmonic sources was gen-
erally not significant enough to cause series power quality issues, beyond their own local
installations, when their cumulative effects were considered. In contrast, modern har-
monic emissions are mostly due to force-commutated power electronic converters. The
switching frequency range of these power converters generally tends to exceed 2 kHz
[12,20-22]. With the use of higher switching frequencies, an increasing number of high-
frequency harmonics are injected into power systems [23]. Even though filtering tech-
niques are used to reduce the level of harmonics, a small portion of the harmonics can still
inevitably escape into power systems [12]. As an example of higher switching frequencies,
switch-mode power supplies (SMPSs) contribute to the emission of higher order harmon-
ics in the range of 10 kHz to 100 kHz [19]. Even though the individual emission levels of
these devices are almost negligible, the rapid increase in the number of such devices can
result in significant cumulative effects. Table 3 shows a summary of the different types of
non-linear devices that generate high-frequency harmonics.

Table 3. High-frequency harmonic sources in modern power systems [2].

Equipment Harmonic Emission Range
Industrial scale converters 9 kHz to 150 kHz
Streetlamps up to 20 kHz
Electric vehicle (EV) chargers 15 kHz to 100 kHz
Photovoltaic (PV) inverters 4 kHz to 20 kHz
Household electronics 2 kHz to 150 kHz
Programmable logic controllers (PLC) in meter reading 9 kHz to 95 kHz

1.3. Importance of MV/HV/EHV Harmonic Measurements

Measurement of harmonic emissions is essential for maintaining the quality of elec-
tricity at the points of connections of consumer appliances to avoid life-time reduction
and equipment failure [24]. Even though LV harmonic measurement methods and
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techniques are well established, harmonic measurements in MV/HV/EHV networks al-
ways require the use of additional external transducers, leading to inaccuracies compared
to those measurements carried out at LV [25].

Large scale renewable energy generation plants are typically connected to the elec-
tricity grid at MV/HV. These plants are sources of harmonic emissions that could contrib-
ute to the increase in the total harmonic distortion at the point of connection [26-28]. Ac-
curate harmonic measurement at the point of connection on the MV/HV side of the con-
nection transformer is required to verify the fact that the harmonic emissions of connected
plants remain within the specified emission limits. Furthermore, harmonic distortion level
and the harmonic impedance at the point of connection of renewable generating plants
directly impact the harmonic current emissions from the plant [29]. The harmonic imped-
ance of the network and the generating plant can create resonance circuits, which may
amplify or attenuate the harmonic emissions of the renewable power plant. The location
of dominant harmonic sources has to be identified in order to design harmonic filters and
to avoid the propagation of harmonics further into other parts of the power system.

Harmonic power flow studies are essentially based on either forward harmonic anal-
ysis or reverse harmonic analysis. In forward harmonic analysis, the location of the har-
monic source is usually known [30]. In most cases, reverse analysis is utilized to identify
the source of harmonics when the harmonic levels at a certain point in the power system
exceed the stipulated limits or when a possible equipment failure due to high level of
harmonic has been identified. When a significant source of harmonics has been identified,
a harmonic filter should be used to minimize the harmonic propagation. By measuring
the harmonic magnitudes that prevail, it is possible to determine the optimum harmonic
filter parameters. After the installation of a suitable filter, it is necessary to verify whether
the installation has achieved the desired performance. This can be achieved by performing
a post-installation harmonic measurement.

Harmonic power flow studies require the measurement of harmonic phase angles
[31]. In addition, harmonic phase angle measurements are required to evaluate the possi-
bility of harmonic cancellation in power systems and for the design of active harmonic
filters [32]. Furthermore, several studies have shown that the application of harmonic
summation law according to [11,33] fails to provide an accurate harmonic emission esti-
mation for frequencies above 2 kHz due to the variations in harmonic phase angles [34,35].
Therefore, incorporating harmonic phase angle measurements in high-frequency har-
monic studies is essential.

1.4. Objectives of the Review and Research Gaps in the Existing Literature on MV/HV/EHV
Harmonic Measurements

The previously published literature on harmonic measurement characteristics of in-
strument transformers is limited in scope and mostly focuses on covering specific types
of instrument transducers. It fails to provide a comparative overview of all transducer
types, covering both conventional and non-conventional types. This review addresses
such limitations by providing a comprehensive comparison of all types of transducers in
terms of their accuracy, frequency bandwidth, and the impact of external influences. Fur-
thermore, previous research fails to provide a comparative study of different MV/HV cal-
ibration systems and methods used for the characterization of instrument transformers
for harmonic measurements. This study compares different novel calibration systems that
utilize different test signal conditions and reference transducer types used in the calibra-
tion process. This research also draws attention to the accuracy of harmonic phase angle
measurements of each transducer type for frequencies that extend beyond the 2 kHz fre-
quency range. In summary, this review consolidates novel and conventional knowledge
on MV/HV/EHV harmonic measurement transducers.

The review study presented in this paper primarily focus on harmonic measurements
in MV/HV/EHYV electricity networks and in the frequency range from 2 kHz to 9 kHz due
to several important reasons. The main reason is the rapid integration of large-scale
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renewable power plants, such as wind and solar farms, at MV/HV/EHV transmission net-
work voltage levels. These large-scale plants utilize power electronic converters that use
techniques, such as pulse width modulation (PWM) with switching frequencies, in the
frequency range up to 10 kHz. This type of converter contributes directly to the emission
of harmonics in the frequency range from 2 kHz to 9 kHz [36]. Even though the individual
plant emissions may appear to be insignificant, the aggregate emissions and their cumu-
lative impact may become significant with the continuous increase in the renewable pen-
etration levels. In comparison, the harmonic sources that generate high-frequency har-
monics in the range from 9 kHz to 150 kHz are present mostly in low-voltage networks
and their presence in MV/HV/EHYV electricity networks are often limited. Therefore, it is
expected that the proportional levels of 2 kHz to 9 kHz MV/HV/EHV networks would
gain further attention in the future [37].

However, the accuracy of instrument transformers utilized in MV/HV/EHYV electric-
ity networks in the frequency range from 2 kHz to 9 kHz are often unknown. Hence, the
overall accuracy of harmonic measurements performed using such instrument transform-
ers may lead to inaccurate interpretations regarding the harmonic levels in the
MV/HV/EHV networks. Hence, a review of the accuracy of instrument transducers would
enable the interested parties to gain an understanding regarding the respective measure-
ments performed using such transducers.

Furthermore, in terms of the standards governing the harmonic measurements in
electricity networks, the frequency range from 50 Hz to 2 kHz is covered by standards,
such as the IEC 61000-4-30 [38] and IEEE 519 [39] standards. On the other hand, the emis-
sions from 9 kHz and above are partially covered by CISPR standards. There is a require-
ment of standards governing the harmonic emissions from 2 kHz to 9 kHz. In developing
such standards to cover the harmonic measurements in MV/HV/EHV networks, it is es-
sential for the relevant working committees to identify the accuracy requirements instru-
ment transducers that are being used for the measurements. In summary, the main objec-
tive of this review study is to provide an enhanced overview regarding the accuracy of
different types of instrument transformers in the frequency range from 2 kHz to 9 kHz for
MV/HV/EHV harmonic measurements.

2. MV/HV/EHV Harmonic Measurement Process

The voltage rating of built-in input circuitry of existing power quality measurement
instruments is generally 600 V or 1000 V. When the magnitude of the measured voltage
exceeds these levels, an external transducer is required to reduce the voltage to a magni-
tude that is suitable to be connected to the instrument. Figure 1 shows the voltage meas-
urement process used in electricity networks. The instrument transformer scales down the
MV/HV/EHV signals to a level that is compatible with the LV measurement instrument.
The measurement instrument samples and digitizes the analogue voltage signals at a high
sampling frequency and uses fast Fourier transform (FFT) algorithms to calculate the har-
monic amplitudes according to the procedure defined in IEC 61000-4-7 [40,41]. Most of
the existing power quality analyzers combine the measurement device and signal pro-
cessing into a single unit to provide solutions for field harmonic measurements.

EHV/HV/MV Instrument Measurement Signal processing
signals transducer device unit

Figure 1. LV/MV/HV/EHYV voltage measurement chain according to IEC 61000-4-30 [38].
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2.1. Accuracy of LV Measurement Devices

State-of-the-art LV measurement devices available on the market can accurately
measure harmonics in a frequency range up to tens of kilohertz. Table 4 shows a sample
of such power quality analyzers developed in accordance with IEC 61000-4-7 [40] and
their respective measurement voltage range and harmonic measurement bandwidths.

