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INTERNATIONAL ELECTROTECHNICAL COMMISSION

INSTRUMENT TRANSFORMERS -
THE USE OF INSTRUMENT TRANSFORMERS
FOR POWER QUALITY MEASUREMENT

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to |IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example “state of the art”.

IEC 61869-103, which is a technical report, has been prepared by IEC technical committee
38: Instrument transformers.

The text of this technical report is based on the following documents:

Enquiry draft Report on voting

38/402/DTR 38/409/RVC

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.
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This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all the parts in the IEC 61869 series, published under the general title Instrument
transformers, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the stability dateindicated on the IEC web site under “http://webstore.iec.ch” in the data
related to the specific publication. At this date, the publication will be

* reconfirmed,

+ withdrawn,

+ replaced by a revised edition, or
+ amended.

A bilingual version of this publication may be issued at a later date.

IMPORTANT - The ‘colour inside’ logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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INSTRUMENT TRANSFORMERS -
THE USE OF INSTRUMENT TRANSFORMERS
FOR POWER QUALITY MEASUREMENT

1 Scope

This part of IEC 61869 is applicable to inductive and electronic instrument transformers with
analogue or digital output for use with electrical measuring instruments for measurement and
interpretation of results for power quality parameters in 50/60 Hz a.c. power supply systems.

This part of IEC 61869 aims at giving guidance in the usage of HV instrument transformers for
measuring power quality parameters.

The power quality parameters considered in this document are power frequency, magnitude of
the supply voltage and current, flicker, supply voltage dips and swells, voltage interruptions,
transient voltages, supply voltage unbalance, voltage and current harmonics and
interharmonics, mains signalling on the supply voltage and rapid voltage changes.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the Ilatest edition of the referenced document (including any
amendments) applies.

IEC 60044-8:2002, Instrument transformers — Part 8: Instrument transformers: Electronic
current transformers

IEC 61000-2-1:1990, Electromagnetic compatibility (EMC) - Part 2-1: Environment -
Description of the environment — Electromagnetic environment for low-frequency conducted
disturbances and signalling in public power supply systems

IEC 61000-2-2:2002, Electromagnetic compatibility (EMC) — Part 2-2: Environment -
Compatibility for low frequency conducted disturbances and signalling in public low-voltage
power supply systems

IEC 61000-4-7:2002, Electromagnetic compatibility (EMC) - Part 4-7: Testing and
measurement techniques — General guide on harmonics and interharmonics measurements
and instrumentation, for power supply systems and equipment connected thereto

IEC 61000-4-15:2010, Electromagnetic compatibility (EMC) - Part 4-15: Testing and
measuring techniques — Flickermeter — Functional and design specifications

IEC 61000-4-30:2008, Electromagnetic compatibility (EMC) - Part 4-30: Testing and
measurement techniques — Power quality measurement methods

IEC 60359:2001, Electrical and electronic measurement equipment — Expression of
performance

IEC 61557-12:2007, Electrical safety in low voltage distribution systems up to 1 000 V a.c.
and 1 500 V d.c. — Equipment for testing, measuring or monitoring of protective measures —
Part 12: Performance measuring and monitoring devices (PMD)
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EN 50160:2007, Voltage characteristics of electricity supplied by public distribution networks

3 Terms and definitions

For the purpose of this document, the terms and definitions given in IEC 61000-4-30:2008 and
the following apply.

3.1
dip threshold
voltage magnitude specified for the purpose of detecting the start and the end of a voltage dip

3.2

flicker

impression of unsteadiness of visual sensation induced by a light stimulus whose luminance
or spectral distribution fluctuates with time

[SOURCE: IEC 60050-161:1990, 161-08-13]

3.3
fundamental component
component whose frequency is the fundamental frequency

[SOURCE: IEC 60050-101:1998, 101-14-49, modified definition]

3.4

fundamental frequency

frequency in the spectrum obtained from a Fourier transform of a time function, to which all
the frequencies of the spectrum are referred

[SOURCE: IEC 60050-101:1998, 101-14-50, modified definition]

Note 1 to entry: In case of any remaining risk of ambiguity, the fundamental frequency may be derived from the
number of poles and speed of rotation of the synchronous generator(s) feeding the system.

35
harmonic component
any of the components having a harmonic frequency

[SOURCE: IEC 61000-2-2:2002, definition 3.2.4]

Note 1 to entry: Its value is normally expressed as an r.m.s. value. For brevity, such a component may be referred
to simply as an harmonic.

3.6
harmonic frequency
frequency which is an integer multiple of the fundamental frequency

Note 1 to entry: The ratio of the harmonic frequency to the fundamental frequency is the harmonic order
(recommended notation: n) (IEC 61000 2-2, definition 3.2.3).

3.7

influence quantity

guantity which is not the subject of the measurement and whose change affects the
relationship between the indication and the result of the measurement

[SOURCE: IEC 60050-311:2001, 311-06-01]

Note 1 to entry: This quantity is generally external to the measurement equipment.

3.8
interharmonic component
component having an interharmonic frequency

uld usym pajjonuooun ‘panwiad si uonnguUIsIp 1o uonanpoidal Jayluny ON UoSIpeN sawer AQ #T0Z-8Z-A0N U0 PapeOojuMOP ‘W09°18311syda)suonduasgns auj ‘(d41uaIos) sisinay uoswoyl Aq owsag yg 01 pasusdl| eusrew pajybkdod



-10 - TR 61869-103 © IEC:2012(E)

[SOURCE: IEC 61000-2-2:2002, definition 3.2.6]

Note 1 to entry: Its value is normally expressed as an r.m.s. value. For brevity, such a component may be referred
to simply as an interharmonic.

3.9
interharmonic frequency
any frequency which is not an integer multiple of the fundamental frequency

[SOURCE: IEC 61000-2-2:2002, definition 3.2.5]

Note 1 to entry: By extension from harmonic order, the interharmonic order is the ratio of an interharmonic
frequency to the fundamental frequency. This ratio is not an integer (recommended notation m).

Note 2 to entry: In the case where m < 1 the term subharmonic frequency may be used.

3.10
interruption
reduction of the voltage at a point in the electrical system below the interruption threshold

3.11

interruption threshold

voltage magnitude specified for the purpose of detecting the start and the end of a voltage
interruption

3.12

measurement uncertainty

parameter, associated with the result of a measurement, that characterizes the dispersion of
the values that could reasonably be attributed to the measurand

[SOURCE: IEC 60050-311:2001, 311-01-02, VIM 2.26]

3.13

nominal voltage

UI’]

voltage by which a system is designated or identified

3.14

overdeviation

the absolute value of the difference between the measured value and the nominal value of a
parameter, only when the measured value of the parameter is greater than the nominal value

3.15

power quality

characteristics of the electricity at a given point on an electrical system, evaluated against a
set of reference technical parameters

[SOURCE: IEC 60050-617:2009, 617-01-05]

Note 1 to entry: These parameters might, in some cases, relate to the compatibility between electricity supplied on
a network and the loads connected to that network.

3.16

r.m.s. (root-mean-square) value

square root of the arithmetic mean of the squares of the instantaneous values of a quantity
taken over a specified time interval and a specified bandwidth

[SOURCE: IEC 60050-101:1998, 101-14-16, modified definition]
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3.17
r.m.s. voltage refreshed each half-cycle

U
rms(1/2) .
value of the r.m.s. voltage measured over 1 cycle, commencing at a fundamental zero

crossing, and refreshed each half-cycle

Note 1 to entry: This technique is independent for each channel and will produce r.m.s. values at successive times
on different channels for polyphase systems.

Note 2 to entry: This value is used only for voltage dip, voltage swell and interruption detection and evaluation, in
Class A.

Note 3 to entry: This r.m.s. voltage value may be a phase-to-phase value or a phase-to-neutral value.

3.18
r.m.s. voltage refreshed each cycle

Urms(l)
value of the r.m.s. voltage measured over 1 cycle and refreshed each cycle

Note 1 to entry: In contrast to U this technique does not define when a cycle commences.

rms(1/2)

Note 2 to entry: This value is used only for voltage dip, voltage swell and interruption detection and evaluation, in
Class S.

Note 3 to entry: This r.m.s. voltage value can be a phase-to-phase value or a phase-to-neutral value.

3.19

residual voltage

Ur.es. . . . .
minimum value of U512y OF Upyg(1) recorded during a voltage dip or interruption

Note 1 to entry: The residual voltage is expressed as a value in volts, or as a percentage or per unit value of Udin

3.20

sliding reference voltage

Usr

voltage magnitude averaged over a specified time interval, representing the voltage preceding
a voltage-change type of event (e.g. voltage dips and swells, rapid voltage changes)

3.21
supply voltage
the voltage which a distribution undertaking maintains at the consumer’s point of supply

[SOURCE: IEC 60050-604:1987, 604-01-16]

Note 1 to entry: If a supply voltage is specified, for instance in the supply contract, then it is called “declared
(supply) voltage”.

3.22
swell threshold
voltage magnitude specified for the purpose of detecting the start and the end of a swell

3.23

underdeviation

the absolute value of the difference between the measured value and the nominal value of a
parameter, only when the value of the parameter is lower than the nominal value

3.24

voltage dip

temporary reduction of the voltage magnitude at a point in the electrical system below a
threshold
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Note 1 to entry: Interruptions are a special case of a voltage dip. Post-processing may be used to distinguish
between voltage dips and interruptions.

Note 2 to entry: A voltage dip is also referred to as sag. The two terms are considered interchangeable; however,
this standard will only use the term voltage dip.

3.25

voltage swell

temporary increase of the voltage magnitude at a point in the electrical system above a
threshold

3.26

voltage unbalance

condition in a polyphase system in which the r.m.s. values of the line voltages (fundamental
component), and/or the phase angles between consecutive line voltages, are not all equal

[SOURCE: IEC 60050-161:1990, 161-08-09, modified definition and notes]

Note 1 to entry: The degree of the inequality is usually expressed as the ratios of the negative- and zero-sequence
components to the positive-sequence component.

Note 2 to entry: In this document, voltage unbalance is considered in relation to 3-phase systems.
4 Nature of the problem

Instrument transformers have been used up to now for protection and metering purpose,
providing a secondary signal suitable for protection relays and measurement instruments with
the required accuracy.

Attention has been focused on the measurement of current, voltage, power frequency and
power: instrument transformers have been conceived, standardized, designed, manufactured,
tested mainly, if not exclusively, for this purpose.

Nowadays, there is a growing demand for investigating the characteristics of the electricity at
a given point on an electrical system, evaluated against a set of reference technical
parameters; in other words, for measuring the Power Quality (PQ) at that point of the system.

The development of a lot of applications sensitive to PQ issues, from domestic to industrial
field, requires technical and normative criteria, in order to protect the parts involved.

Aspects related to PQ measurement methods (and relevant accuracy classes) are defined in
detail in the Standard IEC 61000-4-30:2008. In low voltage applications, instruments are
available, able to perform measurements with a high degree of accuracy and complying with
measurement classes prescribed by IEC 61000-4-30:2008. For high voltage applications,
voltage and current transformers have to be inserted in measurement chain, but the
information available about their impact on the measurement is not yet consolidated.

For power frequency, a homogeneous behaviour within the whole instrument transformer
population belonging to the same class is expected; however, at other frequencies, the
transformers behaviour may change, not only from type to type, but even between different
samples of the same type.

The present technical report aims to provide the relevant information available at the present
about the subject, to give, where possible, indications about the methods and the
arrangements to be used and to define the issues that have to be solved and the aspects to
be investigated.

In the following chapter, power quality parameters according to IEC 61000-4-30:2008 are
described. The possible impact of instrument transformers on the measurement chain is also
considered.
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5 Power quality parameters according to IEC 61000-4-30:2008

5.1 General

The IEC 61000 family of standards on electromagnetic compatibility standardizes most
aspects of power quality. Namely, these standards provide definition for the various
disturbances, acceptable emission, susceptibility and compatibility levels as well as
measurement methods. The most relevant standards necessary to understand the influence of
instrument transformers on power quality parameters are:

e |EC 61000-2-1:1990, Electromagnetic compatibility (EMC) - Part 2-1: Environment —
Section 1: Description of the environment — Electromagnetic environment for low-
frequency conducted disturbances and signalling in public power supply systems

e |EC 61000-2-2:2002, Electromagnetic compatibility (EMC) — Part 2-2: Environment —
Compatibility for low-frequency conducted disturbances and signalling in public low-
voltage power supply systems

e |EC 61000-4-7:2002, Electromagnetic compatibility (EMC) - Part 4-7: Testing and
measurement techniques - General guide on harmonics and interharmonics
measurements and instrumentation, for power supply systems and equipment connected
thereto

e |EC 61000-4-15:2010, Electromagnetic compatibility (EMC) - Part 4-15: Testing and
measurement techniques — Flickermeter — Functional and design specifications

e |EC 61000-4-30:2008, Electromagnetic compatibility (EMC) — Part 4-30: Testing and
measurement techniques — Power quality measurement methods

e |EC 60359:2001, Electrical and electronic measurement equipment — Expression of
performance

e |EC 61557-12:2007, Electrical safety in low voltage distribution systems up to 1 000 V a.c.
and 1 500 V d.c. — Equipment for testing, measuring or monitoring of protective measures
— Part 12: Performance measuring and monitoring devices (PMD)

The first two standards listed provide a definition of the power quality disturbances and their
acceptable levels in power system. The remaining three documents define how these
disturbances are measured. |[EC 61000-4-30:2008 is the main document and is completed by
IEC 61000-4-7:2002 and IEC 61000-4-15 which address the specific requirements for
harmonics and flicker. It is important to note that IEC 61000-4-30:2008 addresses
disturbances relevant to voltage only, while IEC 61000-4-7:2002 also includes current. This
implies that, at present, voltage transformers influence has to be considered taking into
account the measurement of all quantities identified by IEC 61000-4-30:2008, while the
analysis of the impact of current transformers could be limited to harmonics and
interharmonics.

5.2  Power quality measurement chain

To determine and quantify the influence of instrument transformers on the overall uncertainty
on power quality measurements, it is necessary to simultaneously consider the electrical
behaviour of an instrument transformer for a given disturbance and the measurement method
as they constitute a measurement chain. This is shown schematically in Figure 1.

NOTE The measurement chain shown in Figure 1 is the same illustrated in clause 4.2 of IEC 61000-4-30:2008,
where “Measurement transducers” has been replaced with “Instrument transformers”, in order to be consistent with
the terminology used by IEC TC 38.
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Instrument Measurement Evaluation unit
— transformers unit —
Electrical input Input signal to be Measurement Measurement
signal measured result evaluation

IEC 735/12

Figure 1 — Measurement chain (From h)1, modified)

The impact of instrument transformers on the overall uncertainty can be quantified as an
added uncertainty that combines with the uncertainty of the measuring system as illustrated in

Figure 2.
Operating uncertainty
of external sensors +
impedance of wires
Variations due
to external influence
guantities
(temperature, ...)
Variations due Overall system uncertainty
to power system (cf IEC 61557-12)
electrical parameters
(harmonics, ...) N .
Operating uncertainty
(cf IEV and IEC 60359)
Uncertainty
under Measurement uncertainty
reference (cf IEC 61000-4-30)
conditions
Intrinsic uncertainty
(cf IEV and IEC 60359)
IEC 736/12
Figure 2 — Contribution of instrument transformers in overall
measurement uncertainty (from i), modified)
5.3  Signal processing according to IEC 61000-4-30:2008

The signal from the instrument transformer is digitised and processed over several time
intervals in a class A or S power quality analyser:

Measure of r.m.s. voltage over 1 cycle refreshed each half-cycle (U yg1/2))
Measures over a period of 10/12 cycles for 50/60 Hz

150/180 cycles aggregation for 50/60 Hz of 10/12 cycles measurement

10 minutes aggregation of 10/12 cycles measurement

2 hours aggregation of 10/12 cycles measurement

Numbers in square brackets refer to the Bibliography.
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Aggregation is the combination of several sequential values of a parameter measured over
10/12 cycles time intervals to provide a value for a longer time interval. Aggregation is
performed using the square root of the arithmetic mean of the squared input values.

In Table 1 are listed all the power quality disturbances for which IEC 61000-4-30:2008
provides a measurement method and time intervals:

Table 1 — Power quality disturbances and measurement interval
as per IEC 61000-4-30:2008

Disturbance 1 Cycle 10/12 150/180 10 min 2 hrs Other
Cycles Cycles
Power frequency 10 s
Magnitude of voltage X X X X
Flicker X X 1 min
Dips and swells X
Voltage interruptions X
Voltage unbalance X X X X
Voltage harmonics X X X X
Voltage interharmonics X X X X
Main signalling X
Rapid voltage changes X
U/O deviation parameters X X X X

In the following sections all the disturbances are reviewed and the possible influences of the
transformers on the measurements are identified.

5.4  Power frequency

As the frequency measurement is based on an integer number of cycles (using the zero
crossing of the fundamental) the IT does not introduce any additional uncertainty.

5.5 Magnitude of the supply voltage

The r.m.s value of voltage is computed over 10 cycles of the fundamental frequency and
takes into account the full spectrum of the signal. Thus any attenuation / amplification
introduced by the ITs will directly impact the r.m.s uncertainty. Due to this relatively long time
interval, the phase response of the ITs has little impact on the computation of the r.m.s.
voltage. In summary, the important characteristic required from ITs is good magnitude
accuracy for frequencies other than the power one (up to the 50" harmonic).

5.6 Flicker

Flicker can be caused by voltage fluctuations, harmonic fluctuations and by interharmonics.
The measure of flicker is the most complicated of all the disturbances as it must predict the
annoyance experimented by humans from light intensity fluctuations caused by the variation
of the power system voltage.

An example of a voltage fluctuation which can cause flicker is given in Figure 3.
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Figure 3 — Example of voltage fluctuation causing flicker

The presence of flicker in a power system leads to apparition of side bands around the power
frequency. The equation below illustrates this for the case of a power waveform modulated in
amplitude by another sine wave (flicker):

~ A

Vv \Y
><Olcos(a)t—a)ft)— *

V(t) =V xsin(at) x 1+ & xsin(w,t)) =V xsin(at) + cos(at + , t)

where:
Vv is the nominal voltage
w is the power frequency
; is the Flicker frequency
a is the AV/V fluctuation

Human beings are capable to perceive light fluctuation at frequencies of up to about 35 Hz,
the spectrum of the power waveform spectrum can thus contain frequency components
between 15 Hz to 85 Hz. To avoid any degradation of the accuracy of the flicker
measurement, voltage transformers must neither attenuate nor amplify these frequencies. A
further requirement is the need for a symmetrical frequency response around the fundamental
frequency. This requirement is dictated by the demodulation process within the IEC
flickermeter shown in Figure 4.
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> Normalisation "|  (Demodulation) (50 Hz Systems) Fluctuation
IEC 738/12

Figure 4 — Demodulation within the IEC flickermeter

It can be shown that the combination of the squaring and band pass filter extracts the flicker
frequency through a beat of the fundamental frequency with o - of and o + of components of
the spectrum. The magnitude of the flicker modulation corresponds to the sum of the
maghnitude of w - of and w + wf components which add as two vectors. Thus any dissymmetry
in the frequency response around the fundamental frequency can directly impact the accuracy
of the flicker measurement.

5.7  Supply voltage dips and swells

Dip and swell evaluations are based on the Ug1/2). So similarly to the magnitude of the
supply voltage, the frequency response influences this one cycle r.m.s calculation. With this
successive values of U 5q/2), the various dip and swell characteristics are established:

e Start time the time where U ,5(1/2) goes below / above a set reference value

e Stop time the time where U,,51/2) returns to its normal value

e Duration time between the start and stop time

e Depth difference between reference voltage and residual voltage of a dip
e Maximum largest U, 51/2) value during a swell

As dips and swells are characterised by a rapid voltage and phase change, the transient
behaviour of the voltage transformer could impact the waveshape seen by the measurement
unit and thus the computation of U, .1,y and of the above parameters could be affected.

