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DISTRIBUTED ENERGY RESOURCES CONNECTION WITH THE GRID -

Part 41: Requirements for frequency measurement used to control
distributed energy resources (DER) and loads
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FOREWORD

E International Electrotechnical Commission (IEC) is a worldwide organization for standardization-com
national electrotechnical committees (IEC National Committees). The object of IEC is to promote‘intern
operation on all questions concerning standardization in the electrical and electronic fields. To this e
hddition to other activities, IEC publishes International Standards, Technical Specificationsy/Technical R4
blicly Available Specifications (PAS) and Guides (hereafter referred to as "IECOPwublication(s)").
paration is entrusted to technical committees; any IEC National Committee interestéed in the subject des
y participate in this preparatory work. International, governmental and non-goverpmental organizations |
h the IEC also participate in this preparation. IEC collaborates closely with the International Organizat
hindardization (ISO) in accordance with conditions determined by agreementbétween the two organizat

e formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intern
hsensus of opinion on the relevant subjects since each technical £Lommittee has representation fr
brested IEC National Committees.

C Publications have the form of recommendations for internatiohal use and are accepted by IEC N
mmittees in that sense. While all reasonable efforts are made to ensure that the technical content
blications is accurate, IEC cannot be held responsible _for)the way in which they are used or fi
binterpretation by any end user.

order to promote international uniformity, IEC National' Committees undertake to apply IEC Publig
hsparently to the maximum extent possible in their natiohal and regional publications. Any divergence b4
IEC Publication and the corresponding national ot’regional publication shall be clearly indicated in the

N

C itself does not provide any attestation of conformity. Independent certification bodies provide conf
Eessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible f
vices carried out by independent certification bodies.

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

liability shall attach to IEC or its/directors, employees, servants or agents including individual exper
mbers of its technical committeés)and IEC National Committees for any personal injury, property dam
er damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee
benses arising out of the publication, use of, or reliance upon, this IEC Publication or any othd
blications.

ention is drawn to the)Normative references cited in this publication. Use of the referenced publicat
ispensable for the  carrect application of this publication.

C draws attention 'to the possibility that the implementation of this document may involve the use
ent(s). IEC4akes no position concerning the evidence, validity or applicability of any claimed patent ri
pect theréof, ‘As of the date of publication of this document, IEC had not received notice of (a) patent(s),
y be reguired to implement this document. However, implementers are cautioned that this may not rep|

latest information, which may be obtained from the patent database available at https://patents.iec.c
bll<qot be held responsible for identifying any or all such patent rights.
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IEC TS 62786-41 has been prepared by IEC technical committee 8: System aspects of electrical
energy supply. It is a Technical Specification.

The text of this Technical Specification is based on the following documents:

Draft Report on voting

8/1649/DTS 8/1661/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Specification is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

It has been developed as part of measurement series together with IEC TS 62786-42 on voltage
measurement.

A list of all parts in the IEC 62786 series, published under the general title Distributed energy
resources connection with the grid, can be found on the IEC website.

The gommittee has decided that the contents of this document will remain unchanged_un{il the
stability date indicated on the IEC website under webstore.iec.ch in the data related tp the
specific document. At this date, the document will be
e regconfirmed,

e wjthdrawn,

e regplaced by a revised edition, or

e amended.

IMPIORTANT — The "colour inside" logo on the cover page of this document indicates
thaf it contains colours which are considered to be useful for the correct understanding
of its contents. Users should therefore print thisi{document using a colour printer.
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DISTRIBUTED ENERGY RESOURCES CONNECTION WITH THE GRID -

Part 41: Requirements for frequency measurement used to control
distributed energy resources (DER) and loads

1 Scope

This Eart of IEC 62786, which is a Technical Specification, defines minimum requiremen’ts for

frequ
resoy

This
meas
and

It deq
the in

This
of frg
DER,
parts
for ph
(EES

This
conn

This
of frg
asso
mech

Freqliency and rate of ¢hange of frequency measurements associated with time stampin

not
IEC ¢

Freqliency andjrate of change of frequency measurements associated with protection fung

or pr
cove

ncy and rate of change of frequency measurements used to control distributed, e
rces (DER) and loads connected to electrical power networks.

document specifies the characteristics of frequency and rate of change of freqy
urements to evaluate their performances. It describes the main usg ‘cases of frequ
rate of change of frequency measurements, with associated level of performa
cribes the principle of functional tests to evaluate the specified characteristics and dg
fluencing factors that affect these performances, under steadystate or dynamic cond

Hocument defines the functional requirements applicableto, frequency and rate of ch

this document provides requirements additional to those which are defined in the
of IEC 62786 or standards produced by the relevantslEC technical committees (e.g. T
otovoltaic systems, TC 88 for wind systems, T€ /120 for electrical energy storage sys

).

document is applicable to DER and loads regardless of the voltage level of the po
pction to the grid.