Table 4. Commercially available power quality instruments and their specifications [42-44].

Maximum Input Harmonic Measurement

I
nstrument Voltage Bandwidth

Fluke 1770 3-phase power quality analyzer

(Manufactured by Fluke, Washington, 1kV 30 kHz
United States of America)

Elspec G4500 3-phase power quality ana-

lyzer (Manufactured by Elspec, Caesarea, 1kV 25.55 kHz
Israel)
Hioki PQ3198 3-phase power quality ana-
lyzer (Manufactured by Hioki, Nagano, 600 V 80 kHz
Japan)

In the IEC 61000-4-7 standard [40], two accuracy classes are defined for LV harmonic
measuring instruments. The defined error limits of each class are dependent on the am-
plitude of the measured voltage signal. It should be highlighted that IEC 61000-4-7 states
that the maximum allowable error limits, as shown in Table 5, refer to only single-fre-
quency steady state signals. However, real power system voltage signals are quasi-sinus-
oidal and consist of a strong fundamental frequency component and a spectrum of smaller
amplitude harmonic components [45,46].

Table 5. Accuracy requirements for harmonic voltage instruments according to IEC 61000-4-7 [40].

Instrument Accuracy Class Measurement Voltage Range Maximum Error "
Class I Um 21% Unom #5% Um
Um <1% Unom #0.05% Unom
Class I Um 2 3% Unom +5% Unm
Um < 3% Unom +0.15% Urnom

* Um denotes the measured voltage amplitude/Unom denotes the nominal input voltage range of the
instrument.

The IEC 61000-4-7 standard states that the above measurement accuracy classes and
their respective errors are applicable up to the 50th harmonic order (i.e., up to 2.5 kHz for
50 Hz systems). A tentative definition for harmonic measurements from 2 kHz to 9 kHz is
provided as an annex to IEC 61000-4-7 for informative purposes. This annex identifies that
high-frequency emissions above 2 kHz are significantly smaller in magnitude in compar-
ison to the low-frequency harmonics. Furthermore, these emissions can be of either a sin-
gle frequency or broadband type. For these reasons, the output spectral components cen-
tered around each harmonic order are combined to form a group of harmonic bands with
a width of 200 Hz. as given by the following equation:

n+100Hz

Y& @
f=n—-95Hz

where:
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Yp, is the root-mean-square magnitude of 200 Hz band around the harmonic frequency
(n).

Ycr is the root-mean-square magnitude of spectral bin at frequency (f) calculated by the
FFT algorithm.

This type of harmonic grouping for emissions in the range from 2 kHz to 9 kHz has
been selected to match the measurement bandwidth that is applied in the CISPR 16-1-2
standard which governs emissions between 9 kHz and 1 GHz [47].

2.2. Accuracy of Instrument Voltage Transformers

Instrument voltage transformers are an essential component in the MV/HV/EHV har-
monic measurement chain where the following transducer types are used:

e Inductive voltage transformers (IVT);

e  Capacitive voltage transformers (CVT);

e  Resistive voltage dividers (RVD);

e  Capacitive voltage dividers (CVD);

e  Resistive-capacitive voltage dividers (RCVD);

e  Optical voltage transducers (OVT);

e  Non-conventional instrument transformer (NCIT).

The features relevant to harmonic measurement associated with each of the above
instrument transformer type are given in subsections below.

2.2.1. Inductive Voltage Transformers

IVTs use the principle of electromagnetic induction to scale high voltages down to
low voltages based on the turns ratio of the primary to secondary winding. IVTs are
widely used for voltage measurement in MV/HV power systems where the accuracy is
specified only at the fundamental frequency [48]. Figure 2a,b show the voltage ratio error
and phase displacement response of a 50 kV IVT with oil and paper insulation for fre-
quencies from 50 Hz to 10 kHz.

60 r 15 r
50 b Voltage ratio error = Phase displacement
40 7S
~ o
S0 4
520 g
5 8
!0 5-15
g0 2
-10 £-25
-20
30 . . . L ' -35 : : : ! !
0 2,000 4,000 6,000 8,000 10,000 0 2,000 4,000 6,000 8,000 10,000
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 2. (a) Voltage ratio error response of a 50 kV IVT; (b) phase displacement error variation
response of a 50 kV IVT.

It is apparent that there are wide variations in the ratio and phase errors across the
frequency range which arise as a result of resonance. High magnitudes of deviation in
both ratio and phase angle appear at their resonant frequencies. The peaks in the normal-
ized ratio curves are due to the parallel resonance effect and the troughs are due to the
series resonance effect [48]. In [49], the ratio correction factor (RCF) of the voltage trans-
formers in the frequency range from 50 Hz to 10 kHz has been explained using the equiv-
alent circuit model of an IVT. It is shown that the lowest resonant frequency can be due to
the parallel resonant effect created by the core inductance and the primary winding
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capacitance of the transformer. This explanation was based on the measured parameters
of the open-circuit input impedance of the IVTs. The capacitance of the primary winding
relies on several factors, including the insulation materials and construction specific char-
acteristics [20]. Therefore, the resonant frequency points are specific to each IVT, depend-
ing on the design type, voltage level, and manufacturing tolerances. The work of [31] also
claims that the resonant frequencies are determined by the design of the IVT, manufactur-
ing tolerances, rated primary voltage, secondary burden value, and operating tempera-
ture. In [46], it further states that characterizing IVTs for harmonic voltage measurement
and developing comprehensive models or calculating the resonant frequencies is difficult
as IVT frequency response could be contingent on a complex system of influence factors
that is unique to each IVT [31]. Therefore, before using an IVT for harmonic measurement,
its frequency response needs to be established to specify the suitable working frequency
range, within which the desired accuracy can be achieved. This range should lie well be-
low the lowest resonant frequency of the IVT [48]. Furthermore, it has been shown that
the critical frequencies, up to which the IVT ratio error is less than 10%, are below 1 kHz
for all types of VTs tested. It has also been found that the bandwidth of the IVT decreased
with the increasing voltage rating. A reasonable argument for this was found in [31],
where the authors evaluated the frequency response of the same type of IVTs with differ-
ent rated primary voltages. The results showed that the lowest resonant frequency re-
duced with increasing rated primary voltage of the transformer. In [31], it was suggested
that the reason for such a shift in resonant frequency was the voltage dependency of the
winding inductance and inter-winding capacitance of the primary winding. As the volt-
age rating increases, the inductance and capacitance values increase, resulting in a lower
resonant frequency. In addition, the design of the transformer can also affect the measure-
ment frequency range [48]. Factors, such as the type of insulation used, the type of instal-
lation (outdoor or indoor), and the type of design (inductive or capacitive), can also result
in variations in the inherent capacitive and inductive reactance of IVT, which lead to dif-
ferent resonant frequencies that limit the usable bandwidth of IVTs. Due to the aforemen-
tioned reasons, it can be concluded that IVTs are not suitable for measuring high-fre-
quency harmonics in high-voltage power systems. The non-linear behavior of the IVT
ferro-magnetic core can also have a direct impact on the harmonic measurement accura-
cies [50].

For MV network applications, inductive transformers with wideband accuracy up to
9 kHz have been recently developed [51]. However, the rated voltage level of these trans-
formers is limited to 20/v/3 kV. According to the provided data, the frequency sweep test
of the transformer, performed at 1% of its rated voltage (i.e., 200/4/3 V), resulted in a
voltage ratio error below +3% up to 9 kHz. This relatively low error is achieved because
the first resonance frequency of the transformer lies above 9 kHz.

2.2.2. Capacitive Voltage Transformers

CVTs are widely used in HV/EHV systems to provide accurate voltage signals at
rated fundamental frequencies for metering and protection purposes [52-54]. For
HV/EHV networks, the size and insulation requirements for IVTs increase significantly,
thus making them unsuitable. CVTs address these limitations by incorporating a capaci-
tive divider to reduce the high voltage level to an intermediate level and then using an
IVT at a lower rated voltage to reduce the voltage further to a level appropriate for the
measurement instruments [55]. The capacitive impedance of the capacitive divider section
and inductive reactance component of the IVT are tuned to create a resonant circuit at a
rated frequency in order to achieve the required accuracy of voltage transformation ratio
[25]. Due to this tuning, CVTs can have significant transformation ratio errors at harmonic
frequencies starting from 100 Hz. Figure 3 shows the measured frequency responses of a
275 kV CVT up to 5 kHz for three burden levels.
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Figure 3. Normalized ratio frequency response of a 275 kV capacitive voltage transformer for dif-
ferent burden magnitudes [56].