An example of voltage dip is shown in Figure 5.
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Figure 5 — Example of voltage dip (courtesy of Italian distribution
network monitoring system — QUEEN)

5.8  Voltage interruptions

An example of voltage interruption is shown in Figure 6.

Instrument transformers have a similar impact on the measurement as for the dips and swells.

juLd usym pajjosiuooun "paniwiad si uonnguisip Jo uononpoidal Jayuny oN uosipelN sawer Ag #T0Z-8Z-A0N U0 papeojumop ‘Wod18aiisydsl suonduasgns ouj ‘(oinusaios) sisinay uoswoy] Ag owaq yg 01 pasuadl| elsrew paybuido)



TR 61869-103 © IEC:2012(E) -19 -

360004 --------
34000 |-
32000 -
30000+
280004
25000+
24000
220004
200004
180004
160004 - -
14000 { -
120004
10000
8000
6000
4000
2000

-2000
-4000
-6000 i
000 ] f---d
10000 4 o=
-12000
-14000
=16000 ;- -
-15000 -§ -
-20000 4 -
-22000 -
-24000 4 - -
-26000 - -4--
~28000 4 - -
30000 -

Figure 6 — Example of voltage interruption (courtesy of Italian
distribution network monitoring system — QUEEN)

5.9 Transient voltages

IEC 61000-4-30:2008 (Clause A.4) provides only information about the measure of current
and voltage transient occurring in the LV systems and does not cover HV systems. In
addition, the standard contains no normative information on how to process and quantify
these disturbances.

5.10 Supply voltage unbalance

Unbalance is measured only at fundamental frequency. As voltage transformers are specified
at power frequency, their impact on the measure of unbalance is only influenced by their
magnitude and phase error and possibly mismatch. An example of voltage unbalance is
shown in Figure 7.
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Figure 7 — Example of voltage unbalance (courtesy of Italian distribution
network monitoring system- QUEEN)

5.11 Voltage harmonics

The measure of harmonics is made over 10 cycles according to IEC 61000-4-7:2002. Class A
requires measurements of at least up to the 50" (2 500 Hz or 3 000 Hz) harmonics while class
S requires 40" (2 000 Hz or 2 400 Hz) order. The frequency response, magnitude and phase
of the ITs' impact thus directly the accuracy on the measurement of harmonics.

NOTE An example of voltage harmonics is shown in Figure 8, where a simulated case is given in order to
illustrate the contribution of the single harmonic components.
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Figure 8 — Example of voltage harmonics

5.12 Voltage inter-harmonics

The measure of harmonics is computed over 10 cycles according to IEC 61000-4-7:2002.
Class A requires measures of at least up to the 50" (2 500 Hz or 3 000 Hz) order while class
S requires the 40" (2 000 Hz or 2 400 Hz) order. The measuring method, however, specifies
“Grouping” of adjacent frequency bins of the FFT. Thus the phase response of the ITs do not
represent an issue. Only magnitude accuracy is important in regard to the overall uncertainty.

5.13 Mains Signalling Voltages on the supply voltage

Main signalling voltage can be considered as interharmonic if its frequency is less than
2 500 Hz. Instrument transformer can possibly impact the magnitude of the main signalling
voltage seen by the instrument.

5.14 Rapid voltage changes

IEC 61000-4-30:2008 is not normative for rapid voltage changes, but provides some
information. It can be assumed that rapid voltage changes can be captured with U, ,5/5y. The
impact of voltage transformers is similar to the dips and swells case. However, since the
magnitude changes are much lower, the impact of the transformers may not be as severe.

5.15 Measurement of underdeviation and overdeviation parameters

Underdeviations and overdeviations are based on 10/12 cycles and are thus subject to the
same influence as the magnitude of supply voltage.

5.16 Summary of the requirements placed by the measure of power quality parameters

In summary, the measure of power quality disturbances measured according to IEC 61000-4-
30:2008 requires improved frequency response (magnitude and phase) as well as transient
response from the transformers. In Table 2 is shown the relation between these requirements
and the power quality disturbances.
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Table 2 — Transformer parameters influencing power quality measurement

Disturbance Magnitude Phase Transients
Power frequency
Magnitude of voltage X X
Flicker X X
Dips and swells X X X
Voltage interruptions X X X
Voltage unbalance X X
Voltage harmonics X X
Voltage interharmonics X
Main signaling X
Rapid voltage changes X X
U/O deviation parameters X X

6 Impact of instrument transformers on PQ measurement

6.1 General

The impact of instrument transformers on PQ measurements is tied to technology adopted
and to design and manufacturing details.

Instrument transformers are used in order to provide to power quality measurement
instruments a signal suitable for their input channels and containing all the relevant
information needed from primary signals. Such information may be the accurate reproduction
of the primary signal or may give to the instrument the relevant information in order to
reconstruct the power quality parameters of the primary signal.

At present, knowledge about instrument transformers measurement behaviour for PQ
measurement is not homogeneous: more information is available (or can be inferred from a
theoretical point of view) for electronic instrument transformers, often based on well-known
sensors commonly used for laboratory application. Many electronic instrument transformer
technologies may be considered linear both with amplitude and with frequency in a certain
frequency range (i.e. up to 3 000 Hz): principle of superposition of causes and effects may
then be applied and linearity with amplitude and with frequency may be assessed separately.

Information is available about CVTs too, leading to consider them in principle unadvisable or
unsuitable for PQ-measurements, provided that no further expedient is adopted.

A comparable level of knowledge would be highly desirable for inductive instrument
transformers, due to their worldwide availability and diffusion: anyway, at present little
experience is available, very far from what would be needed in order to perform totally reliable
power quality measurements.

This low level of experience is more often tied to the difficulties tied with the assessment of
their behaviour than to the technology adequacy for the purpose.

Inductive instrument transformers up to now have been designed in order to have behaviour
mostly linear in the range of primary signal amplitudes and at rated power frequency: outside
these ranges, their behaviour is not standardised, even if linearity characteristics may extend
beyond the rated ranges.
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However, inductive instrument transformer may not in principle be considered linear neither
with the change of the primary signal amplitude nor with the frequency: this fact affects more
the instrument transformer characterisation than measurement performance.

Non linearity may in fact be taken into account within measurement instruments, but must be
previously assessed: superposition principle cannot be applied in this case and effects of
power frequency signal and PQ parameters must be assessed by applying them at the same
time.

For this reason, at present no standardised laboratory method is available for this purpose,
suitable for inductive instrument transformers, due to technical limits: in fact, such tests have
been, up to now, out of scope of standard laboratory equipment and new, special test set up
have to be conceived in order to correctly assess behaviour. Further, subsidiary information
can be inferred from field experience, by comparison within measurements made by means of
inductive instrument transformers and data made available by purposely characterised linear
sensors.

At this proposal, many contributions are available in technical literature about frequency
response of instrument transformers; such information can be useful in order to assess
instrument transformers behaviour when they are used for the measurement of power quality
parameters but could also be misleading, since it may not be representative of the real
behaviour of the sensor, when higher voltages and currents are involved. For this reason, in
the present document information available about instrument transformer frequency response
and measurement behaviour was separated into different chapters.
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Figure 9 — Voltage transformer technologies frequency range
according to present experience
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Figure 10 — Current transformer technologies frequency range
according to present experience

In the following, state of art of knowledge about behaviour of available instrument
transformers technologies is presented.

The charts in Figure 9 and 10 show an approximate overview of the useful frequency range of
today available instrument transformer technologies. In the figures the main features of each
technology like size, material/technology of the active part or of the sensor, temperature and
voltage coefficients and so on are not considered, so the charts give only a rough overview.
Due to the fact that, even within the same technology, the limits depend on numerous
parameters, they were not represented as continuous lines but they are drawn with dotted
lines.

6.2 Inductive instrument transformers

Magnetic error is tied to flux into instrument transformer magnetic core, necessary for normal
operation conditions.

Since flux is a non-linear function of magnetising current, magnetic error is non-linear and is a
function of burden, frequency and rated ratio. At power frequency, magnetic error is the main
component of instrument transformer error, whereas, at higher frequencies, capacitive error is
the main cause of deviation. Capacitive error is tied to windings geometry and is due to
distributed capacitances within instrument transformer, supplied by voltages applied or
induced. Distributed capacitances may be located within a winding, between windings or
between windings and shields. Their contribution to error components increases with
frequency. Magnetic error decreases as frequency increases, its contribution to total error
becomes negligible and capacitive error becomes prevailing. Moreover, for inductive CTs,
error variation with secondary current and residual magnetisation effects become less
significant at higher frequencies. Usually capacitive error is a complex function of many
parameters, with ratio and phase angle components varying like the square of power and
power respectively. Capacitive error in inductive CTs is usually lower than in inductive VTs
due to a lower flux (lower voltage applied or induced in windings): usually inductive CTs have
a better behaviour with frequency than inductive VTs. Finally, the burden itself could be a
function of the frequencies, affecting therefore the magnetic error.
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In Subclause 6.2.1, information about inductive instrument transformers is featured and
behaviour is collected, in order to provide a reference for further investigation activity. At this
proposal, it must be underlined that frequency response is not linear, for inductive instrument
transformers, neither with frequency nor with amplitude; information available in literature
about frequency response of inductive instrument transformers must therefore be carefully
examined and assessed before usage: special attention must be paid on methods used for
frequency behaviour assessment, as shown, for example, in a): errors measured using the
superposition approach are larger than the ones obtained with the frequency response
approach.

The same care has to be taken with equivalent circuits available in technical literature, mainly
developed for calculations performed with EMTP or similar software applications. Attention
must be paid to methods used for the assessment of these models and to the purpose for
which they have been developed, in order to avoid results and conclusions which could be
misleading. The circuits and diagrams in the following clauses are shown for reference only
but they are generally not applicable in presence of power quality disturbances.

6.2.1 Inductive voltage transformers
6.2.1.1 General

Inductive voltage transformers are based on electromagnetic coupling between primary and
secondary circuits.

A simplified equivalent circuit for an inductive voltage transformer is shown in Figure 11, in
order to put into evidence the parameters having impact on measurements in presence of
harmonics or other PQ events.

With reference to the usual representation, it must be considered that the behaviour of the
instrument transformer is influenced by the following parameters:

— Magnetizing inductance L,, is characterized by a non-linear, hysteretic behaviour:
hysteresis cycle shape and area are function of signal amplitude and frequency;

— Capacitances between windings and among windings and ground are determined by the
geometrical features of the transformer: their impact increases with frequency.

The same simplified equivalent circuit can be used also in order to illustrate the behaviour of
inductive current transformers.

4

N1/N
12 IEC 742/12

Figure 11 — Example of equivalent circuit for an inductive voltage/current transformer
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6.2.1.2 Inductive VTs for voltages over 1 kV and up to 52 kV
6.2.1.2.1 Architecture

Table 3 — Main components of an inductive voltage transformer
for voltages over 1 kV and up to 52 kV

Primary winding The primary winding may be phase-to-phase connected or phase-ground connected. It is
located on one section of the magnetic core and generally it is made out with a layer
winding and a supplementary insulation between the layers. The primary winding can be
done in one or more parts to optimize the VTs architecture or the electric field
concentration.

Secondary winding The VTs have one or more secondary windings for measurement and/or protection
application. The secondary winding is located between the primary winding and the
magnetic core; it is a linear winding type and it can have one or more sections when
different transformation ratios are required.

Magnetic core The VTs have only one magnetic core, even if several secondary windings are requested,
made by mainly Si-iron or nickel iron. Other materials are also possible (i.e. nanocrystaline
iron) The VT is generally single-phase device but three-phase VTs using a single common
magnetic core are used in some countries.

MV insulation For indoor and outdoor applications synthetic resins (i.e. epoxy resin) are used for the
insulation and to withstand to mechanical strength at the terminals of the VT.

insulating resin casting
primary winding (MV)
™~ secondary winding (LV)

—— magnetic core

Ll Cross-sectional
viewofa VT

Figure 12 — Cross-section view of an inductive voltage transformer
for voltages over 1 kV and up to 52 kV (courtesy of Schneider Electric)

In Figure 12, the Cross-section view of an inductive voltage transformer is shown. A suitable
equivalent circuit of layer windings of a VT, showing earthed screens, can be found in b).

6.2.1.2.2 Frequency Response Behaviour

The frequency response becomes unacceptable at about 1 kHz (or even lower), well below
the frequency limit established in the relevant standards. The achievable frequency limit
increases for lower voltage class units but worsens for higher voltage class units.

According to IEC 61000-4-30:2008, frequency response for a common metering class voltage
transformer depends on its type and on burden. With a high impedance burden, the response
is usually adequate to at least 2 kHz but it can be less.
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At higher voltages, resonances can be encountered at lower frequencies, since inductances
and capacitance values vary with insulation and manufacturing requirements. Exact response
of a single sample unit is function of manufacturing characteristics.

Also burden has an impact on frequency response: as burden decreases, useful frequency
range decreases to c).

Test campaigns d) show that it is possible to state that, for medium voltage, all VTs perform
accurately up to 1 kHz but only about 60 % is suitable up to 2 500 Hz. These figures further
decrease to 700 Hz and 50 % respectively, if accuracy requirements for phase are
considered.

Table 4 — Inductive voltage transformers for voltages over 1 kV and up
to 52 kV: impact on the measurements of PQ Parameters

Power Frequency No impact

Magnitude of the supply voltage No impact

Flicker To be investigated

Supply voltage dips and swells To be investigated

Supply voltage unbalance To be investigated

Harmonics and interharmonics LV voltage transformers are suitable for the harmonic frequency range of

interest. If amplitude accuracy only is required, MV voltage transformers
seem to be generally suitable up to 1 kHz; about 60 % of all voltage
transformers is suitable for the whole harmonic range of interest; if also
phase angle accuracy is required, MV voltage transformers seem to be
suitable up to 700 Hz; about 50 % of all VTs cover the whole frequency
range of interest.

Main signalling on the supply To be investigated

voltage

Rapid voltage changes To be investigated

Voltage interruptions To be investigated

Transient voltages For transient measurements, voltage transformers should be designed in

order to avoid saturation conditions due to measured events: for low
frequency, the knee of saturation curve must be at twice the rated system
voltage at least.
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6.2.1.3 Inductive VTs for voltages over 52 kV and up to 1 100 kV

6.2.1.3.1 Architecture

Primary Terminal

___ TopHousing
Bellow for Oil Expansion

Conductor
Outer Insulation (Porcelain or Silicone)
Oil/Paper Insulation

High Voltage Connection of the Primary Winding
Primary Winding
Secondary Winding
Magnetic Core
Secondary Terminal Box
» Bottom Housing

Figure 13 — Cross-section view of a freestanding High Voltage VT
(courtesy of Trench Switzerland AG)

In Figure 13, the cross-section view of a freestanding high voltage VT is shown.

The outer insulation is either made by a porcelain insulator or by a glass fibre reinforced
epoxy resin tube with silicone sheds (silicon insulator). Inductive VTs for high voltage
applications may have the inner insulation either made by a SF¢ gas insulation system or by
an oil/paper insulation system. To lead the high voltage from the top terminal to high voltage
connection of the transformer, a conductor is necessary. The conductor is part of the bushing.
To avoid high electrical field stress on the outer insulator an internal grading is necessary.
This grading may be done just with some few grading layers (rough grading) or with a high
number of grading layers (fine grading).

6.2.1.3.2 Frequency response behaviour

Due to the resonance of the inductance of the winding and the stray capacitance between the
winding layers there are big errors in the measurement of the amplitude and big phase
displacements for higher frequencies. The higher the system voltage, the higher is the effect,
so that the frequency response becomes unacceptable around 1 kHz e), f) or even lower d).

Manufacturing features can strongly affect this behaviour: core grounded VTs would have a
better behaviour up to 2 kHz than the insulated core ones, unsuitable above 1 kHz g).

Sensitivity to secondary burden is low for the main part of interesting frequency range, except
for resonance peaks proximities f).

Error correction techniques may in principle be used in order to improve frequency behaviour
of VTs for measurement of harmonics.
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Different conclusions among authors may be explained with different core groundings or other
manufacturing methods or with test and methods used, from harmonics superposition to the
fundamental frequency e) to impulses f).
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Figure 14 — Frequency response of a typical inductive VT 420 kV
(courtesy of Trench Switzerland AG)
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Figure 15 — First resonance peak depending on the system voltage U,
(courtesy of Trench Switzerland AG)

6.2.1.3.3 Impact on the measurements of PQ Parameters

For high voltages, instrument transformers behaviour deteriorates for frequencies above
500 Hz. Common inductive transformers do not give accurate information for frequencies
above the 5™ harmonic h).

Table 5 gives the impact on the measurements of PQ parameters of inductive voltage
transformers for voltages over 52 kV and up to 1 100 kV.
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Table 5 — Inductive voltage transformers for voltages over 52 kV and up to 1 100 kV:
impact on the measurements of PQ parameters

Power Frequency No impact

Magnitude of the supply voltage No impact

Flicker To be investigated

Supply voltage dips and swells To be investigated

Supply voltage unbalance To be investigated

Harmonics and interharmonics HV voltage transformers are generally suitable only up to 500 Hz. If

particular design and manufacturing cares are adopted, voltage
transformers may cover the total harmonic range: this should be more
probable for more recent transformers. Voltage transformers having rated
primary voltage above 275 kV seem not suitable for harmonic
measurements above 250 Hz; if particular care is adopted in design,
errors should be acceptable up to at least 1 kHz.

Main signalling on the supply To be investigated
voltage

Rapid voltage changes To be investigated
Voltage interruptions To be investigated
Transient voltages To be investigated

6.2.2 Inductive CTs
6.2.2.1 General

An inductive CT with a toroidal and ferromagnetic core is characterised by a low primary
dispersion inductance and a low primary winding resistance. In normal service conditions, the
primary current is lower than the saturation one and the CT operates on the linear part of
magnetization curve. The frequency response of the inductive CTs is tied to transformer
capacitances and inductances. Both capacitances between turns, windings and stray
capacitances are present. According to tests performed, capacitances may have a significant
effect at high frequency but impact is negligible up to the 40" harmonic or even higher.
Beneath harmonics, primary current may contain a dc component; if present, such a
component is not transferred to secondary winding but it will cause an offset of magnetic flux
in transformer core. Such a condition could happen due to remnant flux present in transformer
core after a switching operation. When the presence of a DC component or of core residual
flux is possible, a CT having a core with air gap may be used. This attenuates DC component
effect by increasing core reluctance and allows a linear behaviour. Since CT burden increases
with frequency, corresponding power factor decreases as frequency increases and the
transformer output will result in a harmonic voltage higher than with a pure resistive burden.
Further increase of magnetization current will cause even higher errors. In order to measure
harmonic currents in frequency range up to 10 kHz, common CTs used for protection and
measurement purpose have accuracy better than 3 %. If CT burden is inductive, a small
phase displacement will occur. Current clamps are available in order to obtain direct
connection to an instrument.

If many secondary outputs are available, use of higher ratio one is recommended (lower
magnetizing current); CT burden should be low, in order to decrease voltage and, by
consequence, magnetizing current.