As shown in Figure 3, the tested CVT shows a significant resonance point at frequen-
cies below 1 kHz. Furthermore, the variation in the burden has a significant impact on the
CVT frequency response especially close to the resonance points. For harmonic frequen-
cies above 2 kHz, the CVT ratio is significantly reduced. This would further degrade the
accuracy of small magnitude high-frequency harmonic measurements of a CVT.

It has also been shown that CVT frequency response changes significantly between
those produced by different manufacturers, resulting from the dependency of CVT design
factors [57]. CVT frequency response calculations based on secondary side impedance
measurement and parameter estimation has been carried out in [55,58-60]. However,
these models fail to take into account the variations in CVT response due to burden
changes and the effect of magnetic core non-linearities, specifically at the resonance fre-
quency points.

The following subsection presents the techniques that have been implemented to im-
prove the harmonic measurement capabilities of CVTs.

e  CVT with dedicated harmonic monitoring terminals

Due to the fact that the inductive components of the CVT causes large errors in har-
monics measurements, manufacturers have developed modified CVTs with harmonic
monitoring terminals which utilize only the capacitive divider section [61]. By connecting
a measurement instrument with an input impedance greater than 1 MQ, the error in har-
monic measurements performed using CVTs can be minimized. However, [25] states that
this method is not suitable for harmonic phase angle measurements. Figure 4 shows the
schematic diagram of such harmonic measurement terminals used in a 275 kV CVT.

l c Reactor

| (m Transformer
| Harmonic
a monitoring |@ Burden
terminal

Drain Coil
High impedance
measurement instrument

Figure 4. Schematic diagram of a modified CVT with a dedicated harmonic measurement terminal
(own elaboration based on [62]).
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Table 6 shows the ratio error variation in CVT harmonic measurement terminals pro-
vided in [62]. The results show that ratio error of the harmonic monitoring terminal
method depends on the CVT burden.

Table 6. Ratio error of harmonic voltage measurements performed by using CVT harmonic moni-
toring terminals with different VA burdens [62].

Frequency (Hz) Ratio Error at 0 VA (%) Ratio Error at 200 VA (%)
180 -0.2 29
300 3.1 2.8
420 -1.5 3.7
560 -3.4 3.5
660 29 4.8
780 7.5 4.6
900 -0.2 6.3
1020 -0.7 3.0
1140 13.2 72
1260 -3.1 4.9
1500 4.6 52
1620 1.2 8.9
1740 -39 9.0

2000 3.2 9.0
3000 1.5 7.8

A modification technique to the existing CVTs by adding a capacitor between the
CVT grounding terminal and ground is described in [63]. Even though the modelled re-
sults show that this method would provide accurate harmonic measurements, practical
implementation is essential to gain more insight into the accuracy of the method.

e PQ Sensor™ (Manufactured by BVM systems, Gilford, United Kingdom) for capaci-
tive voltage transformers

The PQ sensor shown in Figure 5 is a unique patented module that can be integrated
into existing CVTs in order to measure harmonics at higher voltages; it is accurate up to
several kilohertz. In addition to the capability of measuring harmonics, low-frequency
phenomena, such as ferroresonance and subsynchronous resonance, can also be measured
by using this type of sensor. The working principle of the PQ sensor is based on measuring
the current flowing through the capacitive divider in a CVT, where two measurement
current transformers (MCT1 and MCT?2) are used for calculating the voltage drops across
the HV and LV capacitor arms by using the two current measurements. The calculated
high voltage magnitude is expressed according to Equations (2)-(4) [64].

VHV
®

Il
]
(@]
Q

VT Circuit ” VT Burden
- C2

MCT1 <o—
PQ Sensor ” PQ Sensor Burden
(-

MCT2 D—r

Figure 5. Schematic of the PQ sensor integrated in a conventional CVT (own elaboration based on [64]).
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Viv(s) = Vi1 (8) + V() (2)
1 1
Viv(s) = Cs’ Iea(s) + s Ie2(s) @)
where:
s =jw
Ici(s) and Icz(s) are the currents flowing through the HV capacitor (C1) and LV capacitor
(C2), respectively.

Ic1 and Ic2 can be calculated from current measurements Imcri and Imcr2 that are taken from
MCT:and MCTy, respectively, according to the following Equation (4):

Iz = lyem Ie1 = Imcr1 + Imct2 4

For Equation (3), capacitance values are required to calculate the value of Vuv. These
capacitance values can be obtained from the CVT datasheets or through field measure-
ments. Field tests have verified that the PQ sensor has a linear response up to 5 kHz with
a ratio error below 5% and a phase angle measurement error below 6° [65]. One im-
portant feature of the PQ sensor is that it does not affect the normal operation of the CVT,
and the harmonic measurement accuracy is not significantly affected by the variation in
the CVT burden. However, to date there is no scientific literature that investigates the
influence on PQ sensor accuracy due to external factors, such as proximity effect, stray
capacitances effects, ambient temperature effect, and long-term drift. The measured fre-
quency response of CVT PQ sensor output is reported in [66]. However, this type of fre-
quency response evaluation is carried out using a low-voltage sinusoidal frequency sweep
with a magnitude of 0.5% relative to the rated voltage of the CVT. This type of evaluation
does not consider the voltage dependence of the capacitances of the CVT when they are
subjected to actual high-voltage waveforms. According to suggestions provided in the IEC
61869-103 technical report [25], PQ sensor frequency response should be evaluated by us-
ing composite high-voltage signals that consist of the rated fundamental high-voltage
component that is superimposed with a harmonic sweep signal at 0.5% relative to the
fundamental voltage to verify its accuracy under actual operating conditions.

Research on harmonic measurement based on the capacitive currents of the CVT sim-
ilar to the PQ sensor technique is covered in [67]. The test results show that this method
allows harmonic magnitude measurements up to 2.5 kHz with a ratio error below +2%.

2.2.3. Resistive Voltage Dividers

Theoretically, RVDs can provide a linear frequency response for voltage measure-
ment. However, the design of an RVD for HV applications requires high ohmic resistances
and larger dimensions that limit their frequency bandwidth [68]. In [69], the main prob-
lems associated with the HV resistive dividers have been identified. The stray capacitance
between the divider and ground can introduce phase errors in the measured signal as well
as limiting the RVD measurement bandwidth. Figure 6a shows the representation of dis-
tributed stray capacitances of a multi-stage resistive divider. Furthermore, the tempera-
ture increase in the resistors can also contribute to errors in the ratio [70]. Due to these
issues, resistive dividers are limited to DC and low-frequency measurements at high volt-
age levels.

Figure 6b shows the frequency response of a medium-voltage RVD without capaci-
tive compensation. It can be seen that the ratio error increases significantly beyond 1 kHz
and reaches 70% ratio error at 10 kHz. Due to this fact, it is essential to provide capacitive
compensation for RVDs to obtain a linear frequency response.
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Figure 6. (a) Multi-stage resistive divider with representation of distributed stray capacitances (own
elaboration based on [68]); (b) frequency response of an MV resistive voltage divider (own elabora-
tion based on [25]).

The application of a resistive divider with capacitive compensation for harmonic
measurements in 400 kV transmission networks can be found in [71,72]. To increase the
measurement bandwidth of the resistive divider, each resistor branch includes a control
capacitor in parallel with it. The experiments have shown that the divider was capable of
measuring voltage harmonics in the frequency range from 50 Hz to 10 kHz with a ratio
accuracy of £3% over the frequency range.

In MV networks, accurate harmonic measurement can be provided by using com-
pensated resistive voltage dividers. RVDs that allow harmonic measurements covering a
frequency bandwidth up to 150 kHz in MV networks with rated voltages up to 45/v/3 kV
are manufactured by RITZ [73]. A schematic diagram for the RITZRVD is shown in Figure
7. The accuracy achieved by these transducers is 5% up to 150 kHz based on accuracy
limits provided in IEC 61869-6 [74].

VHV

VLV

Shield

deccccccdeccnnnce

— CLV

’

....... e GDT

Figure 7. MV wideband RVD for power quality measurements manufactured by Ritz (own elabora-
tion based on the data from [73]).

2.2.4. Capacitive Voltage Dividers

Capacitive dividers are considered to be a viable solution for harmonic measure-
ments in high-voltage networks due to their linear frequency response compared to mag-
netic voltage transformers [75,76]. Capacitive dividers, which use compressed gas capac-
itors in the high-voltage arms, can be used as reference dividers in testing the frequency
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response of the VTs [77]. Capacitive dividers offer advantages, such as good frequency
responses, low dielectric losses, low-voltage dependence, and a simpler structure [76].