According to j), from CTs belonging to the 0,6 accuracy class defined in IEEE Std C57.13-
1993 k) or better it is possible to obtain harmonic current amplitudes reasonably accurate but
phase displacement may be affected by not acceptable errors: resonances between windings
inductances and stray capacitances cause high phase angle errors near resonance
frequencies, usually higher than harmonics order to be measured. Phase angle error is due to
magnetizing current: the lower the magnetic core permeability, the higher the magnetizing
current; the bigger the air gap in a current clamp, the higher the magnetizing current and
harmonics in output current, also for a perfectly linear CT. Special CTs, operating with no flux
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and in absence of magnetizing currents, are very expensive and available to specialized
laboratories only.

Burden power factor shall be as high as possible, in order to avoid impedance increase with
frequency and the consequent magnetizing current enhancement. If possible, it is advisable to
short-circuit CT output and measure output current with an accurate current clamp.

Frequency response for current transformers varies according to the accuracy class, type,
manufacturer, turns ratio, core material and cross section and the secondary circuit load.
Usually, the cut-off frequency of a current transformer ranges from 1 kHz to a few kHz and the
phase response degrades as the cut-off frequency is approached d).

An example of simplified equivalent circuit for an inductive CT is shown in Figure 11.

6.2.2.2 Inductive CTs for voltages over 1 kV up to 52 kV
6.2.2.2.1 Architecture

Table 6 gives the main components of an inductive current transformer for voltages over 1 kV
up to 52 kV.

Table 6 — Main components of an inductive current transformer
for voltages over 1 kV up to 52 kV

Primary winding The CTs may have or not the primary winding as an integral part of the structure. The CTs
have the primary winding with one or more turns and one or more sections that, properly
connected, vary the transformation ratio (i.e. primary winding with two sections: series
connection Ip - parallel connection 2xlIp) and the terminals are positioned at the top and/or
sides of the device. If the primary winding is external to the structure it may be an insulated
conductor (i.e. MV bushing or MV cable) or non-insulated conductor (i.e. busbar
switchgear) and, in this case, the MV insulation can be assured by the CT or by the
distance between the conductor and the CT.

Secondary winding CTs have one or more secondary windings for measuring or protective application, each
with its own magnetic core. The secondary winding may have one section or one or more
intermediate tapping to obtain different transformation ratio.

Magnetic core Magnetic core is generally toroidal type, and is evenly covered by the secondary winding.
There are some applications where the magnetic core has different forms and the
secondary winding is located only on a part of it. The magnetic core is generally made by
FeSi grain oriented steel but different alloys (FeNi, amorphous materials ...) are used for
special applications.

MV insulation For MV indoor and outdoor applications synthetic resins are mainly used which provide MV
insulation and mechanical strength to the CT. CTs exist with other MV insulation types for
specific applications (i.e. oil-paper insulated CTs for outdoor applications).

Figure 16 shows a cross-section view of a current transformer.
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insulating resin casting

primary winding (MV)

secondary winding (LV)

magnetic core

Yy Cross-sectional

y L viewofa CT

Figure 16 — Cross-section view of a current transformer
(courtesy of Schneider Electric)

6.2.2.2.2 Frequency Response Behaviour

Many tests on inductive current transformers have been performed a)l)jym)n)o) but information
available is controversial, depending on equipment tested and test methods applied.
According to g), coil type CTs accuracy is good (error less than 5 % for all frequencies up to
5 kHz both for ratio and phase angle), in other cases j) above the 40" harmonic measurement
quality decays rapidly, also for very low burdens. In some cases, ratio error increases with
frequency o), in other cases j)m) decreases. Phase displacement increases with frequency j).

6.2.2.2.3 Impact on the measurements of PQ Parameters

Table 7 gives the impact on the measurements of PQ parameters of inductive CTs for
voltages over 1 kV up to 52 kV.

Table 7 — Inductive CTs for voltages over 1 kV up to 52 kV:
impact on the measurements of PQ parameters

Power Frequency Not applicable

Magnitude of the supply voltage Not applicable

Flicker Not applicable

Supply voltage dips and swells Not applicable

Supply voltage unbalance Not applicable

Harmonics and interharmonics According to IEC, LV current transformers are suitable for the harmonic
(current) frequency range of interest. All MV current transformers are suitable for
measurements of amplitude in the harmonic range; in the case of phase
angle measurements, the range is limited to about 1,5 kHz.

Main signalling on the supply voltage

Not applicable

Rapid voltage changes

Not applicable

Voltage interruptions

Not applicable

Transient currents (?)

For transient measurement, Standard metering class CTs are generally
adequate for frequencies up to 2 kHz (phase error becoming significant
beyond this limit). For higher frequencies, window type CTs with a high
turns ratio should be used.

6.2.2.3 Inductive CTs for voltages over 52 kV up to 1 100 kV

6.2.2.3.1 General

In inductive CTs for voltages over 52 kV up to 1 100 kV, different behaviours were found not
only among different manufacturing types of the same transformer but also among different
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samples of the same transformer f): this is probably due to small variations in resonance
frequency which generate large errors in frequency response. Anyway, CT accuracy seems to
be suitable for the measurement of the first 25 harmonics, since frequency response
amplitude is nearly constant and phase displacement between input and output is negligible
up to at least 2500 Hz. According to f) when transfer function does not show steep variations
caused by resonances, it would be possible to characterise representative transformers;
otherwise it should be necessary to characterise each transformer sample.

A high accuracy was found up to 5 kHz, additionally no phase shift between primary and
secondary voltage has been observed visually up to 20 kHz.

6.2.2.3.2 Architecture

Table 8 gives the main components of an inductive current transformer for voltages above 52
kV up to 1 100 kV.

Table 8 — Main components of an inductive current transformer
for voltages above 52 kV up to 1 100 kV

Primary winding The CTs may have or not the primary winding as an integral part of the structure. The CTs
have the primary winding with one or more turns and one or more sections that, properly
connected, vary the transformation ratio (i.e. primary winding with two sections: series
connection Ip - parallel connection 2xIp) and the terminals are positioned at the top and/or
sides of the device

Secondary winding CTs have one or more secondary windings for measuring or protective application, each
with its own magnetic core. The secondary winding may have one section or one or more
intermediate tapping to obtain different transformation ratio

Magnetic core Magnetic core is generally square type, and is evenly covered by the secondary winding.
There are some applications where the magnetic core has different forms and the
secondary winding is located only on a part of it. The magnetic core is generally made by
FeSi grain oriented steel but different alloys (FeNi, amorphous materials ...) are used for
special applications

HV insulation For HV indoor and outdoor applications oil/paper or SF¢ are mainly used which provide HV
insulation and mechanical strength to the CT. There are CTs with other HV insulation
types for specific applications (i.e. oil-paper insulated CTs for outdoor applications)

A cross-section view of a freestanding current transformer may be found in b).

6.2.2.3.3 Frequency response behaviour

In Figure 17 and 18, the results obtained for a CT 245 kV, 2400 /1 A, 30 VA, accuracy class
0,5 are shown; measurements were taken between 45 Hz and 20 kHz. In the figures is
represented the output obtained by supplying the CT with the superposition of a 400 Hz, 107
A signal and a 50™ harmonic component (13 A at 20 kHz).
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6.2.2.3.4 Impact on the measurements of PQ parameters
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Figure 17 — Results obtained for a 245 kV CT (courtesy of Trench Switzerland AG)
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Figure 18 — Results obtained for a 245 kV CT: detail
(courtesy of Trench Switzerland AG)

Table 9 gives the impact on the measurements of PQ parameters of inductive CTs for
voltages over 52 kV up to 1 100 kV.
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Table 9 — Inductive CTs for voltages over 52 kV up to 1 100 kV:
impact on the measurements of PQ parameters

Power Frequency Not applicable
Magnitude of the supply voltage Not applicable
Flicker Not applicable
Supply voltage dips and swells Not applicable
Supply voltage unbalance Not applicable
Harmonics and interharmonics To be investigated
Main signalling on the supply voltage Not applicable
Rapid voltage changes Not applicable
Voltage interruptions Not applicable
Transient voltages Not applicable

6.3 Capacitive voltage transformers (CVTSs)
6.3.1 Standard application
6.3.1.1 Architecture

The architecture for a Capacitive Voltage Transformer is represented in Figure 19.

Primary Terminal

Top Housing

Bellow for Qil Expansion (internal or external)
Capacitor stack

Outer Insulation (Porcelain or Composite)

Primary Winding

- Secondary Winding
? Magnetic Core
L Secondary Terminal Box

..—_‘—_'———__ . .
Inductive  Intermediate Voltage Transformer and
Compensating Coil

Bottom Housing

Figure 19 — Cross-section view of a capacitive voltage transformer
(Courtesy of Trench Switzerland AG)

The CVT consists of a capacitive voltage divider (CVD) and an intermediate electromagnetic
unit (EMU).

The CVD-active part is made of stacked flat capacitor elements which are connected in
series. The dielectric material of the elements can be paper only or paper with film or film
only. The CVD is impregnated and filled with mineral, synthetic oil or with SF¢ gas. Each CVD
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unit is mounted in a hermetically sealed insulator (porcelain or composite). Volume changes
of the insulating liquid due to temperature variations are compensated by a stainless steel
bellows. For gas insulated units a gas monitoring system is necessary. The CVD is mounted
onto the base box and connected through the intermediate bushing with the EMU in the base
box. The base box is usually hermetically sealed from the outside and provided with an air
cushion.

The EMU consist of a compensation coil, transformer unit and a damping system to avoid
mainly ferroresonance and overvoltages.

The transformer unit has one or more secondary windings for measurement or protection
application.

A suitable representation of the electrical scheme of a capacitive voltage transformer at power
frequency is shown, along with its burden Z, in Figure 20.

1

Us Cy

U, T C z TU,Z
J
I IEC 743/12

Figure 20 — CVT: Equivalent circuit at power frequency

The CVT is mainly based on the following elements:

— A capacitor divider (C4 and C,);
— A voltage transformer;
— A compensating reactor L.

If the capacitor divider only is considered, the following ratio is obtained between total voltage
U and voltage drop on capacitance C,.

i_ C, +C,
U2 Cl

The ratio is constant provided that no current is drained out of C,.

If the compensating reactor would not be present, the simplified Thevenin equivalent circuit
for the CVT shown in Figure 21 could be used.

The voltage U’, differs in this case from U,, due to the voltage drop on the equivalent
capacitance C;+C,.
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U, Z U

IEC 744/12

Figure 21 — Simplified CVT Thevenin equivalent circuit
at power frequency without compensating reactor

In order to obtain a suitable voltage U’, and a constant ratio between U and U’, when a
burden is present, it is necessary to add a compensating reactor L, as shown in Figure 22.

L Iz
C+Csy
U, z U
‘ IEC 745/12

Figure 22 — Simplified CVT Thevenin equivalent circuit at power frequency

The error is therefore compensated by inserting an impedance in order to obtain, at power
frequency:

1

[ = =
¢ a)(C1+C2)

It is now possible to give the complete equivalent circuit for the CVT shown in Figure 23,
where:

u, secondary voltage which can be measured in no load conditions across C,.
C,+GCy voltage divider capacitance
L compensating inductance

L, and L, leakage inductances of the voltage transformer

R, and R, resistances of the windings of the voltage transformer

Re¢ resistance keeping into account the losses of the capacitors

Ric resistance keeping into account the losses of the compensating reactance (copper
and iron)

Lo magnetization inductance of the transformer

Ro resistance keeping into account the iron losses of the transformer

u, voltage transformer secondary voltage

z burden
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U,

IEC 746/12

Figure 23 — Complete CVT Thevenin equivalent circuit at power frequency

The reactances are tuned in order to obtain, at power frequency, a resonant circuit,

1

CO(L+ L1+L2):W
1 2

For a given burden, error is function only of the sum of the resistances. At frequencies
different than the power one, the inductive reactance does not compensate perfectly the
capacitive one and the error increases.

The equivalent circuit shown is therefore applicable only at power frequency; an example
suitable of equivalent circuit applicable when frequencies different from the power one are
involved is shown in kK).

6.3.1.2 Frequency response behaviour

The CVT components are tuned in such a way that the capacitive voltage divider and the
electromagnetic unit are in resonance at rated frequency. Due to this fact, a small shift from
the rated frequency causes big errors both in amplitude and in phase. The linear portion of
frequency response is limited to +10 Hz from the rated frequency g) and the frequency
response becomes unacceptable at above the second harmonic order:

CVTs are affected by high errors at frequencies of some hundreds of Hertz; in the frequency
range of interest, errors between 80 % and 1200 % of the measurand have been found, with
errors depending on resonance peak frequency which is usually located at some hundreds
of Hz and may decrease up to 200 Hz e). Some authors e)p) suggest that CVTs may be
characterised; attention must be paid since behaviour is not homogeneous within the same
population and also characterisation method must be taken into account: Tests performed on
the same samples at low and high excitation voltage show a strongly non-linear response,
sensitive to magnetisation curve specific of the tested sample.

As excitation voltage increases, useful bandwidth is considerably reduced, due to input
impedance of ferroresonance suppression circuit. The load due to the circuit increases a lot
as excitation voltage increases, mainly for higher frequencies. Output voltage is therefore
considerably attenuated.

6.3.1.3 Impact on the measurements of PQ parameters

Table 10 gives the impact on the measurements of PQ parameters of capacitive voltage
transformers.
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Table 10 — Capacitive voltage transformers: impact
on the measurements of PQ parameters

Power Frequency No impact between 80 % and 120 % of the nominal voltage.
Magnitude of the supply voltage No impact between 80 % and 120 % of the nominal voltage.
Flicker To be investigated

Supply voltage dips and swells To be investigated

Supply voltage unbalance To be investigated

Harmonics and interharmonics Not suitable above the 2" order of harmonics

Rapid voltage changes To be investigated

Voltage interruptions To be investigated

Transient voltages To be investigated

Main signalling on the supply voltage To be investigated

6.3.2 Special measurement techniques
6.3.2.1 General

As mentioned before, output of CVTs is not suitable for PQ measurement in the frequency
range of interest. If compared to the conventional output, other quantities seem to be more
interesting and some measurement methods were developed.

The more immediate method in order to allow harmonics measurement is inductive part
disconnection, in order to use the CVT as a pure divider for harmonic measurements on site,
measuring the signal at inductive part input using an instrument having a high input
impedance and, if necessary, by the addition of a second divider in order to obtain a suitable
output signal. This way, it is possible to obtain a frequency response linear up to 100 kHz or
even 150 kHz but it is not possible to use the CVT for its primary purpose in the meanwhile
g), if a suitable terminal is not made available, as described in 6.3.2.2.

Another interesting quantity seems to be the transconductance ratio between capacitive
current derived towards ground by the divider and input voltage: transconductance ratio
frequency response seems almost linear and it is easily predictable for frequency band of
interest, from the power one up to about 2,5 kHz ). A development of this principle is
described in 6.3.2.3.

6.3.2.2 Capacitive voltage transformer with harmonic measurement terminal
6.3.2.2.1 Principle

In order to measure the voltage across LV capacitance and to allow at the same time CVT
usage for its primary purpose, suitable terminals can be made available, obtaining the
principle scheme shown in Figure 24, where the measurement of harmonics is carried on
across capacitance C3 (see also p) for reference). This construction allows an accurate
measurement of the amplitude of the output voltage, up to 2 000 Hz. There are in any case
heavy influences onto the phase angle over the whole frequency range with this type of
measuring system.

uld usym pajjonuooun ‘panwiad si uonnguUIsIp 1o uonanpoidal Jayluny ON UoSIpeN sawer AQ #T0Z-8Z-A0N U0 PapeOojuMOP ‘W09°18311syda)suonduasgns auj ‘(d41uaIos) sisinay uoswoyl Aq owsag yg 01 pasusdl| eusrew pajybkdod



—40 — TR 61869-103 © IEC:2012(E)
®
—_—C1
L Y Y YN | °
[ 1 °
—_——C3

E Drain coil
—— IEC 747/12

Figure 24 — Measurements performed by means of a CVT
with harmonic measurement terminal

6.3.2.2.2 Frequency response behaviour

Figure 25 gives a comparison of different measurements with and without harmonic
monitoring terminal.
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Figure 25 — Comparison of different measurements with and without harmonic
monitoring terminal (Courtesy of Trench Switzerland AG, based on p))

6.3.2.2.3 Impact on the measurements of PQ parameters:

Table 11 gives the impact on the measurements of PQ parameters of a capacitive voltage
transformer with harmonic measurement terminal.

Table 11 — Capacitive voltage transformer with harmonic measurement
terminal: impact on the measurements of PQ parameters

Power Frequency No Impact on the amplitude but impact on the phase angle
Magnitude of the supply voltage No Impact on the amplitude but impact on the phase angle
Flicker No Impact on the amplitude but impact on the phase angle
Supply voltage dips and swells No Impact on the amplitude but impact on the phase angle
Supply voltage unbalance No Impact on the amplitude but impact on the phase angle
Harmonics and interharmonics No Impact on the amplitude but impact on the phase angle
Main signalling on the supply voltage No Impact on the amplitude but impact on the phase angle
Rapid voltage changes No Impact on the amplitude but impact on the phase angle
Voltage interruptions No Impact on the amplitude but impact on the phase angle
Transient voltages No Impact on the amplitude but impact on the phase angle

6.3.2.3 Capacitive voltage transformer with additional equipment for PQ
measurement

6.3.2.3.1 Principle

Equipment able to make CVTs, both new and in-service since long time, suitable for power
qguality measurements has been recently made available as a patented application. This
equipment is based on simultaneous measurements of current, one immediately after LV
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capacitance and the other one on the earth connection. Further information about the
measurement method is given inr) + t).

6.3.2.3.2 Frequency response behaviour

According to data sheet declared by the Manufacturer, the useful frequency range starts from
5 Hz up to approximately 13 kHz (DC is not measurable). Within this range, the phase
displacement is less than 1,5° up to 3 kHz and less than 3° at 5 kHz. Ratio error is minor than
2 % at 5 kHz, no information is available for lower frequencies.

6.3.2.3.3 Impact on the measurements of PQ parameters

Table 12 gives the impact on the measurements of PQ parameters of a capacitive voltage
transformer with additional equipment for PQ measurement.

Table 12 — Capacitive voltage transformer with additional equipment for PQ
measurement: impact on the measurements of PQ parameters

Power Frequency No impact

Magnitude of the supply voltage No impact

Flicker To be investigated

Supply voltage dips and swells To be investigated

Supply voltage unbalance To be investigated

Harmonics and interharmonics See data declared by the Manufacturer for reference

Main signalling on the supply voltage To be investigated

Rapid voltage changes To be investigated
Voltage interruptions To be investigated
Transient voltages To be investigated

6.4 Electronic instrument transformers
6.4.1 General

Electronic instrument transformers behaviour for power quality measurements is already
considered in IEC Standards.

In Subclause 6.4.2, requirements given by IEC 60044-8:2002, Annex D, about accuracy for
harmonics measurements are quoted for reference.

6.4.2 Common accuracy classes

Due to the use of specific devices (non-linear loads, FACTS, railway) harmonics can be
generated on the network. The amount of harmonics depends on the network and the voltage
level. Harmonics are of interest for metering, quality and protection purposes. Accuracy
classes to each specific need are given. The accuracy requirements on electronic
transformers with a digital output are the same as those of the transformers with an analogue
output. The frequency response and accuracy requirements on harmonics are described in
60044-8:2002, Annex D.

6.4.2.1 Power metering

Table 13 gives accuracy classes for power metering.
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Table 13 — Accuracy classes for power metering

Phase displacement (+/=) at harmonics shown

Accuracy Percentage (ratio) error (+/-) below
class at harmonics shown below
Degrees Centiradians
2"to 4" | 5™ and 6™ | 7" to 9" 10" to 2" 5" | 7Mto | 10" | 2™ | 5" | 7"to| 10"
harmonic | harmonic | harmonic 13" to4™ | and | 9" to |[to4™| and | 9" to
harmonic 6" 13 6" 13
0,1 1% 2% 4% 8 % 1 2 4 8 1,8 3,5 7 14
0,2 2% 4 % 8 % 16 % 2 4 8 16 3,5 7 14 28
0,5 5% 10 % 20 % 20 % 5 10 20 20 9 18 35 35
1 10 % 20 % 20 % 20 % 10 20 20 20 18 35 35 35

With these requirements, the contribution of harmonics measurement errors would add
roughly 15 %, in the worst case, on the theoretical error of the corresponding power metering
class accuracy (i.e. for a class 0,2 CT with a class 0,2 VT, the accuracy of corresponding
power metering class is 0,4 for the energy transported by the 50 Hz wave. Since energy
transported by harmonics is also measured, the total error on energy transported by the
fundamental and its harmonics would be 0,4 % + 0,15 x 0,40 % = 0,46 %). Such a small error
can be accepted.

6.4.2.2 Quality metering

According to EN 50160:2007 and IEC 61000-4-7:2002, for such purposes, harmonics up to
the 40" order (in some cases even to the 50" order) are measured. IEC 61000-4-7:2002
specifies that the relative error (related to the measured value) shall not exceed 5 %. If
measurements of phase angles have to be performed additionally, the respective error shall
not exceed 5°.

Table 14 gives accuracy classes for power quality metering.

Table 14 — Accuracy classes for power quality metering

Accuracy Percentage (ratio) error (+/-) at Phase error (+/-) at harmonics shown below
class harmonics shown below
Degrees Centiradians
Special 1% to 2" harmonic | 3™ to 50" 1% to 2™ 3" to 50 1% to 2" 3" to 50"
quality harmonic harmonic harmonic harmonic harmonic
metering
1% 5% 1 5 1,8 9

6.4.3 Electronic VTs

6.4.3.1 Optical VTs

6.4.3.1.1 Architecture

6.4.3.1.1.1 General

Optical voltage transformers are based on the Pockels Effect. The signal output from the
transformer is a modulated light coming from an optoelectronic source like a LED or a Laser,

and passing through a crystal which acts as a modulator of polarisation mathematically linked
to the applied voltage, or electrical field.

The transmission medium is composed of one or several optical fibres, assuring a natural
insulation from the High Voltage. There is no need of electronic equipment on the primary
side and therefore all the electronic equipment is located at ground level.
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6.4.3.1.1.2 Pockels effect transformers
Optical voltage transformers operation relies on two fundamental physical properties:

— Pockels Effect (first order electro-optical effect), which is a characteristic effect existing in
some crystals

— The consequent definition of an electric potential difference between the two potentials
applied on the input and the output faces of the crystal

6.4.3.1.1.3 Basics on Pockels Effect

The Pockels Effect is an electro-optical effect of the first order, describing the influence of the
electric field on a transparent crystal.

Crystals typically used for Pockels cells are:

— LiNbO; (Lithium Niobate)

— KDP (Potassium Dihydrogen Phosphate)
— BGO (Germanate Bismuth Oxide)

— BSO (Silicate Bismuth oxide).

Atom clusters in the crystal are, or become, small dipoles, orienting themselves according to
the electric field lines. Non-homogeneity of the density may then occur and it induces a linear
birefringence, which alters the polarisation state of a monochromatic light beam.

Different sensitivities can be obtained by using different crystal types, their crystalline
orientations with respect to the light polarisation and the direction of application of the electric
field.

For instance, for a class 43m cubic crystal, having length dL, used in longitudinal
configuration (electric field E collinear with the light beam), it is possible to obtain a phase
shift value between ordinary and extraordinary ray waves (in radians):

drz%xngxrﬂx(ﬁxdf)

Where
ry1 is an electro-optical coefficient of the crystal
ne is the ordinary refractive index of the crystal.

6.4.3.1.1.4 Potential Difference

By integrating the electric field along the optical path A to B between the two relevant faces of
the crystal it is possible to obtain the following relationship for the total phase shift:

B
F:Z%xngxruxj.(l;xdl:):KxUAB
A

where U, is the electric potential difference (or, in other words, the voltage) between the
input and the output faces of the crystal.

In that case only, the voltage measured becomes independent of other nearby conductors at
any voltage, and of the geometry variations of optical elements.
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Figure 26 shows a basic design for a bulk crystal producing a Pockels Effect.

27

B
[=="nir,. J(E.dl)=KU

A

Figure 26 — Basic design for a bulk crystal producing a Pockels Effect
(courtesy of Alstom Grid)

Due to economic reasons, the length of the crystal is limited: therefore the acceptable

potential difference along a single crystal is also limited, about to 30 kV. Higher voltages need

to be partitioned. In order to obtain the partitioning of the voltage, the following devices could

be used:

— Conventional Capacitive Dividers (not for DC-measurements)

— Resistive Dividers (only for DC-measurements)

— RC-Dividers (for AC- and DC-measurements)

— Repartition along several sensors without physical dividers, associated with special signal
processing

In Figure 27 and 28, possible solutions are shown in order to apply the voltage on the active
crystal.
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Figure 27 — Various solutions to apply voltage on the active crystal
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Figure 28 — Various methods to divide the full voltage before applying on the crystal

6.4.3.1.1.5

Bulk Pockels cell and polarimetric detection

The modulation of the polarisation due to the Pockels effect can be managed as a light

intensity modulation by adding a polarimetric
quarter wave plate.

system made of two polarisers and a phase
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It has been demonstrated that the light intensity P.(t), initially constant, leaves the Pockels
crystal modulated by the applied voltage, following the mathematical rule:

P, (t) :%PO x [1+ sin(K xU 4 (1))]

Where

K is the sensitivity constant of the Pockels Effect

Usg is the voltage applied between the faces of the crystal.

The wave shape of the output light intensity is exactly the same that can be obtained with a
polarimetric current sensor.

Basic set-up is shown in Figure 29.

PHOTODIODE

Quarter wave
plate

LED ' Polarizer

Polarizer

Electronic signal P
processing identical to Ps = —O(] + SIHKU)
2

Faraday sensor

Figure 29 — Basic design for a Pockels sensor (courtesy of Alstom Grid)

Figure 30 shows an industrial bulk Pockels cell.

Figure 30 — Industrial bulk Pockels Cell (courtesy of Alstom Grid)
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6.4.3.1.2 Frequency Response Behaviour

Figure 31 shows the frequency response calculation for an optical VT.

8 HVDC_VT 10KV_AOP_ho de_analysis.asc
Yivoutl]

10mHz 100mHz 100Hz 1KHz 10KHz 100KHz 1MHz 10MHz

Left-Click to redraw {vout2a)[y], Right-Click to edit expression, ControkLeft Click to inteqrate

Figure 31 — Frequency response calculation for an optical VT (courtesy of Alstom Grid)

6.4.3.1.3 Impact on the measurements of PQ parameters

Table 15 gives the impact on the measurements of PQ parameters of an optical voltage
transformer.

Table 15 — Optical voltage transformer: impact on the measurements of PQ parameters

Power Frequency Not yet investigated. No effect is expected
Magnitude of the supply voltage Not yet investigated. No effect is expected
Flicker Not yet investigated. No effect is expected
Supply voltage dips and swells Not yet investigated. No effect is expected
Supply voltage unbalance Not yet investigated. No effect is expected
Harmonics and interharmonics Not yet investigated. No effect is expected

Main signalling on the supply voltage Not yet investigated. No effect is expected

Rapid voltage changes Not yet investigated. No effect is expected
Voltage interruptions Not yet investigated. No effect is expected
Transient voltages Not yet investigated. No effect is expected

6.4.3.2 Voltage dividers
6.4.3.2.1 Resistive voltage dividers
6.4.3.2.1.1 Architecture

Figure 32 gives a cross-section view and electrical scheme of a resistive voltage divider.
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Figure 32 — Cross-section view and electrical scheme
of a resistive voltage divider (from v))

Resistive voltage dividers are used in electrical systems for measurements at all voltage
levels. The voltage on the secondary side Ug(t) is proportional to the voltage of the primary
side Up(t). The divider ratio is given by the ratio of the primary resistor R; and the secondary
resistor R,. The resistors are embedded into an insulating material. This can be resin, oil or
gas.

Between the resistors and the housing or the surroundings, there are stray capacitances
which limit the bandwidth of this kind of dividers; moreover resistors are never pure, since
they always have their own capacitance and inductance: low inductance resistors should
therefore be used.

6.4.3.2.1.2 Frequency response behaviour

The frequency response is limited, due to the stray capacitances and to the length of the
cable connected to the measurement unit. Resistive voltage dividers have a very good
behaviour for the measurements of DC, as shown in Figures 33 and 34.
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Figure 33 — Ratio error of an MV resistive divider (courtesy of Trench Switzerland AG)
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Figure 34 — Phase error of MV resistive divider (courtesy of Trench Switzerland AG)

6.4.3.2.1.3 Impact on the measurements of PQ parameters

Table 16 gives the impact on the measurements of PQ parameters of an MV resistive divider.
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Table 16 — MV resistive divider: impact on the measurements of PQ parameters

Power Frequency No Impact
Magnitude of the supply voltage No Impact
Flicker Impact on amplitude and phase angle below 800 Hz
Supply voltage dips and swells No Impact
Supply voltage unbalance No Impact
Harmonics and interharmonics Impact on amplitude and phase angle below 800 Hz

Main signalling on the supply voltage No Impact

Rapid voltage changes No Impact
Voltage interruptions No Impact
Transient voltages Impact on amplitude and phase angle below 800 Hz

6.4.3.2.2 Capacitive voltage dividers

Figure 35 shows the electrical scheme of a capacitive voltage divider.

—LUp ®

Ci ——
Us (1)

C, ——

= IEC 751/12

Figure 35 — Electrical scheme of a capacitive voltage divider

6.4.3.2.2.1 Architecture

Capacitive Voltage Dividers (CVDs) are used for measurements on all system voltage levels.
The voltage on the secondary side Ug(t) is proportional to the voltage of the primary side
Up(t). The ratio of the divider is given by the ratio of the primary capacitor C; and the
secondary capacitor C, as follows:

U,(t) c,+c,
ut) ¢

The capacitor itself is manufactured like capacitor units for CVT or in a similar way. The active
part is made of stacked flat capacitor elements which are connected in series. The dielectric
material of the elements can be paper only or paper with film or film only. The CVD is
impregnated and filled with mineral, synthetic oil or with SFg gas. Each CVD unit is mounted
in a hermetically sealed insulator (porcelain or composite). Volume changes of the insulating
liquid due to temperature variations are compensated by a stainless steel bellows. For gas
insulated units a gas monitoring system is necessary. The resistors are embedded into an
insulating material. This can be resin, oil or gas.

6.4.3.2.2.2 Frequency response behaviour

The frequency response of the C-Divider (capacitor voltage divider) makes it able to
accurately monitor voltage transients up to 1 MHz or higher. At lower frequencies, starting
from approximately 20 Hz, the C-divider becomes inaccurate, mainly the phase angle showing
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an error of more than 25 % below 100 Hz. The behaviour depends on voltage level and
nominal capacitance of the divider.

6.4.3.2.2.3 Impact on the measurements of PQ parameters

Table 17 gives the impact on the measurements of PQ parameters of capacitive voltage
dividers.

Table 17 — Capacitive voltage dividers: impact on the measurements of PQ parameters

Power Frequency No Impact on the amplitude but impact on the phase angle
Magnitude of the supply voltage No Impact on the amplitude but impact on the phase angle
Flicker No Impact
Supply voltage dips and swells No Impact
Supply voltage unbalance No Impact on the amplitude but impact on the phase angle
Harmonics and interharmonics No Impact on the amplitude but impact on the phase angle

Main signalling on the supply voltage No Impact on the amplitude but impact on the phase angle

Rapid voltage changes No Impact on the amplitude but impact on the phase angle
Voltage interruptions No Impact on the amplitude but impact on the phase angle
Transient voltages No Impact

6.4.3.2.3 Resistive-capacitive voltage dividers (RCVTSs)
6.4.3.2.3.1 Architecture

The resistive-capacitive voltage transformers are a combination of capacitive voltage dividers
and resistive voltage dividers and consist of a primary RC-path with R; and C; and of a
secondary path with R, and C,. R, and C, include all the capacitances and resistors on the
secondary side such as adjusting network, cable, and input impedance of the secondary
measuring device. Ry and R, as well as C; and C, are of a low inductive design.

The primary part of the RCVT is made of stacked capacitor elements which are connected in
series and in parallel of series connected resistors. The dielectric material of the capacitor
elements is made with paper, film or a combination of both. This primary part is mounted in a
hermetically sealed insulator (porcelain or composite) and impregnated and filled with
mineral, synthetic oil or with SF4 gas.

The secondary part is located in the hermetically sealed secondary box. To reach a sufficient
temperature coefficient the secondary components are made of similar or identical materials
than the primary components. A double screened cable will connect the secondary box with
the customer equipment. This cable is pre-mounted by the dividers supplier and integrated in
the calibration process.

Figure 36 shows an equivalent circuit of an RC voltage divider.
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Figure 36 — Equivalent circuit of an RC voltage divider (from w), x))

6.4.3.2.3.2 Frequency response behaviour

The measurement of voltages within the frequency range from 0 Hz (DC-voltage) up to 2 MHz
is possible only by using a RC-voltage divider for high voltage. The frequency response of the
resistive-capacitive voltage divider makes it able to accurately monitor voltage transients up
to 1 MHz or even higher. The divider itself can transmit a voltage signal almost independently
from the frequency according to its internal build up, by tuning the parallel capacitances and
resistances on primary and secondary paths in order to obtain the relation RpCp = R,Cg as
shown below (from x)).

Figure 37 shows an equivalent circuit of a balanced RC voltage divider.

) [ : ]
5 Ry — Cp RpCp = RsCs
Upn T
4 M 3 5
Rs — _ Cs Usn
Y T IEC 753/12

=

Figure 37 — Equivalent circuit of a balanced RC voltage divider (from x))

YU, = R, . o<1 2sn o _Rs
Llpn R, +Rp 1+R5Xj-a)Cs Upn Rp+Rs
1+R, x jaC,
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If the complete measuring system is considered, the above mentioned average frequency
response up to 2 MHz could be affected by additional connection equipment like cable,
clamps and secondary equipment. The behaviour of the divider is therefore defined by all
those components, which will lead in a frequency response upper limit varying from 400 kHz
up to 2 MHz.

Figure 38 gives the frequency response of a RC voltage divider.
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Figure 38 — Frequency response of an RC voltage divider
(courtesy of Trench Switzerland AG)

Figure 39 shows the measurements done on an RC voltage divider with a voltage level of 145
kV with a cable length of 150 m.
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Figure 39 — Measurements done on an RC voltage divider with a voltage level
of 145 kV with a cable length of 150 m (courtesy of Trench Switzerland AG)

6.4.3.2.3.3 Impact on the measurements of PQ parameters

Table 18 gives the impact on the measurements of PQ parameters of an RC voltage divider.
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Table 18 — RC voltage divider: impact on the measurements of PQ parameters

Power Frequency No Impact
Magnitude of the supply voltage No Impact
Flicker No Impact
Supply voltage dips and swells No Impact
Supply voltage unbalance No Impact
Harmonics and interharmonics No Impact
Main signalling on the supply voltage No Impact
Rapid voltage changes No Impact
Voltage interruptions No Impact
Transient voltages No Impact

6.4.4 Electronic CTs
6.4.4.1 Optical CTs
6.4.4.1.1 Architecture

The principle adopted in order to measure the current differs significantly from conventional
techniques.

The signal used by the sensor is the light coming from an optoelectronic source, like a LED, a
Laser Diode (LD) or a Superluminescent Diode (SLD or SLED).

The transmission medium is composed of one or several optical fibres, assuring a natural
insulation from the High Voltage. There is no need of primary electronics at the HV and hence
all electronics are located at ground potential (at the base of the device or in the control
room).

Depending on the sensing medium choice, various industrial solutions are proposed. For such
design, two fundamental physical properties are used and two optical detection methods are
possible.

The two physical properties are:

— the Faraday Effect (magneto-optic effect of 1° order), which reveals itself in transparent
optical mediums such as glasses or crystals,

— The Ampére’s theorem, law from electromagnetism theory.

Figure 40 shows the principle of optical CT measurement.
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Figure 40 — Principle of optical CT measurement (from v))

The two optical detection methods are based on:

— Polarimetric systems, using polarisers;

— Interferometric systems, using interference of two light beams having a phase shift
induced by Faraday Effect.

All combinations are theoretically possible; some industrial designs are described in the
following:

“Ring-Glass” or “Bulk Glass” and “Polarimetric detection”
“Fibre-Coil” and “Interferometric detection”

Figure 41 shows the principle of optical CT measurement.
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Figure 41 — Principle of optical CT measurement (Courtesy of Alstom Grid)

6.4.4.1.2 Frequency response behaviour

In both cases, the frequency response bandwidth of the coil, or of the ring glass is very high,
typically from DC to several GHz. The limitation is given by the time of propagation of the light
in the medium from the source to the detector.

The bandwidth limitation is due to the electronics involved in the signal processing, to the
sampling rate and to the digital communication.
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The typical bandwidth that can be achieved without any resonances (0 kHz to 100 kHz (3dB))
is shown in Figure 42.
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Figure 42 — Frequency response calculation for an optical CT
(Courtesy of Alstom Grid)

6.4.4.1.3 Impact on the measurements of PQ parameters

Table 19 shows the impact on the measurements of PQ parameters of an optical current
transformer.

Table 19 — Optical current transformer: Impact on the measurements of PQ parameters

Power Frequency Not yet investigated. No effect is expected
Magnitude of the supply voltage Not yet investigated. No effect is expected
Flicker Not yet investigated. No effect is expected
Supply voltage dips and swells Not yet investigated. No effect is expected
Supply voltage unbalance Not yet investigated. No effect is expected
Harmonics and interharmonics Not yet investigated. No effect is expected
Main signalling on the supply voltage Not yet investigated. No effect is expected
Rapid voltage changes Not yet investigated. No effect is expected
Voltage interruptions Not yet investigated. No effect is expected
Transient voltages Not yet investigated. No effect is expected
6.4.4.2 Low Power Current Transformers (LPCTSs)

6.4.4.2.1 Architecture

The LPCTs represent a development of the classical inductive current transformer and they
consist of the main components detailed in Table 20.
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Table 20 — Main components of LPCTs

Primary winding

The LPCTs may have the primary winding as an essential part of the structure. If the
primary winding is part of the structure the terminals are located at the top and/or
sides of the LPCT. If the primary winding is external to the structure it may be an
insulated conductor (i.e. MV bushing or MV cable) or it may be a not insulated
conductor (i.e. busbar switchgear). In this case the MV insulation can be assured by
the LPCT or by the distance between the conductor and the LPCT.

Secondary winding and
magnetic core

The LPCT needs only one magnetic core and one secondary winding to measure
accurate over an extended current range. Therefore one LPCT can be used for
metering and protection purposes at the same time. The magnetic core is usually
toroidal and uniformly covered by the secondary winding.

Shunt

A shunt which is connected at the ends of the secondary winding is designed in that
way that the power consumption in the transformer is very low. The secondary output
measurement at the terminals of the shunt (of the LPCT) is a voltage.

MV insulation

For MV indoor and outdoor applications synthetic resins are mainly used which
provide MV insulation and mechanical strengths to the LPCTs. LPCTs are Current
Transformers with a secondary interface designed to match the conditions of digital
secondary technology. Due to the low power input requirements of digital secondary
technology the LPCTs can be dimensioned for high input impedances. As long the
input impedance of the secondary technology connected in parallel to the shunt is
higher than 20 kQ the accurate measurement of the LPCT is guaranteed. The very
low power consumption of the LPCT enables a saturation free measurement of
currents up to short circuit current with a high accuracy.