It has been shown that the ratio error of a CVD developed by using a 200 kV SFs
compressed gas capacitor was below +1% for frequencies from 50 Hz to 3 kHz [75]. The
divider ratio across the frequency range was calculated using the capacitances measured
by an LCR meter. Such results indicate that capacitive voltage dividers have wider fre-
quency bandwidths than other voltage transformers. However, it is worth nothing that
the measurement of capacitors in this study were carried out at low voltages (<15 V). Thus,
the influence of voltage dependence of the high-voltage arm capacitor has not been taken
into consideration. Moreover, an evaluation of the impact of connection cables from the
divider to the measurement instrument and the effect of other parasitic effects has not
been performed.

Another study on a CVD developed by using a compressed gas capacitor in the high-
voltage arm and ceramic capacitors in the low-voltage arm has shown a ratio error below
+1.2% for frequencies from 50 Hz to 20 kHz. The ratio of the divider has been evaluated
by performing a 500 V sinusoidal voltage sweep across the frequency range and measur-
ing the input and output voltage signals of the CVD by using digital multi-meters [78].
Once again, evaluation at 500 V means that the influence of the voltage dependence of the
high-voltage arm capacitor has not been considered.

e  CVDs with active low-voltage arms

The transfer function of an ideal CVD is independent of frequency. However, the
actual transfer function of the CVD may be influenced by the loading effect of the meas-
uring cables and low-voltage measurement equipment [77,79] as illustrated in Figure 8.

AC@ Clv o Coable Rmeter//Cweter

Figure 8. Effect of cable capacitance and measurement equipment input impedance [80].
The actual transfer function of the CVD is given by Equation (5), considering the
above loading effect. Equation (5) is as follows:

VOut(S) — RmeterCHVS (5)
VIn (S) Rmeter(ceq + CHV)S +1

where:

s =jw;

Ceq is the parallel equivalent capacitance of the low-voltage arm consisting of a low-volt-
age capacitor (Cpy), cable capacitance (Ccypje), and the measurement instrument capaci-
tance (Cpeter)- The cable impedance mainly consists of its capacitance to the ground and
the instrument impedance consists of input resistance in parallel with the input capaci-
tance.

The use of an active low-voltage arm is suggested in [81] to avoid the loading errors
on the CVD voltage ratio and phase error, where an inverting amplifier is used. The inter-
connection point of the high-voltage capacitor and low-voltage capacitor is virtually
grounded. Figure 9 illustrates the active low-voltage arm techniques in CVDs.
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Figure 9. (a) Active low-voltage arm capacitive divider (own elaboration based on [81]); (b) im-
proved active CVD designed by technical research institute of Finland (own elaboration based on
[82]).
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However, careful attention must be given to the design of the amplifier circuit for the
following reasons:

e DC voltage feedback for the operational amplifier (op-amp) should be provided to
avoid saturation of its output.

e  The operational amplifier finite open loop gain can cause distortion of the divider
output waveform, especially at higher frequencies. Sufficient loop gain is required to
make the operation of a practical op-amp as close to its ideal behavior as possible.
Otherwise, the transfer function of the amplifier depends on amplifier internal com-
ponents rather than on the external passive components.

The authors of [81] have developed a 50 kV/5 V (100 pF/1 uF) CVD with an active
low-voltage arm. The accuracy of the active low-voltage arm of the CVD at 50 kV, 50 Hz
is £1.5% for voltage ratio and 9.9 urad for phase error. The authors have further investi-
gated the variation in the ratio error of the divider in the voltage range from 10% to 120%
of the rated primary voltage 50 kV at 50 Hz. This variation was measured by comparing
the output voltage of the capacitor divider against the output of a standard VT using a
sampling ratio bridge [83]. The variation in ratio error over the entire voltage range was
within 0.001% and within 3.5 urad for phase displacement, indicating excellent voltage
linearity. However, the frequency characteristics of the active low-voltage arm capacitive
divider have not been measured.

Similar developments to improve CVD phase error, as shown in Figure 9b, have been
undertaken to measure power frequency phase angles with a phase uncertainty below
25prad [82]. In [84-86], a compressed gas standard capacitive voltage divider with an ac-
tive inverter amplifier circuit to provide an input impedance greater than 5 GQ is pre-
sented. The divider frequency response tests show that the ratio error of this device is
below 0.5% for frequencies from 50 Hz to 2.5 kHz.

An active capacitor divider with current transformer compensation is covered in [77].
It is stated that the ratio and phase errors of a standard capacitor divider due to the load-
ing effects of low-voltage instruments can be mitigated using this compensation method.
The divider can be used for measuring the harmonic voltages up to 2.5 kHz at 10 kV volt-
age level. The schematic of the proposed voltage divider is shown in Figure 10. According
to the reported results, the ratio error of the developed CVD is below 20 parts per million
(ppm) and phase shift is below 200 urad for frequencies from 50 Hz to 2.5 kHz. However,
it can be seen that the ratio error and phase shift of the proposed CVD shows an increasing
behavior above 1 kHz.
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Figure 10. Active capacitive divider with current transformer compensation (own elaboration based
on [77]).

e Active capacitive voltage divider with integrated optical power supplies

In comparison to the magnetic VTs, CVDs do not provide galvanic isolation between
the HV side and the LV measurement equipment [87]. To address this issue, in [88], a
capacitor divider-based high-voltage measurement system using an optical power supply
unit is presented. As shown in Figure 11, the operational amplifier connected to the low-
voltage arm of the capacitive divider is powered by optical power generated by a laser
source. It is claimed that the laser power source is a reliable alternative to the use of a
battery power supply for powering the active low-voltage arm of the divider.

Data
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and receive

circuit
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input vee
X
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o @

RX

DC Power |- | Solar PV
Converter [¢— panel [
‘\
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High power
laser diode

DC power
source

Figure 11. Active capacitive divider with optical signal transmission (own elaboration based on [88]).

The frequency response of the complete measurement system, evaluated by applying
an LV signal to the divider, showed that the deviation of the voltage ratio was below +0.5%
for frequencies from 50 Hz to 5 kHz. It stated that the time delay of the output from input
signal at 50 Hz was around 15 ps, corresponding to a phase error of 0.47 crad, i.e., 0.5
accuracy class according to IEC 61000-4-7 [40]. However, the accuracy of the system has
not been verified at high voltage.

e  High-voltage bushing-based capacitive divider

In the work presented in [70], a capacitive divider has been implemented using the
capacitance-graded bushing of a power transformer as the high-voltage arm and a sec-
ondary capacitor connected to the bushing tap as the low-voltage capacitor. This arrange-
ment is shown in Figure 12. The bandwidth measurements of the divider evaluated using
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a vector network analyzer (VNA) at low voltage have shown that the variation in the volt-
age ratio was below 1% of the measured ratio at 50 Hz up to a frequency of 100 kHz.

<«——Centre Conductor
Voltage equalizers

Bushing test tap

External capacitor

Figure 12. Schematic diagram of a power transformer capacitance bushing-based capacitive divider
(own elaboration based on the data from [70]).

In [70], it is demonstrated that the temperature dependency of the divider due to the
variation in capacitance of the graded bushing in the range from —20 °C to 60 °C results in
a voltage ratio error below 2% for all frequencies up to 100 kHz. However, no investi-
gations have been undertaken to evaluate the voltage linearity of the divider capacitance
at high voltage levels.