6.4.4.2.2 Frequency response behaviour

Due to distributed capacitances, the frequency response of a LPCT is limited to frequencies
below 100 kHz. A typical frequency response measurement of a LPCT is shown in Figure 43.
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Figure 43 — Typical frequency response measurement of a LPCT

(Courtesy of Trench Switzerland AG)

6.4.4.3 Rogowski current transformers

6.4.4.3.1 Architecture

The Rogowski coils are air core coils and, in some cases, they can be used like current
clamps. Since they have not magnetic core, saturation problems are avoided for very high
currents or in presence of DC components.

Rogowski coils have

been well known in laboratories for decades, especially for the

measurement of large high frequency current impulses. Basically, they can be considered as
a special current transformer, and may be represented with the model shown in Figure 44.
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Figure 44 — Equivalent circuit for a Rogowski coils (Courtesy of Alstom Grid))

Where

kel

is the primary current to be measured

is the secondary current

2]

\Y is the electromotive force induced in the winding
S is the sensitivity of the sensor

L is the internal magnetizing inductance

r is the internal resistor

R is the secondary load

V¢ is the secondary voltage

The sensitivity and the internal magnetizing inductance have a simple relationship:

where Np and Ng are respectively the number of turns of the primary and secondary windings.

The general equation related to the equivalent circuit shown in Figure 44 is:

Vs=8x%x R —anvsx R

o0 R+r R ot R+r

At power frequency and assuming steady state condition, the secondary current Ig and the
secondary voltage V¢ are given by:

ix jXLXC()
N. R+r+jxLxw

S

Vs=Rx s

For a current transformer, the primary and secondary current Ip and Ig should respect the
ideal relationship Ig = 1,/N.

Practically, the equation can be rewritten as:
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Low values of the ratio (R-H’)/an) are requested in order to make this error negligible.
When a high value of the loading resistor is imposed by the application, it is necessary to use

a high permeability magnetic core and to increase the magnetizing inductance L. Values in
the range of hundreds of Henry are commonly used.

Symmetrically, the output of a Rogowski coil delivers a secondary voltage V, that should be
linked to the primary current by the ideal relationship:

V, =Sx R 6|_p
R+r ot

The voltage output of a Rogowski coil is proportional to the derivative of the primary current:
this is the basic characteristic of a Rogowski coil.

At power frequency and in steady state conditions, the ideal relationship can be rewritten as:

Vs= jxSxwx lpx
R+r

Practically, a residual error remains, and the two last equations may be combined to obtain
Vg, at power frequencies:

Vs= JxSxwx lpx R < 1wa
R+r 14 jx =@
R+r

L <

The residual error is now equal to:
R+r

This error can be made negligible very easily, since Rogowski coils are usually loaded by
electronic circuits. Consequently, the resistor “R” can be chosen freely. Moreover, the
magnetizing inductor is usually extremely small; the ideal relationships given by equations
can therefore be applied with extremely high accuracy for a wide range of frequencies.

From frequency behaviour point of view, the transfer function may be written as:

S jor+w’r?

TP where T=L/(R+r).

G(jo)=-

The equation above for @7 <<1 can be written as:

. S .
G(Ja))z L jort
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obtaining this way a differentiating behaviour: by choosing a low inductance and a high
resistance the frequency behaviour is improved.

For ot >>1 the equation above can be written as:
G(jco): _E ,obtaining this time a self-integrating behaviour.

Table 21 gives the main components of Rogowski sensors and Figure 45 shows an electrical
scheme and picture of a Rogowski current transformer.

Table 21 — Main components of Rogowski sensors

Primary winding The air-core sensors may have or not the primary winding as an integral part of the
structure. If the primary winding is a part of the structure, the terminals are located at
the top and/or low sides of the device.

If the primary winding is external to the structure it may be an insulated conductor
(i.e. MV bushing or MV cable) or not insulated conductor (i.e. busbar switchgear)
and, in this case, the MV insulation can be assured by the sensor or by the distance
between the conductor and the sensor.

Secondary winding and Air-core sensors may have one or more secondary windings, each with its support.
non-magnetic former The formers can have different shape (i.e. toroidal, rectangular ...)\ and the
secondary windings can be uniformly distributed or localized on only one part of it.

MV insulation For MV indoor and outdoor applications synthetic resins are mainly used which
provide MV insulation and mechanical strength to the device

Aircore
- toroidal coil
-’ Integrator and
e Electrical to optical
converter/transmitter

*— Optical
fibres

<~ Current carrying
conductor

Figure 45 — Electrical scheme and picture of a Rogowski current transformer
(Courtesy of Alstom Grid)

6.4.4.3.2 Frequency response behaviour
The Rogowski coil does not pass DC signals and the output signal is proportional to the

derivative of the primary current. The coil signal must therefore be integrated by signal
processing techniques, which limits the bandwidth on the DC side.

For high frequency the bandwidth can be very high (100 kHz (3dB)), as shown for optical
transformers.

The system can be properly designed in order to avoid any resonance.
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6.4.4.3.3 Impact on the measurements of PQ parameters

Table 22 shows the impact on the measurements of PQ parameters of a Rogowski current
transformer.

Table 22 — Rogowski current transformer: Impact on the measurements
of PQ parameters

Power Frequency Not yet investigated. No effect is expected
Magnitude of the supply voltage Not yet investigated. No effect is expected
Flicker Not yet investigated. No effect is expected
Supply voltage dips and swells Not yet investigated. No effect is expected
Supply voltage unbalance Not yet investigated. No effect is expected
Harmonics and interharmonics Not yet investigated. No effect is expected
Main signalling on the supply voltage Not yet investigated. No effect is expected
Rapid voltage changes Not yet investigated. No effect is expected
Voltage interruptions Not yet investigated. No effect is expected
Transient voltages Not yet investigated. No effect is expected

6.4.4.4 Shunts
6.4.4.4.1 Architecture

A shunt is a conductor having low, very accurate resistance value, generally built with a
material called Manganin (a mixture of components: copper, nickel, manganese) which
provide a good stability in temperature.

The shunt range of operation starts from low currents as 10 mA for laboratory applications up
to very high current as 10 kA for industrial applications. The measurement of current is easily
obtained by measuring the voltage output. The shunt is typically manufactured in order to give
a 100 mV output for application at rated current.

Im Shunt Bs Is
—?l-——i >
/ \\ la
L— mV
Rap

Figure 46 — Electrical scheme of a shunt current measurement
(Courtesy of Alstom Grid)

The voltage is measured by voltmeter having a high input impedance in comparison of the
shunt resistance, in order to make the current I, negligible with respect to I (see Figure 46).
For high voltage application, electronic equipment can be used in order to digitize this signal
and transmit sample values by optical fibre.

For AC current application, shunts show some drifts with the frequency response, due to stray
inductance and capacitance (see Figure 47).
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Figure 47 — Shunt for DC application (Courtesy of Alstom Grid)

For applications requiring a large bandwidth, a coaxial structure is commonly used, but in this
case the current intensity range is limited.

6.4.4.4.2 Frequency Response Behaviour
High Current Shunts are not suitable for measurements over a high bandwidth. To measure

currents having a high bandwidth (up to 100 kHz) only coaxial shunts may be used, available
only for currents up to 400 A.

An equivalent circuit of a coaxial, compensated shunt is shown in Figure 48.

IEC 755/12

Figure 48 — Equivalent circuit for a compensated shunt

With reference to the circuit, a simplified transfer function for a coaxial shunt with inductive
compensation may be written as:

. R ]
G(jw)=ﬁ+ joM , where T, = L/4R0 ;

If M/R, =T, and f, =1/27T, , the transfer function may be rewritten in the frequency domain
as:

G(f)=R, ;f+ji andfori<<l,as G(f)=R,
1+j— fo fo
fo
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In any case, a perfect compensation cannot be obtained (see Figure 49).
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Figure 49 — Theoretic possible bandwidth of a shunt 5 kA /150 mV
(Courtesy of Alstom Grid)
6.4.4.4.3 Impact on the measurements of PQ parameters

Table 23 gives the impact on the measurements of PQ parameters of a shunt.

Table 23 — Shunt: Impact on the measurements of PQ parameters

1000

Power Frequency

Not yet investigated.

No effect is expected

Magnitude of the supply voltage

Not yet investigated.

No effect is expected

Flicker

Not yet investigated.

No effect is expected

Supply voltage dips and swells

Not yet investigated.

No effect is expected

Supply voltage unbalance

Not yet investigated.

No effect is expected

Harmonics and interharmonics

Not yet investigated.

No effect is expected

Main signalling on the supply voltage

Not yet investigated.

No effect is expected

Rapid voltage changes

Not yet investigated.

No effect is expected

Voltage interruptions

Not yet investigated.

No effect is expected

Transient voltages

Not yet investigated.

No effect is expected

6.4.4.5 Hall Effect Sensors

6.4.45.1 Architecture

Hall-effect sensors (see Figures 50, 51 and 52) are widely used for a large field of
applications. For current measurement, the main issue is to guarantee stability vs. time for a

long time period.

Hall phenomenon appears in a long semi-conductor plate with two larges electrodes to inject
the current. All electrons have a constant speed of displacement, in the opposite direction of
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the current flow. When a magnetic field is applied perpendicularly to one large face of the
plate, the electrons are deviated according to Lorentz forces:

E,=—-eXVUXB

Where F,, is the Lorentz's force, -€ is the electron charge, v is its velocity and B is the
magnetic induction. This induces an electric field to produce a force to compensate the
previous one:

F, = —e X Ey

In these conditions, the electrons keep a uniform displacement and the “Hall Electric field”
can be written:

- s = B X
Ey=-vXB=-—
nxe
Where:
n is the density of charges (-€)
] is the current density in the plate
d is the plate thickness
and the Hall voltage is:
V= I xXB
H ™ nxexd

o
AN
t

( Yy 4

IEC 756/12

Figure 50 — Hall Effect Sensor

where F, is the Lorentz’s force on the negative charge carriers and F, is the electric force
that compensates the previous one.
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A practical realisation to improve the sensitivity is to increase the magnetic flux by placing the
sensitive plate in a magnetic core.

1= current to be measured
CM = magnetic circuit

CH = Hall cell

i = circulation current

in the Hall cell

Vh = Hall voltage
proportional to iand I

A = amplifier - voltage

or current

Figure 51 — Hall Effect Sensor (Courtesy of Schneider Electric — From II))

The current generation for the Hall cell and the signal processing are made with local
electronics. This fact can be a limitation for high voltage applications.

A typical bandwidth range can be obtained from DC to 40 kHz.

I
—--_—_P_
B )
L N—
probe
] circuit for
différential amplifier and ~—compensation
generator for stabilisation of of residual
constant current sensitivity to induction
temperature -«—thermistances
amplifier circuit of .
power supply N compensation
filter for mechanical
stresses
Uh=K.I

Figure 52 — Hall Effect Sensor (Courtesy of Schneider Electric — From 1))

6.4.4.5.2 Frequency response behaviour

Hall effect sensors frequency response is better than the one provided by CTs (up to
100 kHz).
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6.4.4.5.3 Impact on the measurements of PQ parameters

Table 24 gives the impact on the measurements of PQ parameters of a Hall effect sensor.

Table 24 — Hall effect sensor: Impact on the measurements of PQ parameters

Power Frequency No effect is expected
Magnitude of the supply voltage No effect is expected
Flicker No effect is expected
Supply voltage dips and swells No effect is expected
Supply voltage unbalance No effect is expected
Harmonics and interharmonics No effect is expected
Main signalling on the supply voltage No effect is expected
Rapid voltage changes No effect is expected
Voltage interruptions No effect is expected
Transient voltages No effect is expected

7 Tests for power quality

In order to verify HV instrument transformers accuracy, suitable standard transducers and
testing procedures, including supply sources and reference measuring systems, are needed.

In calibration laboratories, reference transducers characterised for frequencies different from
the power frequency are, in general, not readily available today. It is however possible to
characterize reference measuring systems to achieve necessary traceability also for other
frequencies. Inductive instrument transformers, commonly used for protection and
measurement purpose, do not have a behaviour linear with frequency and amplitude. In order
to correctly verify inductive instrument transformers frequency behaviour, it would be
meaningful to evaluate their behaviour superposing PQ events and harmonics to the
fundamental signal and the higher is the voltage or current level, the less easily this condition
can be achieved. High current and voltage sources at high frequency are not commercially
available, and are only found in a few national measurement laboratories.

The power quality tests for instrument transformers should be performed as special test for
transformers that shall fulfil the PQ classes as given in Annex B.

The measurement of power quality parameters requires improved frequency response
(magnitude and phase) as well as transient response on voltage and current transducers as
summarised in Table 25:
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Table 25 — Power quality parameters and requirements for CT and VT

Disturbance CT VT Magnitude Phase Transients
Power frequency X
Magnitude of voltage supply X X X
Flicker X X X
Dips and swells X X X X
Voltage interruptions X X X
Voltage unbalance X X X
Current/Voltage harmonics X X X X
Current/Voltage interharmonics X X X
Main signaling X X
Rapid voltage changes X X
U/O deviation parameters X X X

The tests to be performed for VTs are:

e Frequency response (magnitude and phase) in the frequency range 15 Hz to the 50"
harmonic.

e Frequency response with respect to burden (if relevant)
7.1 Test procedure for VT frequency response

The test procedure for VT depends on the linearity characteristic. If the frequency response of
the transducer can be proven to be not affected by the presence of the fundamental voltage
and varying burden, the frequency response test can be performed at a voltage level lower
than the rated by applying a single tone sine wave and varying the frequency. The input
voltage level has to be chosen so that the output signal has a level suitable for measuring
with adequate accuracy.

When the frequency response of the transducer is affected by the presence of the
fundamental voltage the test should be performed by applying a voltage of fundamental
frequency close to or equal to the nominal voltage with harmonics and sub-harmonics added.
The level of harmonics should in this case be in the range of 0,2 % to 3 % amplitude
compared to the fundamental for HV transformers and 2 % to 10 % for MV transformers. If
relevant, the burden dependency of the frequency response of the transformer has to be
established during the test.

7.2 Test set-up for VT frequency response test

The circuit for reduced voltage test can consist of a power amplifier and of a signal generator.
The VT under test is connected to the output of the amplifier. A reference transducer is
connected in parallel to the VT.

The output of the VT under test and the output of the reference transducer are compared by
means of a suitable voltage comparator able to compare amplitude and phase of the
reference and the device under test. A traditional voltage transformer set does not have a
bandwidth useful for this comparison. The comparison can be performed by means of two
high resolution sampling voltmeters synchronised by a computer. If the applied voltage is
below the maximum input voltage of the reference sampling voltmeter used in the comparison,
the voltage may be measured directly without the interposition of the reference transducer.

For high voltage VT the generation of a sine wave with an amplitude suitable for obtaining an
output signal level well above the background noise may not be achieved by an amplifier. In
this case, a suitable step up transformer can be inserted between the amplifier and the VT as
shown in Figure 53.
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Step-up
transformer

Signal [>
generator

under test transducer

Transformer —‘ ’7 Reference __I_

Comparator

IEC 757/12

Figure 53 — Test circuit for VT frequency response test

When the test is performed by applying a voltage of fundamental frequency close to or equal
to the rated voltage, the test set-up may be designed by using a step-up transformer and a
suitably sized amplifier with signal generator. The amplifier and signal generator have to
supply the harmonics synchronously with the fundamental voltage. In this set-up, the amplifier
only needs to supply the power for the harmonics and hence an amplifier with reasonable
power rating may be chosen.

It is important to measure the level of harmonics at the output of the step-up transformer,
since this device in most cases will act as a low pass filter to the harmonics.

The system shall be able to generate a stable waveform on the high voltage side.
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Step-up
transformer T ]

/\
[ ]

Signal
generator Comparator

|||—

J__— Transformer—‘ ’_ Reference —_|_

under test transducer

IEC 758/12

Figure 54 — Test circuit for VT frequency response test

The applied voltage has to be measured using a reference transducer with known frequency
response. The outputs of the two devices are compared using a similar system as shown in
Figure 54. A suitable reference transducer might be either a RC damped divider or a pure
capacitive system.

7.3 Test procedure for CT frequency response

The test procedure for CTs depends on the linearity characteristic. If the frequency response
of the transducer can be proven to be not affected by the presence of the fundamental current
and varying burden, the frequency response test can be performed at a current level lower
than the rated by applying a single tone sine wave and varying the frequency. The input
voltage level has to be chosen so that the output signal has a level suitable for measuring
with adequate accuracy.

When the frequency response of the transducer is affected by the presence of the
fundamental current, the test shall be performed by applying a current of fundamental
frequency close to or equal to the nominal current with harmonics and sub-harmonics added.
The level of harmonics should in this case be in the range of 1 % to 5 % amplitude compared
to the fundamental for HV transformers and 3 % to 20 % for MV transformers. If relevant, the
burden dependency of the frequency response of the transformer has to be established during
the test.

7.4  Test set-up for CT frequency response test

If a single tone sinusoidal test is performed, a transconductance amplifier, if necessary driven
by a signal generator, can be used directly as current source. For lower current values, a
current calibrator can be used (see Figure 55 for reference).
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r

I Signal I> I ‘
generator Transformer Reference
| I under test transducer
Transconductance
amplifier
Comparator
IEC 759/12

Figure 55 — Test circuit for CT frequency response test

For open window current transformer the primary current can be obtained by realising a multi-
turn primary winding, providing that the diameter of the single turn is large enough to avoid
influences on the field distribution.

The current fed to the CT under test has to be measured using a reference transducer with
known frequency response. The outputs of the two devices are compared using a comparator
system able to compare amplitude and phase of the reference and the device under test.
Suitable reference transducer might be either HF shunts, Rogowski coils or zero-flux cores. If
a high accuracy transconductance amplifier with an auxiliary output synchronous to the
current output is used, this signal may replace the reference transducer.

The test circuit for the test with harmonics superimposed to the fundamental current may be
designed using a step-down transformer supplied by a suitable current source. It is important
to measure the level of harmonics at the output of the step-down transformer since this is a
non-linear device. The current has to be measured with a reference transducer as mentioned
above.
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Step-down
transformer
Tranéformer Reference
under test transducer
N\

Signal ) (
generator

Comparator

IEC 760/12

Figure 56 — Test circuit for CT frequency response test

7.5 Special considerations for test of electronic instrument transformers with digital
output

The test set-up as described in Figure 56 may be used for testing instrument transformers
with all types of output. However, in case of digital output, special care has to be taken with

respect to the synchronisation. The synchronisation must be good enough to measure the
phase difference between the instrument transformer under test and the reference system.

7.6  Tests for electronic instrument transformers according to IEC Standard 60044-8

In the following tests, requirements given in IEC Standard 60044-8 are quoted for reference.
Tables 26 and 27 give test currents and voltages for common and special accuracy classes.

Table 26 — Test currents and voltages for the common accuracy classes

Magnitude of the harmonic currents ( % of 1)
or voltages (% of U,)

2" to 5™ harmonic 6" harmonic and upwards

10 % 5%

Table 27 — Test currents and voltages for special accuracy classes

Magnitude of currents(or voltage) for accuracy tests
versus transient conditions (% of 1) or (% of Uy,)
Accuracy
class 1,01*f, to the From the frequency of
0 Hz, d.c. DC to 0,99*f, frequency of the 5" the 5" harmonic to
harmonic 250 k Hz
Special high _ o o o
bandwidth 20 % 10% 5%
Special d.c. o o o _
(for EVT) 100 % 20 % 20 %
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7.6.1 Test arrangement and test circuit

7.6.1.1 Test for accuracy versus harmonics

The test circuit can be adapted from the one defined in Figure 57 or in Figure 58.

Reference CT CT under test ECT
P2 P1 o P2 P1
e —
Transmitting
system
Secondary Converter
I
r--» Merging Unit
1
1
1
lvl 1
1
1
Reference | _ '
A/D converter 1 1 Digital Frame
1 1
1 1
1 1
iref () 1 1 is (n)
1 1 ‘
—l ! ! Ii
1 1
R I
| 1
X Clock I
1
L e 4
Evaluation
(for example PC)
& Qe IEC 761/12
Key
K, Rated transformation ratio of Reference CT
A Voltage at the input of the Reference A/D converter
R, Burden used to adjust the voltage at the input of the Reference A/D converter
R, + Rc  Rated secondary burden of Reference CT
R, is required to be a high accuracy burden

Figure 57 — Test set-up for electronic instrument
current transformers with digital output
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Reference CT Tested ECT
P Py b P Py
—

Transmitting
S2 S1 system
Secondary converter
for analogue output
V1 Lock-in Vect
R L— amplifier <+ J Rect
IEC 762/12
Re
Key
K, Rated transformation ratio of reference CT
A Voltage at the input of the lock-in amplifier
R, Burden used to adjust the voltage at the input of the lock-in amplifier
R, + R, Rated secondary burden of reference CT
Vet Secondary voltage for ECT with analogue output
Rect Rated secondary burden of ECT
R, and R, are required to be high accuracy burden

The voltage at the input of the lock-in amplifier shall be adjusted in nominal conditions. This
voltage shall be equal to the nominal rated secondary voltage.

Figure 58 — Test set-up for electronic current transformers with analogue output

For the ECT test, the test current can be supplied by a power amplifier. As reference CT a
coaxial shunt as commonly used for short-circuit tests is recommended.

For the EVT test, the use of existing devices is recommended: signalling voltages used for the
transmission of data in the public distribution system are sinusoidal waves covering the range
from 110 Hz to 148,5 kHz, with a magnitude suitable for this purpose (see EN 50160 for more
details).

For each specified harmonic frequency, a primary current/voltage according to the following
tables is applied. For each frequency amplitude and phase error are calculated by comparing
the reference with the transformer under test according to the well-known procedures (see
Annex B for digital output).
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Annex A

Instrument transformers and power quality measurement —
open issues

A.1 General

In the following some open questions are listed, mainly related to instrument transformers
behaviour in real service conditions.

Test procedures and reliable models must be set up in order to clarify these points; some first
proposals are made, to be confirmed by further activities.

A.2 Non-steady-state effects on voltage measurement transformers
(amplitude)

A.2.1 General

Information would be needed about rapid changes in amplitude at the beginning and end of
voltage dips, interruptions and swells, and their influence on the performance of voltage
transformers.

A.2.2 Possible test parameters:

Voltage dip: 10 %Un, 50 %Un, 85 %Un
Voltage swell: 110 %Un, 120 %Un, 150 %Un
Voltage interruption: 5 %Un

Duration: 1sec, 1min

Test procedure: voltage and phase displacement should be recorded during and after event

A.3 Non-steady-state effects on voltage measurement transformers (phase
angle)

A.3.1 General
Information would be needed about rapid changes in phase angle of the fundamental at the

beginning and the end of voltage dips and swells and their influence on the performance of
voltage transformers.

A.3.2 Possible test parameters:

Voltage dip/swell: 85 %Un, 120 %Un
Point of wave: 0°, 45°, 90°, 135°, 180°, 225°, 270°
Phase angle change: +/-90° change at the beginning of voltage dip

+/-90° change at the end of voltage dip
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+/-90° change at the beginning of voltage swell
+/-90° change at the end of voltage swell
Duration: 1 sec, 1 min

Test procedure: voltage and phase displacement should be recorded during and after event

A.4 Post-interruption voltage measurement effects

A.4.1 General

Information is needed about the effects that can be observed in voltage transformers when
voltage is restored after an interruption and about the effect of the phase angle at which the
voltage was interrupted on measurements when the voltage is restored. For example, if there
is a sudden interruption of primary voltage at 180 degrees, the magnetic core of the IT is fully
magnetized in the positive direction. It will remain magnetized in that direction for a long time
(magnetic core "memory effect"). After the primary voltage restoration, the output on the
secondary will depend on the angle relationship between the “memorized” phase angle where
the primary was turned off, and the phase angle where the primary is turned on again.

A.4.2 Possible test parameters

Voltage interruption: <5 %Un

Point of wave-interruption: 0°, 45°, 90°, 135°, 180°, 225°, 270°
Point of wave-restoration: 0°, 45°, 90°, 135°, 180°, 225°, 270°
Duration: 1 sec, 1 min, 1 h

Test procedure A: magnitude and phase displacement should be recorded on primary and
secondary during interruption and restoration

Test procedure B: Waveforms with the high sampling rate should be recorded on primary and
secondary during interruption and restoration

A.5 Accuracy — voltage interruption thresholds

Information is needed about the accuracy of voltage transformers at voltages on the order of
10 % or less of nominal voltage.

A.6  Accuracy — voltage swells

Information is needed about the accuracy of voltage transformers affected by voltage swells
up to 150 % of nominal voltage up to 200 %. (This is a concern with some types of
unbalanced faults, and possibly with disturbances introduced in association with distributed
generation.)

A.7 Connection — three-phase systems

In different applications around the world, the high-voltage terminals of voltage transformers
are connected phase-to-neutral, or phase-to-phase, or phase-to-earth. Information would be
needed about how this choice affects non steady-state measurements.
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A.8 Magnetic cores — three-phase systems

In some applications around the world, three single-phase voltage transformers are used (that
is, the transformers have independent, isolated magnetic cores). In other applications, a
three-phase voltage transformer is used (that is, the transformer has a single magnetic core
that is shared by multiple voltage measurement circuits). Information is needed about the
effects this choice has on non-steady-state measurements, especially measurements of
negative-sequence unbalance and zero-sequence unbalance, and measurements of dips and
swells with abrupt phase shifts.

A.9 Fake dips

Mainly in neutral insulated networks, due to manoeuvres or earth faults, phase to ground
voltages may present a unidirectional component due to line capacitances charge and
discharge. Inductive instrument transformers connected between phase and earth are
supplied by a voltage having a unidirectional component, which could saturate their magnetic
core. Secondary signals, due to saturation, show fake voltage dips, not really present in MV
grid. Calculation algorithms are currently being investigated in order to allow recognition of
fake dips from instrument transformers secondary signal wave jj) (see Figure A.1).
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Figure A.1 — Examples of “fake dips”, transients recorded at the secondary winding of
MV voltage transformers due to voltage transformers saturation (courtesy of Italian
distribution network monitoring system- QUEEN)
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Annex B

Transformer classes

B.1 General

A definition of different classes of transformers regarding their frequency answer could be
very useful for manufacturers, in order to allow customers to choose instrument transformers
consistent with the application foreseen and with the instrument chosen.

In the following, an example of classification architecture is shown, shared with PQ
measurement instruments experts.

NOTE At present, the classification proposed is not consistent with the requirements given, for example, in
IEC 60044-8:2002. It is just a first attempt to give an example of classification showing the point of view of PQ
measurement instruments experts, in order to help the relevant IEC Technical Committees to develop a common
point of view; further data and, moreover, further work are needed in order to develop a shared view and to
provide, in the future, suitable requirements.

B.2 Classification criteria for PQ application

See Table B.1.

Classification should include current and voltage transformers.
4 |T classes for PQ measurement should be foreseen.

For each class all parameters should be defined, testing all parameters against influence
guantities.

Lowest class: low performance
Highest class: high performance, at the edge for the present technology

IT PQ classes:

e IT-PQ1 (VT-PQ1, CT-PQ1)
e IT-PQ2 (VT-PQ2, CT-PQ2)
e IT-PQ3 (VT-PQ3, CT-PQ3)
e IT-PQ4 (VT-PQ4, CT-PQ4)

All parameters measured with IT are with carrier frequency 50/60Hz. This is important to know
when testing some parameters like dips, swells, interruptions and flickers (amplitude
modulation).

Tests should be done on all existing types of voltage / current transformers listed in this
document.

According to the tests, the best types of IT should be selected for PQ measurements.

Limits for uncertainty/error limits in test tables are written according to the available normative
documents. The criterion was that the error limits should be more or less the same as the
identical limits from |EC 61000-4-30:2008 for PQ meters. But if, looking in normative
documents for IT, this was impossible to achieve, the limits were adjusted to the best
performance from those documents. All uncertainty limits should be checked by the experts,
compared with the conducted test results and corrected in tables.
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Table B.1 — Example of test table with possible main requirements for accuracy tests

Section and . . Influence Quantity
Parameter Class Measurement Method Uncertainty Measuring range range
. r.m.s. value of the voltage
Magnitude of PQ1 magnitude over a 10/12 +0,1 % Unom 5 %~150 % Unom 5 %~150 % Unom
voltage at cycles
f“f”dame”ta' PQ2 same +0.2 % Unom 5 %-~150 % Unom 5 %-~150 % Unom
(50160 112 PQ3 same + 0,5 % Unom 5 9%~150 % Unom 5 9%~150 % Unom
PQ4 same +1,0 % Unom 5 %~150 % Unom 5 %~150 % Unom
Phase- PQ1 To be defined +5 min 5 %~150 % Unom
displacement [ pQ2 To be defined +10 min 5 %~150 % Unom
of PQ3 To be defined + 25 min 5 %~150 % Unom
fundamental To be defined
fg%f/lélgr:_'cy PQ4 +50 min 5 %~150 % Unom
z
Magnitude of PQ1 To be defined +5 % Um 1 %~10 % Unom
voltage with PQ2 To be defined +10 % Um 1 %~10 % Unom
fre((})t:_len;:ies* PQ3 To be defined
zto :
0,99fn PQ4 To be defined
5% Um nd th . nd th .
IEC 61000-4-7:2002 or 2 10150 0}-Iabrmonlc 1 2 t1005°/ Earmonlc
PO1 Class I. IEC 61000-4- i, (010 % Unom. " nooom
X 6 to50" Harmonic 1 6 to 50" Harmonic
7:2002 Class |
’ to 5 % Unom 5 % Unom
Magnitude of
harmonic 10 % Um nd th ] nd th :
voltage 2" IEC 61000-4-7:2002 or 27 lo5 Hammonic 1 | 20 % armonic
to 50" PQ2 Class Il 200 % IEC 61000~ | a0 20,7 Unom " noom
4.7:2002 Class Il 6 to 50" Harmonic 1 6 to 50 Harmonic
’ to 5 % Unom 5 % Unom
PQ3 To be defined
PQ4 To be defined
To be defined 2" to 5™ Harmonic 1
to 10 % Unom
PQ1 + 5° th th .
6" to 50" Harmonic
g Plhase 1-5 % Unom
é?%:fmeglrizt To be defined 2" to 5™ Harmonic 1
hd R to 10 % Unom
vo:gaggmz PQ2 +10 6" to 50" Harmonic 1
to 5 % Unom
PQ3 To be defined
PQ4 To be defined
2""to 5™ Harmonic
5% Um o nd th .
IEC 61000-4-7:2002 or subgroupd to 10 % sEbg:gu5p anmonic
PQ1 Class I. IEC 61000-4- gth 50" H . gt 50" H .
7:2002 Class | to armonic to armonic
’ subgroup 1to 5 % subgroup 5 % Unom
Magnitude of Unom
interharmoni 10 % Um 2" to 5™ Harmonic
c voltag?hz"d IEC 61000-4-7:2002 or subgroup 1 to 10 % 2" to 5™ Harmonic
: 0,
050 PQ2 Class Il 200 % IEC 61000- 6" to Sg'?OHrgrmonic Sg'ira‘%:)ogg'hlaa/:muor:ﬁ?
4-7:2002 Class I subgroup 1to 5 % subgroup 5 % Unom
Unom
PQ3 To be defined
PQ4 To be defined
To be defined 2" to 5™ Harmonic 1
to 10 % Unom
PQ1 + 50 th th .
Phase 6" to 50" Harmonic 1
displacement to 5 % Unom
of To be defined 2" to 5™ Harmonic 1
i i to 10 % Unom
Lnfl%rl?:;g:gm PQ2 +10° 6" to 50" I(ilarmonic 1
to 50" to 5 % Unom
PQ3 To be defined
PQ4 To be defined
Magnitude of PQ1 To be defined +10 % Um 1to 5 % Unom 5 % Unom
harmonic PQ2 To be defined +20 % Um 1to5 % Unom 5 % Unom
voltage 50 PQ3 To be defined
to 250 kHz* PQ4 To be defined
PQ1 To be defined ? 1to5 % Unom
Phase PQ2 To be defined ? 1to5 % Unom
displacement PQ3 To be defined ?
of harmonic PQ4 To be defined ?
voltage SOt: PQ2 To be defined To be defined
to 250 kHz PQ3 To be defined To be defined
PQ4 To be defined To be defined
® For special transducer types only.

uld usym pajjonuooun ‘panwiad si uonnguUIsIp 1o uonanpoidal Jayluny ON UoSIpeN sawer AQ #T0Z-8Z-A0N U0 PapeOojuMOP ‘W09°18311syda)suonduasgns auj ‘(d41uaIos) sisinay uoswoyl Aq owsag yg 01 pasusdl| eusrew pajybkdod



TR 61869-103 © IEC:2012(E) -81-
Bibliography
a) Cataliotti, D. Di Cara, A. E. Emanuel, S. Nuccio “A Novel Approach to Current

b)

c)

d)

f)

9)

h)

p)

a)

Transformer Characterization in the Presence of Harmonic Distortion” IEEE
Transactions on Instrumentation and Measurement, vol. 58, no. 5, May 2009

CIGRE Study Committee A3"State of the Art of Instrument Transformers” - Brochure
394, October 2009

D.A. Douglass, “Potential Transformer Accuracy at 60HZ Voltages Above and Below
Rating and at Frequencies Above 60 Hz”, IEEE Transactions on Power Apparatus and
Systems, vol.PAS-100, no.3, pp.1370-1375, March 1981

J. Arrillaga, N.R. Watson: “Power System Harmonics”, John Wiley & Sons Ltd.,
Chichester 2003.

Seljeseth, H.; Saethre, E.A.; Ohnstad, T.; Lien, I., “Voltage transformer frequency
response. Measuring harmonics in Norwegian 300 kV and 132 kV power systems,”
Proceedings of the 8" International Conference on Harmonics And Quality of Power,
1998., vol.2, pp.820-824 vol.2, 14-18 Oct 1998

Meliopoulos, A.P.S.; Zhang, F.; Zelingher, S.; Stillman, G.; Cokkinides, G.J.; Coffeen,
L.; Burnett, R.; McBride, J., “Transmission level instrument transformers and transient
event recorders characterization for harmonic measurements,” IEEE Transactions on
Power Delivery vol.8, no.3, pp.1507-1517, July 1993

CIGRE WGO05 SC36 Report “Transformers and Instruments for Measuring Harmonics”,
ELECTRA n. 124, May 1989

IEC 61000-4-30:2008 Electromagnetic compatibility (EMC): Testing and measurement
techniques - Power quality measurement methods

IEC 61557-12:2007 Electrical safety in low voltage distribution systems up to 1 000 V
a.c. and 1 500 V d.c. - Equipment for testing, measuring or monitoring of protective
measures - Part 12: Performance measuring and monitoring devices (PMD)

K. Debnath “Accuracy of Distribution Current Transformers under Non-Sinusoidal
Excitation”, Proceedings of AUPEC99

IEEE Standard C57.13-1993: IEEE Standard Requirements for Instrument
Transformers

Emanuel, A.E.; Orr, J.A., “Current Harmonics Measurement by Means of Current
Transformers” IEEE Transactions on Power Delivery, vol.22, no.3, pp.1318-1325, July
2007

V.J. Gosbell and G.J. Sanders, “Frequency Response of distribution CTs”,
Proceedings of AUPEC96, pp. 77-82

D.A. Douglass, “Current Transformer Accuracy with Asymmetric and High Frequency
Fault Currents,” IEEE Transactions on Power Apparatus and Systems, vol.PAS-100,
no.3, pp.1006-1012, March 1981

J. 1. Juvik, “Full Scale Frequency Response Calibration of CT”, Proceedings of the
XIVth International Symposium on High Voltage Engineering Tsinghua University,
Beijing China August 25-29, 2005

M. Tanaskovic, A. Nabi, S. Misur, P. Diamanti, R. McTaggart “Coupling Capacitor
Voltage Transformers as Harmonic Distortion Monitoring Devices in Transmission
Systems” IPST ‘05 - International Conference on Power Systems Transients, Montreal,
June 19-23, 2005

Vermeulen, H.J.; Davel, P., “Voltage harmonic distortion measurements using
capacitive voltage transformers,” AFRICON, 1996, IEEE 4™ AFRICON, vol.2, pp.1012-
1017 vol.2, 24-27 Sep 1996

Ghassemi, F.; Gale, P.; Cumming, T.; Courts, C.;"Harmonic voltage measurements
using CVTs," Power Engineering Society General Meeting, 2004. IEEE 6-10 June
2004

http://www.bvmsystems.co.uk/Home.html

uld usym pajjonuooun ‘panwiad si uonnguUIsIp 1o uonanpoidal Jayluny ON UoSIpeN sawer AQ #T0Z-8Z-A0N U0 PapeOojuMOP ‘W09°18311syda)suonduasgns auj ‘(d41uaIos) sisinay uoswoyl Aq owsag yg 01 pasusdl| eusrew pajybkdod



)
u)

v)

aa)

bb)

cc)

dd)

ee)

ff)

g9)

hh)

in

kK)

Iy

- 82 - TR 61869-103 © IEC:2012(E)

European Patent EP1295133

CIGRE Study Committee A3"Non Conventional Instrument Transformers” - Brochure to
be published in 2011

R. Gross, H.-J. Hermann, U. Katschinski, P. Menke, A. Ostermeier, J. Schmid, M.
Wache, “Substation Control and Protection Systems for Novel Sensors”, CIGRE
Session 2000, 12/23/34-03, Paris/[FRANCE

Minkner, R.; Schweitzer, E. O.: Low Power Voltage and Current Transducers for
Protecting and Measuring Medium and High Voltage Systems. 26" Western Protective
Relay Conference (WPRC), 25.10.-28.10.1999, Spokane, Washington/USA. Spokane,
Washington/USA: Washington State University — Department of Electrical Engineering,
1999

R. Minkner: “Ein universeller RC-Spannungswandler fir Hochspannungs-
Versorgungsnetze” etz, vol 22/2002, pp 22-29, VDE Verlag

R. Minkner: “ Universeller Ringkern-Stromwandler fir Mess- und Schutzzwecke” etz,
vol 22/2003, pp 2-9, VDE Verlag

M.F.McGranaghan, J.H.Shaw, R.E.Owen, “Measuring Voltage and Current Harmonics
on Distribution Systems,” IEEE Transactions on Power Apparatus and Systems,
vol.PAS-100, no.7, pp.3599-3608, July 1981

Bradley, D.A.; Bodger, P.S.; Hyland, P.R., “Harmonic Response Tests on Voltage
Transducers for the New Zealand Power System,” IEEE Transactions on Power
Apparatus and Systems, vol.PAS-104, no.7, pp.1750-1756, July 1985

Arseneau, R.; Sutherland, M.E.; Zelle, J.J.; Svensson, S., “Comparison of
nonsinusoidal calibration systems at NRC Canada and SP Sweden” IEEE Transactions
on Instrumentation and Measurement, vol.50, no.2, pp.275-277, Apr 2001.