2.2.5. Resistive—Capacitive Voltage Dividers

An RCVD contains a resistive branch and a capacitive branch in parallel. The resistive
branch consists of a primary resistor (R1) and a secondary resistor (Rz2). The capacitive
branch consists of a primary capacitor (Ci) and a secondary capacitor (Cz). The voltage
and phase transfer functions are given in the following Equations (6) and (7) [89]:

Vout(jw) _ Cl
Vin(Gw) 1.1
o
6
Cl + Cz ]leZCZ ( )
14—
joR;C4
where:
Vout is the secondary voltage;
Vin is the measured high voltage;
w is the angular frequency of the voltage.
A@ = arctan(wR,C,) — arctan(wR;C;) (7)

According to Equation (6), the voltage ratio is frequency dependent. In order to min-
imize the frequency dependency, the resistors and capacitors need to be selected using
the following Equation (8):

R,C; = R,C, (8)

However, in reality the voltage ratio can be non-linear as the frequency increases due
to the non-ideal behavior of the capacitors. A practical capacitor consists of a parasitic
inductive component, which creates an internal resonance point. It has been shown that a
good frequency linearity can be obtained from DC to 1 MHz by selecting low inductance
capacitors [89,90]. Commercial RCVDs have been developed by PFIFFNNER
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(Manufactured by PFIFFNNER Group, Maharashtra, India) and TRENCH (Manufactured
by TRENCH Group, Bamberg, Germany) [91,92]. These dividers are capable of harmonic
voltage measurements for network voltages ranging from 72 kV to 550 kV. The results in
[89], shows that a 420 kV RCVD manufactured by PFINNER has a voltage ratio accuracy
of +0.2% in the frequency range from 15 Hz to 10 kHz. The maximum measured phase
error has been noted to be 2.6 crad at 10 kHz. Compared with existing harmonic voltage
measurement systems, such an accuracy is seen to be considerably higher and well within
the accuracy limits for Class I instruments, as defined by IEC 61000-4-7 [40]. Figure 13a
shows the RCVD manufactured by PFIFFNNER, while Figure 13b shows the circuit sche-
matic of the TRENCH RCVD.
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(a) (b)
Figure 13. (a) RCVD manufactured by PFIFFNER [91]; (b) schematic of the TRENCH RCVD [93].

In further work [93], an RCVD rated at 420 kV with a nominal ratio of 3800 manufac-
tured by TRENCH Switzerland was used as the reference divider in a harmonic voltage
transformer calibration system. The manufacturer claims that the RCVD can be used for
harmonic measurements up to 1 MHz. Figure 14 shows the frequency response of the
TRENCH RCVD, as presented in [93]. The results show that the RCVD ratio error remains
below +0.1% up to 10 kHz.

0.15 ¢
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Figure 14. TRENCH RCVD frequency response (own elaboration based on [93]).
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2.2.6. Optical Voltage Transducers

In contrast to traditional magnetic transformers, which are bulky due to their insula-
tion requirements and the size of the magnetic cores and windings, optical voltage trans-
ducers (OVTs) offer many advantages, such as compact designs, inherent insulation capa-
bility, light weight, wide bandwidth, high accuracy, and immunity to electromagnetic in-
terference [94]. In addition, they also mitigate catastrophic failures due to effects, such as
magnetic saturation and ferroresonance, that could take place in conventional transform-
ers [95]. OVTs can be categorized into two subgroups depending on the type of electro-
optic modulation that is used for voltage measurement, as follows [96]:

1.  External electro-optic modulation-based OVTs, where the measured external voltage
modulates the light wave carrier of the OVT sensor.

2. Internal electro-optic modulation-based OVTs, where the measured voltage directly
modulates the electroluminescent material of the sensor.

Each of the above is described in detail below.
e  Optical voltage transducers based on the Pockels effect

In high-voltage measurement, the external electro-optical modulation type OVTs are
more suitable due to their high-voltage withstanding capability [96]. These sensors are
based on either the Pockels effect or Kerr effect [97] and they induce external electric field
birefringence [98] in some types of crystalline materials. An OVT based on the quadrature
method of the electro-optic voltage measurement principle is covered in [99]. It used three
optical electric field sensors placed inside a resistive shield, which are used for reducing
the effects of the stray electric field on the voltage measurements accuracy. The combined
electric field measured by these three sensors is used for calculating the applied high volt-
age using a quadrature method [100,101]. The test showed that this OVT met the 0.2 accu-
racy class requirements of IEC 60044-2 [102]. Specifically, the ratio error relative to the
nominal ratio at 50 Hz was below 5% up to 2 kHz. The phase angle errors were consider-
ably higher for lower order harmonics.

A commercially available 230 kV phase to neutral rated OVT manufactured by NXT-
Phase T&D cooperation is used for high-voltage harmonic measurement in the study pre-
sented in [93]. Figure 15 shows the OVT frequency response characteristics plotted by em-
ploying the data provided in [93].
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Figure 15. NXTPhase 230 kV OVT frequency response (own elaboration based on the data from [93]).

According to Figure 15, significant phase angle errors can be observed as the fre-
quency increases. However, these results should not be generalized for all types of OVTs
for their performance in harmonics measurements.

e  Optical voltage transducers based on the electro-gyration effect

Electro-gyration is also an optical phenomenon in a material that is induced by the
presence of an external electric field. Electro-gyration is a phenomenon that describes the
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circular birefringence in an optical material [103]. In the case of the linear electro-gyration
effect, the linearly polarized incident light will be subjected to a polarization rotation by
an angle which is proportional to the external electric field strength that is applied on the
material [96]. The linear electro-gyration effect takes place in centrosymmetric crystals due
to spatial dispersion which is different to the Faraday effect that occurs due to magnetic
field vector reversal symmetry with time [104].

In [105], a voltage sensor based on the electro-gyration effect has been developed us-
ing a lead tungstate (PbWOs) crystal. The linear dependency of the electro-gyration up to
10 kV has been experimentally verified, although no evaluation has been performed with
different frequencies in this experiment.

A 35 kV optical voltage transducer has been developed recently by
MarsEnergo™(Manufactured by MarsEnergo, St. Petersburg, Russia) based on the linear
electro-gyration effect [106]. This optical transducer shown in Figure 16 has a rated trans-
formation ratio of 35 kV:110 V with a ratio error below 0.5% from 1 Hz to 10 kHz. The
phase angle measurement error of the transducers is claimed to be below 2 min at a rated
voltage. However, no information is provided regarding the harmonic phase angle meas-
urement accuracy.
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case Crystal
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T T

Figure 16. Own elaboration of internal arrangement of the MarsEnergo™ optical voltage transducer
based on [106].

2.2.7. Non-Conventional Instrument Transformers
Two types of non-conventional instrument transformers are included below.

e  Optical voltage transformers based on fiber Bragg grating (FBG) and piezoelectric
ceramic (PZT) materials

An OVT based on a combination of piezoelectric material and a fiber-Bragg grating
reflector is proposed for power quality measurements in MV networks, with a rated volt-
age of 4 kV [107]. To overcome this voltage limitation, a capacitive divider based on an
insulator bushing, as shown in Figure 17a, has also been used to extend the application
voltage to 13.8 kV. The tests of the developed sensor up to 2.5 kHz reveal that the fre-
quency response of the combined sensor remains below +3 dB relative to the voltage
ratio at 50 Hz. However, at some frequencies, the error reaches +1 dB, implying percent-
age ratio errors of approximately +12%. Another combined transducer based on a capac-
itive divider and an FBG-PZT sensor is presented in [108]. However, no information is
available on its harmonic measurement accuracy.
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Figure 17. (a) FBG-PZT optical sensor combined with an insulation bushing capacitive divider [107];
(b) schematic diagram of a combined transducer based on a bushing capacitor and optical sensor.

e  Dry type insulation combined electronic voltage and current transformer

This type of transducer has the capability of simultaneous current and voltage meas-
urement in MV/HV networks. The commercially available transducer presented in [109]
is based on a capacitive voltage divider and a Rogowski coil to provide measurement and
protection signals for digital substations according to the IEC 61850 communication pro-
tocol [110]. Figure 18 shows the internal circuit diagram of the combined transducer.

Primary core

P1 P2
=C1 Rogowski
mi Acquisition unit
Cc3
- a Signal Data
- modulator acquisition .
== Capacitive divider Shielded and )| Merging
—I_CZ cable Power processing unit
J_ L supply module

Figure 18. Schematic of the combined transducer internal arrangement (own elaboration based on [109]).

These types of transducers are relatively novel in their application in electrical power
networks. Similar combined transducers have been developed by RITZ for applications in
MV networks up to 30/v/3 kV [111]. According to the low-voltage frequency sweep re-
sponse, the transducer can measure harmonic voltages and current up to 3.15 kHz with a
ratio accuracy of +3%.

2.3. Impact of External Factors on Instrument Transformer Frequency Response

The impact of external factors on instrument voltage transformer frequency response
behavior is covered in [112-114]. These factors do not include certain issues, such as trans-
ducer design aspects and inherent errors due to manufacturing processes, since they are
considered as internal factors. A detailed evaluation of the influence of internal factors on
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inductive transformer frequency response up to 10 kHz is given in [31]. The following
main influential factors are identified and investigated:

(a) Operating temperature;

(b) Variation in instrument transformer burden;

(c) Effect of vibration;

(d) Proximity effects due to metallic objects;

(e) Electric and magnetic fields created by nearby energized conductors;

(f) Magnitude of the fundamental voltage component.