W. C. Sze: “Comparator for Calibration of Inductive Voltage Dividers from 1 to 10 kHz"
ISA Transactions: 6 (263-267) 1967

Stenbakken, G.N.; Nelson, T.L.; Waltrip, T.L.; Bergman, D.l., “NIST program for
traceable power and energy measurements under non-sinusoidal waveform
conditions,” IEEE Power Engineering Society General Meeting, 2003, vol.1, pp.-96
Vol. 1, 13-17 July 2003

J. 1. Juvik, “Reference System for Traceable Calibration of High Current Frequency
Response” Digest of 2004 Conference on Precision Electromagnetic Measurements,
pp.564-565, June 2004

So, E., “Harmonic measurements: current and voltage transducers,” IEEE Power
Engineering Society Summer Meeting, 1999, vol.1, pp.339-340, 18-22 Jul 1999

So, E., “Harmonic measurements: current and voltage transducers,” IEEE Power
Engineering Society General Meeting, 2003, vol.1, p. 98, 13-17 July 2003

So, E.; Bennett, D., “Compact Wideband High-Current (> 1000 A) Multistage Current
Transformers for Precise Measurements of Current Harmonics,” IEEE Transactions on
Instrumentation and Measurement, vol.56, no.2, pp.584-587, April 2007

Wright, Current Transformers, Their Transient and Steady-State Performance. London,
U.K.: Chapman&Hall, 1968.

Chiumeo R., de Nigris M., Garbero L. , Gandolfi C., Tenti L., Carpaneto E.
“Implementation of a New Method for an Improved Voltage Dips Evaluation by the
Italian Power Quality Monitoring System in Presence of VT Saturation Effects”,
International Conference on Renewable Energies and Power Quality (ICREPQ’10)
Granada (Spain), 23" to 25" March, 2010

Vermeulen, H.J.; Dann, L.R.; van Rooijen, J.; , “Equivalent circuit modelling of a
capacitive voltage transformer for power system harmonic frequencies,” IEEE
Transactions on Power Delivery, vol.10, no.4, pp.1743-1749, Oct 1995

Christian Teyssandier “From Current Transformers to Hybrid Sensors, in HV”, Cahier
Technique Merlin Gerin (now Schneider Electric) n° 170

uld usym pajjonuooun ‘panwiad si uonnguUIsIp 1o uonanpoidal Jayluny ON UoSIpeN sawer AQ #T0Z-8Z-A0N U0 PapeOojuMOP ‘W09°18311syda)suonduasgns auj ‘(d41uaIos) sisinay uoswoyl Aq owsag yg 01 pasusdl| eusrew pajybkdod



TR 61869-103 © IEC:2012(E) - 83 -

mm)

nn)
00)
pp)

qq)

rr)

ss)

tt)

uu)

vV)

ww)

XX)

yy)

77)

aaa)

bbb)

ccce)

IEC 61000-4-7:2002, Electromagnetic compatibility (EMC): Testing and measurement
techniques — General guide on harmonics and interharmonics measurements and
instrumentation, for power supply systems and equipment connected thereto

IEC 60044-1:2003, Instrument transformers — Part 1: Current transformers
IEC 60044-2:2003, Instrument transformers — Part 2: Inductive voltage transformers
IEC 60044-5:2004, Instrument transformers — Part 5: Capacitor voltage transformers

IEC 60044-6:1992, Instrument transformers — Part 6: Requirements for protective
current transformers for transient performance

IEC 60044-7:1999, Instrument transformers — Part 7: Instrument transformers:
Electronic voltage transformers

IEC 60044-8:2002, Instrument transformers — Part 8: Instrument transformers:
Electronic current transformers

IEC 61000-2-1:1990, Electromagnetic compatibility (EMC) — Part 2-1: Environment -
Description of the environment — Electromagnetic environment for low-frequency
conducted disturbances and signalling in public power supply systems

IEC 61000-2-2:2002, Electromagnetic compatibility (EMC): Part 2-2: Environment -
Compatibility for low frequency conducted disturbances and signalling in public low-
voltage power supply systems

IEC 61000-4-7:2002, Electromagnetic compatibility (EMC) — Part 4-7: Testing and
measurement techniques - General guide on harmonics and interharmonics
measurements and instrumentation, for power supply systems and equipment
connected thereto

IEC 61000-4-8, Electromagnetic compatibility (EMC) - Part 4-8: Testing and
measurement techniques — Power frequency magnetic field immunity tests

IEC 61000-4-10, Electromagnetic compatibility (EMC) - Part 4-10: Testing and
measurement techniques — Damped oscillatory magnetic field immunity tests

IEC 61000-4-11, Electromagnetic compatibility (EMC) - Part 4-11: Testing and
measurement techniques — Voltage dips, short interruptions and voltage variations
immunity tests

IEC 61000-4-12, Electromagnetic compatibility (EMC) - Part 4-12: Testing and
measurement techniques — Ring wave immunity tests

IEC 61000-4-13, Electromagnetic compatibility (EMC) - Part 4-13: Testing and
measurement techniques — Harmonics and interharmonics including mains signalling
at a.c. power port, low frequency immunity tests

IEC 61000-4-15:2010, Electromagnetic compatibility (EMC) — Part 4-15: Testing and
measuring techniques — Flickermeter — Functional and design specifications

IEC 61000-4-29, Electromagnetic compatibility (EMC) - Part 4-29: Testing and
measurement techniques — Voltage dips, short interruptions and voltage variations on
d.c. input power port immunity tests

uld usym pajjonuooun ‘panwiad si uonnguUIsIp 1o uonanpoidal Jayluny ON UoSIpeN sawer AQ #T0Z-8Z-A0N U0 PapeOojuMOP ‘W09°18311syda)suonduasgns auj ‘(d41uaIos) sisinay uoswoyl Aq owsag yg 01 pasusdl| eusrew pajybkdod



ddd)

eee)

fff)

gg9)

-84 - TR 61869-103 © IEC:2012(E)

IEC 61000-4-30:2008, Electromagnetic compatibility (EMC) — Part 4-30: Testing and
measurement techniques — Power quality measurement methods

IEC 60359:2001, Electrical and electronic measurement equipment — Expression of
performance

IEC 61557-12:2007, Electrical safety in low voltage distribution systems up to 1 000 V
a.c. and 1 500 V d.c. — Equipment for testing, measuring or monitoring of protective
measures — Part 12: Performance measuring and monitoring devices (PMD)

EN 50160:2007, Voltage characteristics of electricity supplied by public distribution
networks

uld usym pajjonuooun ‘panwiad si uonnguUIsIp 1o uonanpoidal Jayluny ON UoSIpeN sawer AQ #T0Z-8Z-A0N U0 PapeOojuMOP ‘W09°18311syda)suonduasgns auj ‘(d41uaIos) sisinay uoswoyl Aq owsag yg 01 pasusdl| eusrew pajybkdod



Copyrighted material licensed to BR Demo by Thomson Reuters (Scientific), Inc., subscriptions.techstreet.com, downloaded on Nov-28-2014 by James Madison. No further reproduction or distribution is permitted. Uncontrolled when print



Copyrighted material licensed to BR Demo by Thomson Reuters (Scientific), Inc., subscriptions.techstreet.com, downloaded on Nov-28-2014 by James Madison. No further reproduction or distribution is permitted. Uncontrolled when print

ELECTROTECHNICAL
COMMISSION
+412291902 11

Fax: + 41 22 919 03 00

INTERNATIONAL
info@iec.ch
www.iec.ch

3, rue de Varembé

PO Box 131
CH-1211 Geneva 20

Switzerland

Tel:



	CONTENTS
	\376\377�F�O�R�E�W�O�R�D
	\376\377�1� �S�c�o�p�e
	\376\377�2� �N�o�r�m�a�t�i�v�e� �r�e�f�e�r�e�n�c�e�s
	\376\377�3� �T�e�r�m�s� �a�n�d� �d�e�f�i�n�i�t�i�o�n�s
	\376\377�4� �N�a�t�u�r�e� �o�f� �t�h�e� �p�r�o�b�l�e�m
	\376\377�5� �P�o�w�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �a�c�c�o�r�d�i�n�g� �t�o� �I�E�C�\240�6�1�0�0�0�-�4�-�3�0�:�2�0�0�8
	\376\377�5�.�1� �G�e�n�e�r�a�l
	\376\377�5�.�2� �P�o�w�e�r� �q�u�a�l�i�t�y� �m�e�a�s�u�r�e�m�e�n�t� �c�h�a�i�n
	\376\377�5�.�3� �S�i�g�n�a�l� �p�r�o�c�e�s�s�i�n�g� �a�c�c�o�r�d�i�n�g� �t�o� �I�E�C�\240�6�1�0�0�0�-�4�-�3�0�:�2�0�0�8
	\376\377�5�.�4� �P�o�w�e�r� �f�r�e�q�u�e�n�c�y
	\376\377�5�.�5� �M�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�u�p�p�l�y� �v�o�l�t�a�g�e
	\376\377�5�.�6� �F�l�i�c�k�e�r
	\376\377�5�.�7� �S�u�p�p�l�y� �v�o�l�t�a�g�e� �d�i�p�s� �a�n�d� �s�w�e�l�l�s
	\376\377�5�.�8� �V�o�l�t�a�g�e� �i�n�t�e�r�r�u�p�t�i�o�n�s
	\376\377�5�.�9� �T�r�a�n�s�i�e�n�t� �v�o�l�t�a�g�e�s
	\376\377�5�.�1�0� �S�u�p�p�l�y� �v�o�l�t�a�g�e� �u�n�b�a�l�a�n�c�e
	\376\377�5�.�1�1� �V�o�l�t�a�g�e� �h�a�r�m�o�n�i�c�s
	\376\377�5�.�1�2� �V�o�l�t�a�g�e� �i�n�t�e�r�-�h�a�r�m�o�n�i�c�s
	\376\377�5�.�1�3� �M�a�i�n�s� �S�i�g�n�a�l�l�i�n�g� �V�o�l�t�a�g�e�s� �o�n� �t�h�e� �s�u�p�p�l�y� �v�o�l�t�a�g�e
	\376\377�5�.�1�4� �R�a�p�i�d� �v�o�l�t�a�g�e� �c�h�a�n�g�e�s
	\376\377�5�.�1�5� �M�e�a�s�u�r�e�m�e�n�t� �o�f� �u�n�d�e�r�d�e�v�i�a�t�i�o�n� �a�n�d� �o�v�e�r�d�e�v�i�a�t�i�o�n� �p�a�r�a�m�e�t�e�r�s
	\376\377�5�.�1�6� �S�u�m�m�a�r�y� �o�f� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t�s� �p�l�a�c�e�d� �b�y� �t�h�e� �m�e�a�s�u�r�e� �o�f� �p�o�w�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s

	\376\377�6� �I�m�p�a�c�t� �o�f� �i�n�s�t�r�u�m�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�s� �o�n� �P�Q� �m�e�a�s�u�r�e�m�e�n�t
	\376\377�6�.�1� �G�e�n�e�r�a�l
	\376\377�6�.�2� �I�n�d�u�c�t�i�v�e� �i�n�s�t�r�u�m�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�s
	\376\377�6�.�2�.�1� �I�n�d�u�c�t�i�v�e� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r�s
	\376\377�6�.�2�.�2� �I�n�d�u�c�t�i�v�e� �C�T�s

	\376\377�6�.�3� �C�a�p�a�c�i�t�i�v�e� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r�s� �(�C�V�T�s�)
	\376\377�6�.�3�.�1� �S�t�a�n�d�a�r�d� �a�p�p�l�i�c�a�t�i�o�n
	\376\377�6�.�3�.�2� �S�p�e�c�i�a�l� �m�e�a�s�u�r�e�m�e�n�t� �t�e�c�h�n�i�q�u�e�s

	\376\377�6�.�4� �E�l�e�c�t�r�o�n�i�c� �i�n�s�t�r�u�m�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�s
	\376\377�6�.�4�.�1� �G�e�n�e�r�a�l
	\376\377�6�.�4�.�2� �C�o�m�m�o�n� �a�c�c�u�r�a�c�y� �c�l�a�s�s�e�s
	\376\377�6�.�4�.�3� �E�l�e�c�t�r�o�n�i�c� �V�T�s
	\376\377�6�.�4�.�4� �E�l�e�c�t�r�o�n�i�c� �C�T�s


	\376\377�7� �T�e�s�t�s� �f�o�r� �p�o�w�e�r� �q�u�a�l�i�t�y
	\376\377�7�.�1� �T�e�s�t� �p�r�o�c�e�d�u�r�e� �f�o�r� �V�T� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e
	\376\377�7�.�2� �T�e�s�t� �s�e�t�-�u�p� �f�o�r� �V�T� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �t�e�s�t
	\376\377�7�.�3� �T�e�s�t� �p�r�o�c�e�d�u�r�e� �f�o�r� �C�T� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� 
	\376\377�7�.�4� �T�e�s�t� �s�e�t�-�u�p� �f�o�r� �C�T� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �t�e�s�t
	\376\377�7�.�5� �S�p�e�c�i�a�l� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� �f�o�r� �t�e�s�t� �o�f� �e�l�e�c�t�r�o�n�i�c� �i�n�s�t�r�u�m�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�s� �w�i�t�h� �d�i�g�i�t�a�l� �o�u�t�p�u�t
	\376\377�7�.�6� �T�e�s�t�s� �f�o�r� �e�l�e�c�t�r�o�n�i�c� �i�n�s�t�r�u�m�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�s� �a�c�c�o�r�d�i�n�g� �t�o� �I�E�C� �S�t�a�n�d�a�r�d� �6�0�0�4�4�-�8
	\376\377�7�.�6�.�1� �T�e�s�t� �a�r�r�a�n�g�e�m�e�n�t� �a�n�d� �t�e�s�t� �c�i�r�c�u�i�t