The above influencing factors are discussed in detail within the subsections below.

2.3.1. Operating Temperature

In [112], four resin cast insulated inductive voltage transformers with voltage ratings
up to 35 kV were tested at zero burden for their frequency response up to 9 kHz at differ-
ent temperatures in the range from —25°C to 55°C. Figure 19a shows the variation in fre-
quency response for a 35 kV unit at different temperatures and Figure 19b shows the var-
iation in the voltage ratio at the first resonance point at approximately 3.2 kHz. Each curve
in Figure 19a,b shows the percentage difference in the voltage ratio of the transformer at
different temperatures (9) relative to the voltage ratio evaluation at 20°C. The results
show that the resonance points of the IVT frequency response shift towards lower fre-
quencies as the temperature increases. It is stated that this shift in resonance point is
caused by the reduction in winding stray capacitances due to winding expansion at in-
creased temperatures. Even though the voltage ratio error at the fundamental frequency
and low order harmonics up to 2.5 kHz remains below 3%, the ratio error change near
resonance frequencies is seen to be greater than 100%. This implies that IVTs cannot be
utilized for reliable harmonic measurements above the first resonant frequency. Experi-
mental results in [113,114] also report similar results for IVTs.
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Figure 19. (a) Variation in the 35 kV inductive voltage transformer voltage ratio error up to 9 kHz
within the temperature range from —30°C to 50°C; (b) Variation in voltage ratio error around the
first resonance point at 3.2 kHz [112]. (Reproduced with permission from Robert Stiegler, Impact of
external influences on the frequency dependent transfer ratio of resin cast MV voltage instrument
transformers; published by IEEE, 2022).

2.3.2. Impact of Burden

Impact of resistive burden on IVT voltage ratio error can be seen across a range of
frequencies in Figure 20. Similar to the effect of temperature, the impact is highest at the
resonant frequencies. However, no significant shift in the resonant frequency can be ob-
served.
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Figure 20. (a) Variation in 35 kV IVT voltage ratio error with the change in resistive burden from 0%
to 100% of rated value; (b) variation in voltage ratio error up to the first resonance point [112]. (Re-
produced with permission from Robert Stiegler, “Impact of external influences on the frequency
dependent transfer ratio of resin cast MV voltage instrument transformers”; published by IEEE,
2022).

2.3.3. Impact of Proximity, Field Effects, and Vibration

In terms of proximity, field effects, and vibration, the changes in frequency response
of the IVT are stated to be minimal and of no impact according to the results presented in
[113].

2.3.4. Impact of External Influencing Factors on Low-Power Instrument Transformers
(LPITs)

Results of investigations into external influencing factors on LPITs do not yet exist in
a consolidated manner. However, one study shows the impact of electric and magnetic
fields by energized conductors and proximity effects on LPIT frequency response [113].
Table 7 shows the summary of the presented results.

Table 7. Comparison of different types of LPITs against external influencing factors.

E-Field and M-Field Combined Impact of

Transducer Type peco ¢ Proximity Effects |, imity and Field Effects
RVD Medium impact Medium impact High impact
CvD Low impact No impact No impact due to proximity
RVCD Medium impact High impact High impact

2.4. Overall Comparison between the Accuracy of Instrument Transducers in the Frequency
Range from 2 kHz to 9 kHz.

Based on the details presented in the previous sections, an overall comparison be-
tween different transducer types is provided in Table 8. This comparison considers the
accuracy, bandwidth of measurement, cost of implementation, impact of external factors,
and the required calibration method for error correction,

Table 8. Overview comparison of different types of instrument transducers based on their charac-

teristics.
Accuracy of Ability to .
A f T f Calibrat
Transducer ', o " Phase Angle Measure 2 Cost of Impact of External ype (_) a tbration
Amplitude . Required for Error
Type Measure- kHz-9 kHz Implementation Factors .
Measurement . Correction
ment Harmonics
Low (possi- Low (possi HV multi-tone signal
bilit (}))f cor- bilit c}))f or Acceptable Low impact with pos- calibration preferred
VT o y after calibra- Low sibility of correction (LV sinusoidal cali-
rection by cal- rection by . I .
o o tion by calibration bration acceptable
ibration) calibration)

with increased error)
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CVvT Very low Very low  Unacceptable Low Severe impact Not applicable
CVT with Acceptable o
, with in- LV sinusoidal ac-
harmonic ter- Acceptable Acceptable Low Unknown
. creased mar- ceptable
minals .
gin of error
T with P LV si idal ac-
CVT with PQ Good Good Acceptable Medium No significant impact V sinusoidal ac
sensor ceptable
Depends on Depends on Depends on Medium impact LV sinusoidal ac-
RVD provision of pene provision of Low to medium (avoidable by shield- ceptable for shielded
g shielding 11 .
shielding shielding ing) RVDs
LV si idal ac-
CVD Good Poor Acceptable Medium to high No significant impact V sinusoidal ac
ceptable
CYD with ac- Better Good Acceptable Medium to high No significant impact LV sinusoidal ac-
tive LV arm ceptable
. . LV sinusoidal ac-
RCVD Excellent Excellent  Acceptable High No impact
ceptable
OovT Good Depends on Acceptable High No impact LV sinusoidal ac-
the type ceptable
To be decided To be de- To be de-
D he T i f T i f
NCIT after calibra- cided after  cided after epends on the To be decided after To be decided after

tion

type calibration calibration
calibration calibration yp

3. High-Voltage Calibration Systems to Evaluate Instrument Transformer Frequency
Response

3.1. Instrument Voltage Transformer Calibration Process

Preceding sections have demonstrated that each type of voltage transformer demon-
strates different frequency response behavior when they are used for harmonic measure-
ments. Even though traditional inductive and capacitive transformers provide accurate
measurements at the rated fundamental frequency, their voltage ratio and phase displace-
ment at harmonic frequencies can vary significantly. CVDs and RCVDs can be identified
as the transducers that have the fewest voltage ratio errors for harmonic measurements
above 2 kHz. Even though OVTs are considered to be linear devices, their working voltage
limitations enforce the use of voltage division technique to scale down the MV/HV/EHV
voltages to compatible levels. For this reason, the combined voltage transducers based on
an optical sensor and a voltage divider can also show increased voltage ratio and phase
errors at harmonic frequencies. However, if the frequency response of a transducer does
not drift with time, calibration against a reference voltage transducer can be performed to
obtain the ratio and phase correction factors at each harmonic order to correct the meas-
urement errors. The following section presents the existing MV/HV/EHV transducer cali-
bration systems that have been utilized in the literature. The IEC 61869-103 technical re-
port [25], provides detailed information on the test procedure and test apparatus set up
for the accuracy evaluation of high-voltage transducers. According to these guidelines,
two test methods are established based on the linearity characteristics and burden de-
pendency of the test transducer, as shown in Figure 21.
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Figure 21. Frequency response (FR) evaluation procedure suggested in the IEC 61869-103 technical
report [25].

According to the suggested procedure, two main calibration setups for MV/HV/EHV
transducers can be identified as follows:

1.  The high-voltage composite signal calibration setup;
2.  Low-voltage frequency sweep calibration setup.

The selection of each type of test setup should be based on the voltage linearity of
each transducer depending on whether its frequency response is affected by the presence
of fundamental high-voltage amplitude.

3.1.1. High-Voltage Calibration by Comparison against Reference Standard Transducer

The high-voltage transducer calibration process requires simultaneous measurement
of the input high voltage and the output voltage signal of the transducer. The measure-
ment of the output low voltage can be performed by direct connection of an appropriate
measurement device. However, measurement of the input high voltage requires a refer-
ence transducer with a known frequency response denoted by [kREFhLAchEFh]. The setup
for calibrating the transducer (device under test (DUT)) is shown in Figure 22.

l VPHAWPH '—‘

Reference Tranducer under
transducer test
High voltage
source ‘ ke, £80ger ‘ kpur, £8¢pur,

Measurement and Signal
processing unit

' '

‘ VSDUT;\L(’DSDW;.

‘ VSREM £¢s REFR

Figure 22. Setup for high-voltage transducer calibration by comparison against a reference transducer.
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The voltage ratio (kpyr,) and phase displacement (A@pyr,) of the DUT at har-
monic order (h) can be defined as follows:

Vspur
Kpyty, = . ©)
"V
A('PDUTh = [(pSDUTh - (pph] (10)
where:
Vspur, is the magnitude of the DUT secondary voltage signal at harmonic order (h);
Vp,, is the magnitude of the primary high-voltage signal at harmonic order (h);
Pspyr,, is the phase angle of the DUT secondary voltage signal at harmonic order (h);

¢p, is the phase angle of the primary voltage signal at harmonic order (h).