	\376\377�A�n�n�e�x�\240�A� �I�n�s�t�r�u�m�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�s� �a�n�d� �p�o�w�e�r� �q�u�a�l�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�  �� �o�p�e�n� �i�s�s�u�e�s
	\376\377�A�n�n�e�x�\240�B� �T�r�a�n�s�f�o�r�m�e�r� �c�l�a�s�s�e�s
	\376\377�B�i�b�l�i�o�g�r�a�p�h�y
	Figures
	\376\377�F�i�g�u�r�e� �1�  �� �M�e�a�s�u�r�e�m�e�n�t� �c�h�a�i�n� �(�F�r�o�m� �h�)�,� �m�o�d�i�f�i�e�d�)
	Figure 2 \205 Contribution of instrument transformers in overall measurement uncertainty (from i), modified)
	\376\377�F�i�g�u�r�e� �3�  �� �E�x�a�m�p�l�e� �o�f� �v�o�l�t�a�g�e� �f�l�u�c�t�u�a�t�i�o�n� �c�a�u�s�i�n�g� �f�l�i�c�k�e�r
	\376\377�F�i�g�u�r�e� �4�  �� �D�e�m�o�d�u�l�a�t�i�o�n� �w�i�t�h�i�n� �t�h�e� �I�E�C� �f�l�i�c�k�e�r�m�e�t�e�r
	Figure 5 \205 Example of voltage dip (courtesy of Italian distribution network monitoring system \205 QuEEN)
	Figure 6 \205 Example of voltage interruption (courtesy of Italian distribution network monitoring system \205 QuEEN)
	Figure 7 \205 Example of voltage unbalance (courtesy of Italian distribution network monitoring system- QuEEN)
	\376\377�F�i�g�u�r�e� �8�  �� �E�x�a�m�p�l�e� �o�f� �v�o�l�t�a�g�e� �h�a�r�m�o�n�i�c�s
	Figure 9 \205 Voltage transformer technologies frequency range according to present experience
	Figure 10 \205 Current transformer technologies frequency range according to present experience
	\376\377�F�i�g�u�r�e� �1�1�  �� �E�x�a�m�p�l�e� �o�f� �e�q�u�i�v�a�l�e�n�t� �c�i�r�c�u�i�t� �f�o�r� �a�n� �i�n�d�u�c�t�i�v�e� �v�o�l�t�a�g�e�/�c�u�r�r�e�n�t� �t�r�a�n�s�f�o�r�m�e�r
	Figure 12 \205 Cross-section view of an inductive voltage transformer for voltages over 1 kV and up to 52 kV (courtesy of Schneider Electric)
	Figure 13 \205 Cross-section view of a free standing High Voltage VT(courtesy of Trench Switzerland AG)
	\376\377�F�i�g�u�r�e� �1�4�  �� �F�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �o�f� �a� �t�y�p�i�c�a�l� �i�n�d�u�c�t�i�v�e� �V�T� �4�2�0� �k�V�(�c�o�u�r�t�e�s�y� �o�f� �T�r�e�n�c�h� �S�w�i�t�z�e�r�l�a�n�d� �A�G�)
	\376\377�F�i�g�u�r�e� �1�5�  �� �F�i�r�s�t� �r�e�s�o�n�a�n�c�e� �p�e�a�k� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �s�y�s�t�e�m� �v�o�l�t�a�g�e� �U�m�(�c�o�u�r�t�e�s�y� �o�f� �T�r�e�n�c�h� �S�w�i�t�z�e�r�l�a�n�d� �A�G�)
	\376\377�F�i�g�u�r�e� �1�6�  �� �C�r�o�s�s�-�s�e�c�t�i�o�n� �v�i�e�w� �o�f� �a� �c�u�r�r�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�(�c�o�u�r�t�e�s�y� �o�f� �S�c�h�n�e�i�d�e�r� �E�l�e�c�t�r�i�c�)
	\376\377�F�i�g�u�r�e� �1�7�  �� �R�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�o�r� �a� �2�4�5� �k�V� �C�T� �(�c�o�u�r�t�e�s�y� �o�f� �T�r�e�n�c�h� �S�w�i�t�z�e�r�l�a�n�d� �A�G�)
	\376\377�F�i�g�u�r�e� �1�8�  �� �R�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�o�r� �a� �2�4�5� �k�V� �C�T�:� �d�e�t�a�i�l�(�c�o�u�r�t�e�s�y� �o�f� �T�r�e�n�c�h� �S�w�i�t�z�e�r�l�a�n�d� �A�G�)
	\376\377�F�i�g�u�r�e� �1�9�  �� �C�r�o�s�s�-�s�e�c�t�i�o�n� �v�i�e�w� �o�f� �a� �c�a�p�a�c�i�t�i�v�e� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r�(�C�o�u�r�t�e�s�y� �o�f� �T�r�e�n�c�h� �S�w�i�t�z�e�r�l�a�n�d� �A�G�)
	\376\377�F�i�g�u�r�e� �2�0�  �� �C�V�T�:� �E�q�u�i�v�a�l�e�n�t� �c�i�r�c�u�i�t� �a�t� �p�o�w�e�r� �f�r�e�q�u�e�n�c�y
	\376\377�F�i�g�u�r�e� �2�1�  �� �S�i�m�p�l�i�f�i�e�d� �C�V�T� �T�h�e�v�e�n�i�n� �e�q�u�i�v�a�l�e�n�t� �c�i�r�c�u�i�t�a�t� �p�o�w�e�r� �f�r�e�q�u�e�n�c�y� �w�i�t�h�o�u�t� �c�o�m�p�e�n�s�a�t�i�n�g� �r�e�a�c�t�o�r
	\376\377�F�i�g�u�r�e� �2�2�  �� �S�i�m�p�l�i�f�i�e�d� �C�V�T� �T�h�e�v�e�n�i�n� �e�q�u�i�v�a�l�e�n�t� �c�i�r�c�u�i�t� �a�t� �p�o�w�e�r� �f�r�e�q�u�e�n�c�y
	\376\377�F�i�g�u�r�e� �2�3�  �� �C�o�m�p�l�e�t�e� �C�V�T� �T�h�e�v�e�n�i�n� �e�q�u�i�v�a�l�e�n�t� �c�i�r�c�u�i�t� �a�t� �p�o�w�e�r� �f�r�e�q�u�e�n�c�y
	\376\377�F�i�g�u�r�e� �2�4�  �� �M�e�a�s�u�r�e�m�e�n�t�s� �p�e�r�f�o�r�m�e�d� �b�y� �m�e�a�n�s� �o�f� �a� �C�V�T�w�i�t�h� �h�a�r�m�o�n�i�c� �m�e�a�s�u�r�e�m�e�n�t� �t�e�r�m�i�n�a�l
	\376\377�F�i�g�u�r�e� �2�5�  �� �C�o�m�p�a�r�i�s�o�n� �o�f� �d�i�f�f�e�r�e�n�t� �m�e�a�s�u�r�e�m�e�n�t�s� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �h�a�r�m�o�n�i�c� �m�o�n�i�t�o�r�i�n�g� �t�e�r�m�i�n�a�l� �(�C�o�u�r�t�e�s�y� �o�f� �T�r�e�n�c�h� �S�w�i�t�z�e�r�l�a�n�d� �A�G�,� �b�a�s�e�d� �o�n� �p�)�)
	\376\377�F�i�g�u�r�e� �2�6�  �� �B�a�s�i�c� �d�e�s�i�g�n� �f�o�r� �a� �b�u�l�k� �c�r�y�s�t�a�l� �p�r�o�d�u�c�i�n�g� �a� �P�o�c�k�e�l�s� �E�f�f�e�c�t�(�c�o�u�r�t�e�s�y� �o�f� �A�l�s�t�o�m� �G�r�i�d�)
	\376\377�F�i�g�u�r�e� �2�7�  �� �V�a�r�i�o�u�s� �s�o�l�u�t�i�o�n�s� �t�o� �a�p�p�l�y� �v�o�l�t�a�g�e� �o�n� �t�h�e� �a�c�t�i�v�e� �c�r�y�s�t�a�l
	\376\377�F�i�g�u�r�e� �2�8�  �� �V�a�r�i�o�u�s� �m�e�t�h�o�d�s� �t�o� �d�i�v�i�d�e� �t�h�e� �f�u�l�l� �v�o�l�t�a�g�e� �b�e�f�o�r�e� �a�p�p�l�y�i�n�g� �o�n� �t�h�e� �c�r�y�s�t�a�l
	\376\377�F�i�g�u�r�e� �2�9�  �� �B�a�s�i�c� �d�e�s�i�g�n� �f�o�r� �a� �P�o�c�k�e�l�s� �s�e�n�s�o�r� �(�c�o�u�r�t�e�s�y� �o�f� �A�l�s�t�o�m� �G�r�i�d�)
	\376\377�F�i�g�u�r�e� �3�0�  �� �I�n�d�u�s�t�r�i�a�l� �b�u�l�k� �P�o�c�k�e�l�s� �C�e�l�l� �(�c�o�u�r�t�e�s�y� �o�f� �A�l�s�t�o�m� �G�r�i�d�)
	\376\377�F�i�g�u�r�e� �3�1�  �� �F�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �c�a�l�c�u�l�a�t�i�o�n� �f�o�r� �a�n� �o�p�t�i�c�a�l� �V�T� �(�c�o�u�r�t�e�s�y� �o�f� �A�l�s�t�o�m� �G�r�i�d�)
	\376\377�F�i�g�u�r�e� �3�2�  �� �C�r�o�s�s�-�s�e�c�t�i�o�n� �v�i�e�w� �a�n�d� �e�l�e�c�t�r�i�c�a�l� �s�c�h�e�m�e�o�f� �a� �r�e�s�i�s�t�i�v�e� �v�o�l�t�a�g�e� �d�i�v�i�d�e�r� �(�f�r�o�m� �v�)�)� 
	\376\377�F�i�g�u�r�e� �3�3�  �� �R�a�t�i�o� �e�r�r�o�r� �o�f� �a�n� �M�V� �r�e�s�i�s�t�i�v�e� �d�i�v�i�d�e�r� �(�c�o�u�r�t�e�s�y� �o�f� �T�r�e�n�c�h� �S�w�i�t�z�e�r�l�a�n�d� �A�G�)
	\376\377�F�i�g�u�r�e� �3�4�  �� �P�h�a�s�e� �e�r�r�o�r� �o�f� �M�V� �r�e�s�i�s�t�i�v�e� �d�i�v�i�d�e�r� �(�c�o�u�r�t�e�s�y� �o�f� �T�r�e�n�c�h� �S�w�i�t�z�e�r�l�a�n�d� �A�G�)
	\376\377�F�i�g�u�r�e� �3�5�  �� �E�l�e�c�t�r�i�c�a�l� �s�c�h�e�m�e� �o�f� �a� �c�a�p�a�c�i�t�i�v�e� �v�o�l�t�a�g�e� �d�i�v�i�d�e�r
	\376\377�F�i�g�u�r�e� �3�6�  �� �E�q�u�i�v�a�l�e�n�t� �c�i�r�c�u�i�t� �o�f� �a�n� �R�C� �v�o�l�t�a�g�e� �d�i�v�i�d�e�r� �(�f�r�o�m� �w�)�,� �x�)�)
	\376\377�F�i�g�u�r�e� �3�7�  �� �E�q�u�i�v�a�l�e�n�t� �c�i�r�c�u�i�t� �o�f� �a� �b�a�l�a�n�c�e�d� �R�C� �v�o�l�t�a�g�e� �d�i�v�i�d�e�r� �(�f�r�o�m� �x�)�)
	\376\377�F�i�g�u�r�e� �3�8�  �� �F�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �o�f� �a�n� �R�C� �v�o�l�t�a�g�e� �d�i�v�i�d�e�r�(�c�o�u�r�t�e�s�y� �o�f� �T�r�e�n�c�h� �S�w�i�t�z�e�r�l�a�n�d� �A�G�)
	\376\377�F�i�g�u�r�e� �3�9�  �� �M�e�a�s�u�r�e�m�e�n�t�s� �d�o�n�e� �o�n� �a�n� �R�C� �v�o�l�t�a�g�e� �d�i�v�i�d�e�r� �w�i�t�h� �a� �v�o�l�t�a�g�e� �l�e�v�e�l� �o�f� �1�4�5� �k�V� �w�i�t�h� �a� �c�a�b�l�e� �l�e�n�g�t�h� �o�f� �1�5�0� �m� �(�c�o�u�r�t�e�s�y� �o�f� �T�r�e�n�c�h� �S�w�i�t�z�e�r�l�a�n�d� �A�G�)
	\376\377�F�i�g�u�r�e� �4�0�  �� �P�r�i�n�c�i�p�l�e� �o�f� �o�p�t�i�c�a�l� �C�T� �m�e�a�s�u�r�e�m�e�n�t� �(�f�r�o�m� �v�)�)� 
	\376\377�F�i�g�u�r�e� �4�1�  �� �P�r�i�n�c�i�p�l�e� �o�f� �o�p�t�i�c�a�l� �C�T� �m�e�a�s�u�r�e�m�e�n�t� �(�C�o�u�r�t�e�s�y� �o�f� �A�l�s�t�o�m� �G�r�i�d�)
	\376\377�F�i�g�u�r�e� �4�2�  �� �F�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �c�a�l�c�u�l�a�t�i�o�n� �f�o�r� �a�n� �o�p�t�i�c�a�l� �C�T�(�C�o�u�r�t�e�s�y� �o�f� �A�l�s�t�o�m� �G�r�i�d�)
	\376\377�F�i�g�u�r�e� �4�3�  �� �T�y�p�i�c�a�l� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �a� �L�P�C�T�(�C�o�u�r�t�e�s�y� �o�f� �T�r�e�n�c�h� �S�w�i�t�z�e�r�l�a�n�d� �A�G�)
	\376\377�F�i�g�u�r�e� �4�4�  �� �E�q�u�i�v�a�l�e�n�t� �c�i�r�c�u�i�t� �f�o�r� �a� �R�o�g�o�w�s�k�i� �c�o�i�l�s� �(�C�o�u�r�t�e�s�y� �o�f� �A�l�s�t�o�m� �G�r�i�d�)�)
	\376\377�F�i�g�u�r�e� �4�5�  �� �E�l�e�c�t�r�i�c�a�l� �s�c�h�e�m�e� �a�n�d� �p�i�c�t�u�r�e� �o�f� �a� �R�o�g�o�w�s�k�i� �c�u�r�r�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�(�C�o�u�r�t�e�s�y� �o�f� �A�l�s�t�o�m� �G�r�i�d�)
	\376\377�F�i�g�u�r�e� �4�6�  �� �E�l�e�c�t�r�i�c�a�l� �s�c�h�e�m�e� �o�f� �a� �s�h�u�n�t� �c�u�r�r�e�n�t� �m�e�a�s�u�r�e�m�e�n�t�(�C�o�u�r�t�e�s�y� �o�f� �A�l�s�t�o�m� �G�r�i�d�)
	\376\377�F�i�g�u�r�e� �4�7�  �� �S�h�u�n�t� �f�o�r� �D�C� �a�p�p�l�i�c�a�t�i�o�n� �(�C�o�u�r�t�e�s�y� �o�f� �A�l�s�t�o�m� �G�r�i�d�)
	\376\377�F�i�g�u�r�e� �4�8�  �� �E�q�u�i�v�a�l�e�n�t� �c�i�r�c�u�i�t� �f�o�r� �a� �c�o�m�p�e�n�s�a�t�e�d� �s�h�u�n�t
	\376\377�F�i�g�u�r�e� �4�9�  �� �T�h�e�o�r�e�t�i�c� �p�o�s�s�i�b�l�e� �b�a�n�d�w�i�d�t�h� �o�f� �a� �s�h�u�n�t� �5� �k�A� �/�1�5�0� �m�V�(�C�o�u�r�t�e�s�y� �o�f� �A�l�s�t�o�m� �G�r�i�d�)
	\376\377�F�i�g�u�r�e� �5�0�  �� �H�a�l�l� �E�f�f�e�c�t� �S�e�n�s�o�r
	\376\377�F�i�g�u�r�e� �5�1�  �� �H�a�l�l� �E�f�f�e�c�t� �S�e�n�s�o�r� �(�C�o�u�r�t�e�s�y� �o�f� �S�c�h�n�e�i�d�e�r� �E�l�e�c�t�r�i�c�  �� �F�r�o�m� �l�l�)�)
	\376\377�F�i�g�u�r�e� �5�2�  �� �H�a�l�l� �E�f�f�e�c�t� �S�e�n�s�o�r� �(�C�o�u�r�t�e�s�y� �o�f� �S�c�h�n�e�i�d�e�r� �E�l�e�c�t�r�i�c�  �� �F�r�o�m� �l�l�)�)
	\376\377�F�i�g�u�r�e� �5�3�  �� �T�e�s�t� �c�i�r�c�u�i�t� �f�o�r� �V�T� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �t�e�s�t
	\376\377�F�i�g�u�r�e� �5�4�  �� �T�e�s�t� �c�i�r�c�u�i�t� �f�o�r� �V�T� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �t�e�s�t
	\376\377�F�i�g�u�r�e� �5�5�  �� �T�e�s�t� �c�i�r�c�u�i�t� �f�o�r� �C�T� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �t�e�s�t
	\376\377�F�i�g�u�r�e� �5�6�  �� �T�e�s�t� �c�i�r�c�u�i�t� �f�o�r� �C�T� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e� �t�e�s�t
	\376\377�F�i�g�u�r�e� �5�7�  �� �T�e�s�t� �s�e�t�-�u�p� �f�o�r� �e�l�e�c�t�r�o�n�i�c� �i�n�s�t�r�u�m�e�n�t�c�u�r�r�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�s� �w�i�t�h� �d�i�g�i�t�a�l� �o�u�t�p�u�t
	\376\377�F�i�g�u�r�e� �5�8�  �� �T�e�s�t� �s�e�t�-�u�p� �f�o�r� �e�l�e�c�t�r�o�n�i�c� �c�u�r�r�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�s� �w�i�t�h� �a�n�a�l�o�g�u�e� �o�u�t�p�u�t
	\376\377�F�i�g�u�r�e� �A�.�1�  �� �E�x�a�m�p�l�e�s� �o�f�  ˝�f�a�k�e� �d�i�p�s ˛�,� �t�r�a�n�s�i�e�n�t�s� �r�e�c�o�r�d�e�d� �a�t� �t�h�e� �s�e�c�o�n�d�a�r�y� �w�i�n�d�i�n�g� �o�f� �M�V� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r�s� �d�u�e� �t�o� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r�s� �s�a�t�u�r�a�t�i�o�n� �(�c�o�u�r�t�e�s�y� �o�f� �I�t�a�l�i�a�n� �d�i�s�t�r�i�b�u�t�i�o�n� �n�e�t�w�o�r�k� �m�o�n�i�t�o�r�i�n�g� �s�y�s�t�e�m�-� �Q�u�E�E�N�)

	Tables
	\376\377�T�a�b�l�e� �1�  �� �P�o�w�e�r� �q�u�a�l�i�t�y� �d�i�s�t�u�r�b�a�n�c�e�s� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t� �i�n�t�e�r�v�a�l� �a�s� �p�e�r� �I�E�C�\240�6�1�0�0�0�-�4�-�3�0�:�2�0�0�8
	\376\377�T�a�b�l�e� �2�  �� �T�r�a�n�s�f�o�r�m�e�r� �p�a�r�a�m�e�t�e�r�s� �i�n�f�l�u�e�n�c�i�n�g� �p�o�w�e�r� �q�u�a�l�i�t�y� �m�e�a�s�u�r�e�m�e�n�t
	\376\377�T�a�b�l�e� �3�  �� �M�a�i�n� �c�o�m�p�o�n�e�n�t�s� �o�f� �a�n� �i�n�d�u�c�t�i�v�e� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r�f�o�r� �v�o�l�t�a�g�e�s� �o�v�e�r� �1� �k�V� �a�n�d� �u�p� �t�o� �5�2� �k�V
	\376\377�T�a�b�l�e� �4�  �� �I�n�d�u�c�t�i�v�e� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r�s� �f�o�r� �v�o�l�t�a�g�e�s� �o�v�e�r� �1� �k�V� �a�n�d� �u�p�t�o� �5�2� �k�V�:� �i�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �P�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �5�  �� �I�n�d�u�c�t�i�v�e� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r�s� �f�o�r� �v�o�l�t�a�g�e�s� �o�v�e�r� �5�2� �k�V� �a�n�d� �u�p� �t�o� �1� �1�0�0� �k�V�:� �i�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �6�  �� �M�a�i�n� �c�o�m�p�o�n�e�n�t�s� �o�f� �a�n� �i�n�d�u�c�t�i�v�e� �c�u�r�r�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�f�o�r� �v�o�l�t�a�g�e�s� �o�v�e�r� �1� �k�V� �u�p� �t�o� �5�2� �k�V
	\376\377�T�a�b�l�e� �7�  �� �I�n�d�u�c�t�i�v�e� �C�T�s� �f�o�r� �v�o�l�t�a�g�e�s� �o�v�e�r� �1� �k�V� �u�p� �t�o� �5�2� �k�V�:�i�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �8�  �� �M�a�i�n� �c�o�m�p�o�n�e�n�t�s� �o�f� �a�n� �i�n�d�u�c�t�i�v�e� �c�u�r�r�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�f�o�r� �v�o�l�t�a�g�e�s� �a�b�o�v�e� �5�2� �k�V� �u�p� �t�o� �1� �1�0�0� �k�V
	\376\377�T�a�b�l�e� �9�  �� �I�n�d�u�c�t�i�v�e� �C�T�s� �f�o�r� �v�o�l�t�a�g�e�s� �o�v�e�r� �5�2� �k�V� �u�p� �t�o� �1� �1�0�0� �k�V�:�i�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �1�0�  �� �C�a�p�a�c�i�t�i�v�e� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r�s�:� �i�m�p�a�c�t�o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �1�1�  �� �C�a�p�a�c�i�t�i�v�e� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r� �w�i�t�h� �h�a�r�m�o�n�i�c� �m�e�a�s�u�r�e�m�e�n�t�t�e�r�m�i�n�a�l�:� �i�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �1�2�  �� �C�a�p�a�c�i�t�i�v�e� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r� �w�i�t�h� �a�d�d�i�t�i�o�n�a�l� �e�q�u�i�p�m�e�n�t� �f�o�r� �P�Q� �m�e�a�s�u�r�e�m�e�n�t�:� �i�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �1�3�  �� �A�c�c�u�r�a�c�y� �c�l�a�s�s�e�s� �f�o�r� �p�o�w�e�r� �m�e�t�e�r�i�n�g
	\376\377�T�a�b�l�e� �1�4�  �� �A�c�c�u�r�a�c�y� �c�l�a�s�s�e�s� �f�o�r� �p�o�w�e�r� �q�u�a�l�i�t�y� �m�e�t�e�r�i�n�g
	\376\377�T�a�b�l�e� �1�5�  �� �O�p�t�i�c�a�l� �v�o�l�t�a�g�e� �t�r�a�n�s�f�o�r�m�e�r�:� �i�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �1�6�  �� �M�V� �r�e�s�i�s�t�i�v�e� �d�i�v�i�d�e�r�:� �i�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �1�7�  �� �C�a�p�a�c�i�t�i�v�e� �v�o�l�t�a�g�e� �d�i�v�i�d�e�r�s�:� �i�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �1�8�  �� �R�C� �v�o�l�t�a�g�e� �d�i�v�i�d�e�r�:� �i�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �1�9�  �� �O�p�t�i�c�a�l� �c�u�r�r�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�:� �I�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �2�0�  �� �M�a�i�n� �c�o�m�p�o�n�e�n�t�s� �o�f� �L�P�C�T�s
	\376\377�T�a�b�l�e� �2�1�  �� �M�a�i�n� �c�o�m�p�o�n�e�n�t�s� �o�f� �R�o�g�o�w�s�k�i� �s�e�n�s�o�r�s
	\376\377�T�a�b�l�e� �2�2�  �� �R�o�g�o�w�s�k�i� �c�u�r�r�e�n�t� �t�r�a�n�s�f�o�r�m�e�r�:� �I�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s�o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �2�3�  �� �S�h�u�n�t�:� �I�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �2�4�  �� �H�a�l�l� �e�f�f�e�c�t� �s�e�n�s�o�r�:� �I�m�p�a�c�t� �o�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �P�Q� �p�a�r�a�m�e�t�e�r�s
	\376\377�T�a�b�l�e� �2�5�  �� �P�o�w�e�r� �q�u�a�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �a�n�d� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �C�T� �a�n�d� �V�T
	\376\377�T�a�b�l�e� �2�6�  �� �T�e�s�t� �c�u�r�r�e�n�t�s� �a�n�d� �v�o�l�t�a�g�e�s� �f�o�r� �t�h�e� �c�o�m�m�o�n� �a�c�c�u�r�a�c�y� �c�l�a�s�s�e�s
	\376\377�T�a�b�l�e� �2�7�  �� �T�e�s�t� �c�u�r�r�e�n�t�s� �a�n�d� �v�o�l�t�a�g�e�s� �f�o�r� �s�p�e�c�i�a�l� �a�c�c�u�r�a�c�y� �c�l�a�s�s�e�s
	\376\377�T�a�b�l�e� �B�.�1�  �� �E�x�a�m�p�l�e� �o�f� �t�e�s�t� �t�a�b�l�e� �w�i�t�h� �p�o�s�s�i�b�l�e� �m�a�i�n� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �a�c�c�u�r�a�c�y� �t�e�s�t�s