In Equations (9) and (10), the magnitude and phase angle of the input high-voltage
signal is calculated by using pre-existing voltage ratio and phase angle data of the refer-
ence transducer (i.e., krgr, £A@ggr;,) and by using the reference transducer output voltage
measurement that is denoted by (Vs ZQsggr, ), as follows:

V.

Vp, = _SREFR (11)
kREFh

Ppy, = Psggr, ~ APreFy, (12)

where:
Vseer, 18 the reference transducer output signal magnitude at harmonic order (h);
kggr, is the voltage ratio of the reference transducer at harmonic order (h);
A@ggr,, is the phase error of the reference transducer at harmonic order (h);
Psggr, 1S the phase angle of the reference transducer output voltage signal at harmonic
order (h).
Finally, the voltage ratio and phase displacement of the DUT can be expressed as
follows:

Vs
kDUTh = kREFh-% (13)
SREFh
A@puth = Pspyry, ~ Psper, T APREF, (14)

For IVTs, the voltage ratio error (¢) and phase displacement (8) are used to specify
their accuracy at the rated fundamental frequency using the rated transformation ratio
(ky) according to the definition provided in [115]. The same equations can be adopted to
define IVT voltage ratio error (g}, ) and phase displacement error (8y,) at a specific harmonic
order (h), as follows:

k, V. k Kegr. V.
en = [ o —1] X 100% = [ﬂ— 1| x 100% = [ﬂ.%— 1{x100%  (15)
Vph ky r VSREFh
Oh = @spyr, — Psger, T A@Qger, (16)
where:
Vs, is the secondary output voltage signal of the IVT at harmonic order (h);
Vp,, is the primary input voltage signal applied to the IVT at harmonic order (h).

3.1.2. Low-Voltage Frequency Sweep Response Calibration Method
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In cases where the DUT frequency response is not affected by the fundamental high-
voltage component, LV frequency sweep calibration can be used. In addition, the lack of
suitable voltage sources that can generate high-voltage composite signals and lack of ac-
curate reference transducers mean that it can also be considered rational to use LV fre-
quency sweep tests to evaluate DUT frequency response. In this method, the input signal
to the transducer under test (i.e., Vp,, ) will be directly measured by the measurement de-
vice. In such cases, the voltage ratio error and phase error of the DUT can be directly cal-
culated using the measurement results as follows.

Y k 1V,
& =[ : Sh—1]x1oo%=[ﬂ—1 x100%=[—.ﬂ—1]x100% 17)
Vph Ky ky VSREFh
Oh = @spyry, — Psger, (18)

It should be noted that for HV instrument transducers with very large voltage ratios,
the input voltage signal used for an LV frequency sweep must be sufficiently large to gen-
erate measurable secondary output voltages. Otherwise, small output signals can cause
measurement errors due to insufficient signal to noise ratio.

3.2. Application of Composite MV/HV/EHV Signals for Instrument Transformer Calibration

Based on the frequency response test procedure suggested in IEC 61869-103 [25], sev-
eral studies have utilized composite MV/HV/EHYV signals consisting of a fundamental fre-
quency component and superimposed harmonics in the process of calibrating an instru-
ment transducer. Table 9 summarizes results of several studies related to calibration sys-
tems that use composite voltage signals consisting of fundamental and superimposed har-
monics.

Table 9. MV/HV/EHV instrument transformer calibration systems employing composite voltage
signals.

Reference
. Tested Harmonic Bandwidth
Reference Test Signal Type Transducer (If (Max 50 Hz/Max Harmonic Amplitude)
Any)
[113,114,116,117] Composite signal - RCVD 30 KV at 50 Hz/2% at 9 kHz
(50 Hz + single harmonic)
Composite signal o
[118] (50 Hz + multiple harmonics) CVD 92.5kV at 50 Hz/10% at 10 kHz
Composite signal o
[119] (50 Hz + single harmonic) RCVD 20/v/3 kV at 50 Hz/10% at 5 kHz
[120,121] Composite signal o
(50 Hz + multiple harmonics) RCVD 20/V/3 kV at 50 Hz/3% at 1.25 kHz
Composite signal 230 kV at 50 Hz/1% at 1 kHz or 0.2% at 5
[56,122] 50 Hz + single harmonic RCVD kHz
g

An automated frequency response test system has been developed by
MARSENERGO for the certification of instrument voltage transformers [123]. This system
allows the calibration of instrument voltage transformers that are rated for voltages from
6 kV to 200 kV. The test system allows the measurement of subharmonics and harmonics
in the frequency range from 15 Hz to 2.5 kHz. The manufacturers claim that the test sys-
tem complies with the accuracy requirements provided in the IEC 61869-103 technical re-
port. Figure 23 shows the functional block diagram of the system.
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Custom designed
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transformer
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= capacitor
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amplifier generator instrument/Comparator
A
Low voltage
PC measurement
system

Figure 23. Functional diagram of the MarsTest-VT-PQ system (own elaboration based on data from
[123]).

According to Figure 23, the high-voltage composite source has a similar architecture
to the composite voltage source presented in [56]. The fundamental component and the
harmonic components are generated by two independent sources and stepped up through
two voltage transformers. The harmonics generated from the broadband transformer are
modulated into the HV side of the fundamental step-up transformer through a coupling
capacitor. This allows a low impedance path for higher order harmonics while blocking
the effect of fundamental component high voltage on the harmonic voltage amplifier due
to higher capacitive impedance at the fundamental frequency. As per the view of the au-
thors, this type of test setup is highly desirable for the evaluation of instrument trans-
former frequency response under actual high-voltage waveform conditions.

3.3. Standards Governing MV/HV Instrument Transformer Accuracy Requirements

The IEC 61869 series of standards can be considered as the main set of international
standards that govern the accuracy requirements for both voltage and current instrument
transformers. Previously, IEC 61869-1:2007 [124] and IEC 61869-6:2016 [74] were provided
to specify general requirements for instrument transformers and low-power instrument
transformers (LPITs) separately. In the 2023 revision, these two standards were combined
into a single standard, namely IEC 61869-1:2023 [125]. In terms of IVT requirements, IEC
61869-3 [116] provides additional requirements that are not provided under the general
requirements in IEC 61869-1 [124]. The requirements for CVTs are provided in IEC 61869-
5 [126]. Furthermore, IEC 61869-11 provides additional requirements for low-power pas-
sive voltage transformers [127]. Each subset of this series of standards provides the test
procedures and practices to evaluate the instrument transformer performance and the
specified accuracy limits for various measurement parameters. In addition to these stand-
ards, the IEC 61869-103 technical report provides a comprehensive evaluation of the ex-
isting instrument transformer types and their power quality parameter measurement per-
formance [25].

The IEC 61869-103 technical report provides suggestions for classifying all types of
instrument transformers into power quality measurement accuracy classes, as shown in
Table 10. The four accuracy classes are defined as PQ1, PQ2, PQ3, and PQ4. The first ac-
curacy class (PQ1) is identified with the highest accuracy and the fourth accuracy class
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(PQ4) is identified with the lowest accuracy performance. However, the accuracy require-
ments of the PQ3 and PQ4 classes are yet to be defined.

Table 10. Voltage ratio and phase accuracy limits for power quality measurement transducers ac-
cording to IEC 61869-103 [25].

Instrument

Transformer Class

Ratio Error Harmonic Frequencies Phase Error at Harmonic Frequencies

PQ1
PQ2
PQ3
PQ4

100 Hz<f<25kHz 25kHz<f<250kHz 100Hz<f<25kHz 2.5kHz<f<250kHz

5% *10% +5° N/D
+10% +20% +10° N/D
N/D N/D N/D N/D
N/D N/D N/D N/D

N/D: Not defined.

According to the above table, the accuracy requirements for the PQ3 and PQ3 instru-
ment transformer classes are yet to be defined.

In terms of power quality measurements, IEC 61869-3 [116] and IEC 61869-5 [126] do
not provide accuracy limits or relevant test procedures to evaluate the harmonic perfor-
mance of I[VTs or CVTs. However, IEC 61869-6 [74] provides comprehensive details on the
accuracy of LPITs for harmonic measurement for all metering transformer classes. The
provided accuracy limits are categorized in three sections, as follows:

1.  Accuracy limits for low-frequency harmonics (shown in Table 11);

Table 11. Voltage ratio and phase accuracy limits for lower order harmonic measurements of low-
power instrument transformers according to IEC 61869-6 [74].

Accuracy Class at Ratio Error (%) Phase Error (°)
Rated Frequency Harmonic Orders Harmonic Orders
2-4 5-6 7-9 10-13 13<h 2-4 5-6 7-9 10-13
0.1 1% 2% 4% 8% 8% > g, >-100% *1° +2° +4° +8°
0.2 2% 4% 8%  £16% +16% >g, >-100% +2° +4° +8° +16°
0.5 +5% +10% +#20% #20%  +20% >e, >-100% +5° +10° +20° +20°
1.0 +10% +20% +20% +20% +20% >, >-100% +10° +20° +20° +20°

2. Accuracy limits for low bandwidth measurements (shown in Table 12)

Table 12. Voltage ratio and phase accuracy limits for low bandwidth measurements of low-power
instrument transformers according to IEC 61869-6 [74].

Accuracy Class at

Ratio Error (%) Phase Error (°)

Rated Frequency Harmonic Frequency Range
(01<f<1)kHz(1<f<15)kHz(1.5<f<3)kHz(0.1<f<1)kHz(1<f<15)kHz(1.5<f<3)kHz
0.1 *1% 2% 5% t1° +2° +5°
0.2 2% 4% 5% +2° +4° +5°
0.5 5% +10% +10% +5° +10° +20°
1.0 *10% +20% +20% +10° +20° +20°

3. Accuracy limits for high bandwidth measurements (shown in Table 13)
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Table 13. Voltage ratio and phase accuracy limits for high bandwidth measurements of low-power
instrument transformers according to IEC 61869-6 [74].

Accuracy Class at
Rated Frequency

Ratio Error (%)

Phase E °
Harmonic Frequency Range ase Error (°)

(01<f<5)kHz (5<f<10)kHz (10<f<20)kHz (0.1<f<5)kHz (5<f<10)kHz (10<f<20)kHz

0.1
0.2
0.5
1.0

+1%
2%
+5%
+10%

2% +5% +1° +2° +5°
4% 5% +2° +4° +5°
+10% +10% +5° +10° +20°
+20% +20% +10° +20° +20°

It should be noted that the above accuracy limits covering the harmonic frequency
range up to 20 kHz relate only to LPITs. IEC 61000-4-30, which deals with power quality
measurement techniques, does not include the accuracy of instrument transducers as a
normative requirement [38].

4. Discussion

This paper provides an extensive review of the conventional and novel MV/HV/EHV
instrument transducers that are used for harmonic voltage measurements, focusing on
their accuracy of transformation ratio at high frequencies above 2 kHz. Furthermore, cal-
ibration systems available in the literature for characterizing instrument transformer fre-
quency response under low-voltage signals and composite high-voltage signals represent-
ing the actual grid waveforms are investigated. Standards and techniques governing the
MV/HV/EHV harmonic measurement transducers are reviewed.

Based on the surveyed literature, the findings for each transducer type can be sum-
marized as follows:

e MV/HV/EHV IVTs, known for their cost-effectiveness, exhibit significant voltage ra-
tio errors in the 2 kHz to 9 kHz frequency range due to internal resonances. However,
proper calibration can correct these errors, enabling IVTs to be used for both har-
monic amplitude and phase angle measurements.

e  Generally, CVTs cannot be utilized for harmonic measurements unless special adap-
tation techniques, such as harmonic monitoring terminals and PQ sensors™ (Manu-
factured by BVM systems, Gilford, United Kingdom), are employed. These tech-
niques offer cost-effective solutions for employing conventional CVTs for harmonic
measurement in the 2 kHz to 9 kHz frequency range.

e  RVDs without internal shielding may be severely affected by stray capacitances and
should not be used for harmonic measurements. However, shielded RVDs can be
employed in the considered frequency range. The accuracy of RVD harmonic meas-
urement may decrease significantly with increasing frequency and voltage rating.
Hence, the voltage ratio error and phase error of the RVD should be characterized
within its entire operating range.

e  CVDs are suitable for harmonic amplitude measurements in the 2 kHz to 9 kHz fre-
quency range in MV/HV/EHV networks. However, phase angle measurements of
CVDs are affected by loading effects from measuring cables and instruments. These
limitations are mitigated by novel techniques, such as the use of active low-voltage
arms. The cost of implementation may vary depending on the specific characteristics
of CVD construction.

e RCVDs are considered to be the most accurate type of instrument transformer for
both harmonic amplitude and phase angle measurements in the 2 kHz to 9 kHz fre-
quency range. However, the significant cost of implementation limits the widespread
application of these devices.

e OVTs are considered as a novel instrument transducer type which provides accurate
harmonic amplitude measurements in the frequency range from 2 kHz to 9 kHz,
However, the working voltage of such OVTs is limited to a range of several kilovolts.
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This requires the use of additional voltage dividers to be combined with OVTs in
order to adapt these transducers for the measurement of harmonics in MV/HV/EHV
electricity networks. In such cases, it is essential to characterize these transducer fre-
quency responses using an accurate calibration system. Similar to the RCVDs, the
cost of OVT implementation is considerably higher than the conventional IVTs and
CVTs, which limits their widespread application for harmonic voltage measure-
ments.

e  The accuracy characteristics of NCITs could vary significantly due to the differences
in their construction principles. Therefore, it is difficult to provide generalized con-
clusions regarding their accuracy of harmonic measurements in the frequency range
from 2 kHz to 9 kHz. Hence, it is advisable to calibrate each NCIT for their frequency
response using accurate calibration systems.

In summary, details presented in this paper can be considered as a guide in the de-
velopment of further studies on the harmonic measurement performance of instrument
transformers and develop more accurate methods and systems. Based on the reviewed
literature, the following recommendations are provided:

e A suitable standard test procedure should be developed to evaluate the high-voltage
instrument transformer harmonic measurement accuracy. Manufacturers use differ-
ent types of instrument transformer frequency response characterization procedures.
The establishment of a standard test procedure would facilitate comparability among
different manufacturers.

e  There is a wide variety of test waveforms used for instrument transformer calibra-
tion. A proper specification regarding the waveform characteristics should be defined
by standardization authorities similar to the test signal requirements specified at the
rated fundamental frequency.

e  There is a lack of suitable high-voltage sources that can generate the required com-
posite test waveforms for the calibration of instrument transformers under realistic
conditions. Further research should focus on developing new high-voltage sources
that would provide wideband high-voltage waveforms.

e Investigation of external influencing factors on instrument transformer frequency re-
sponse has not been consolidated properly. The investigation of these parameters
should be combined into a standard test procedure which should be defined in agree-
ment with the equipment manufacturers, national metrological laboratories, and
standardization authorities.

e  National metrological laboratories should focus on the development of suitable ref-
erence transducers that could provide traceable calibrations for high-voltage har-
monic measurements under realistic distorted test waveforms.

e  The international standards covering the harmonic measurements in the frequency
range from 2 kHz to 150 kHz are not properly consolidated. Most of the requirements
are provided on an informative basis. However, with the increasing use of power
electronic converters which contribute to high-frequency harmonic emissions, proper
definitions of measurement techniques will be required for inclusion as essential re-
quirements.
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Abbreviations

CISPR International Special Committee on Radio Interference
CVD Capacitive voltage divider

CVvT Capacitive voltage transformer

DUT Device under test

EHV Extra high voltage

EV Electric vehicle

FACTS Flexible alternating current transmission system
FBG Fiber Bragg grating

FFT Fast Fourier transform

FR Frequency response

HV High voltage

HVDC High-voltage direct current

1IEC International electrotechnical commission
IEEE Institute of electrical and electronics engineers
IVT Inductive voltage transformer

LCR Inductance-capacitance-resistance

LPIT Low-power instrument transformers

LV Low voltage

MCT Measurement current transformer

MV Medium voltage

NCIT Non-conventional instrument transformers
OVT Optical voltage transducer

PbWO4 Lead tungstate

PLC Programmable logic controllers

PQ Power quality

PV Photovoltaic

PWM Pulse width modulation

PZT Piezoelectric ceramic materials

RCF Ratio correction factor

RCVD Resistive—capacitive voltage divider

RVD Resistive voltage divider

SMPS Switch-mode power supplies

VA Volt-ampere

VNA Vector network analyzer

SFg Sulphur hexa-fluoride
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