Hocument does not specify hardware, software or a method for frequency or rate of ch
pquency measurement. It dées not specify tests linked to environmental cond
ciated with hardware deyices (climatic, electromagnetic disturbances above 3
anical stress, etc.).

n the scope,of this document. These measurements are already covere
0255-118-1 [1]%

btection*relays are not in the scope of this document. These requirements are al
ed by/IEC 60255-181 [2].

ergy

ency
ency
hces.
fines
tions.

ange

quency measurements which can be inside or outsidé the DER or loads. In the case of

other
C 82
tems

nt of

ange
tions
kHz,

g are
1 by

tions
eady

NOTE As defined in the first paragraph, this document is focused on frequency and rate of change of frequency
measurements used to control DER and loads. But the technical requirements defined in this document, with the list
of declared characteristics and their associated functional tests, can also be applicable for other uses where "fast"
frequency and ROCOF measurement is required (small or large generators of power substations connected to
transmission or distribution grids, power meter devices, power quality instruments, etc.).

2 Normative references

There are no normative references in this document.

T Nu

mbers in square brackets refer to the Bibliography.
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3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

2023

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp

3.1

instrument

<for frequency measurement> device or measurement function which performs frequen
ROCPF measurement

Note 1to entry: As the frequency or ROCOF measuring functions can be performed inside differént types of d
or sysfems (control system of distributed energy resources, power system loads, protection,relays, metering dq
etc.), the generic term "instrument" is used in this document to designate frequency or ROCOF measuring fy
which must be characterized and tested.

3.2

rotating vector

reprelsentation of a sinusoidal function where a polar vector rotates at an angular velocity
can he a non-constant function of time and is expressed in fadians per second

Note 1 to entry: The radius of the rotating vector can also be a nonyconstant function of time.

Note 4 to entry: Rotating vectors can represent periodic or non-periodic sinusoids.

Note 3 to entry: Power system signals can be represented by a combination of signals, each represented
rotatinlg vector, each with various angular velocities and*various radii. Each of these rotating vectors represen
compdnent of the power system signal (see Annex E).

Note 4 to entry: The noise component of a power system signal is not represented by a rotating vector. N
represiented as a time series.

3.3

phase

anglg of a rotating vector

Note 1 to entry: When th¢ rotating vector is described in polar notation, the phase is the angle; when descri
complex notation, the phiasgeis the argument.

3.4

instantaneous,phase

phas

Note 1

b of a«rotating vector at a specific moment of time

Cy or

evices
vices,
nction

vhich

y one
ts one

Dise is

bed in

te;entry: Any point along a sinusoidal periodic function can be represented by a complex numbeg]

r. The

instan

3.5

aneous phase is the argument of that complex number.

frequency
rate of change of phase of a rotating vector

Note 1

to entry: If the period is a span of time, the unit of frequency is hertz (Hz) in cycles per second.

Note 2 to entry: Frequency can be a non-constant function of time.

3.6

power frequency
values of frequency used in the electricity supply systems
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[SOURCE: IEC 60050-601:1985, 601-01-05, modified — In the definition, "conventionally" has
been deleted.]

3.7
instantaneous frequency
rate of change of instantaneous phase

Note 1 to entry: Typical frequency reporting instruments report instantaneous frequency and can report the
changing frequency within one period of the input energizing quantity.

3.8
meastred-fregqueney
estimated frequency provided by an instrument

3.9
fundamental component
rotating vector of interest for a waveform that is a sum of rotating vectors

Note 1 to entry: Generally, the fundamental component is the rotating vector withi,/the greatest magnitude;
somet|mes it is the component with the lowest frequency (often called the first harmonic)"However, neither is always
the cape, for example in AC current waveforms or in oscillating signals with sub-harmonics.

3.10
fundamental frequency
frequency of the fundamental component

Note 1 to entry: In AC electrical power systems, the fundamental' frequency is to be maintained within rdlevant
statutgry deviation from the nominal frequency.

Note 4 to entry: In three-phase systems, measuring fundamental frequency for all three phases can yield glightly
different measurements due to interference. Frequency,can be obtained by a transformation of the individual ghases
such gs by averaging the three frequency measureménts or by calculating the rate change of instantaneous |phase
of the [positive sequence since positive sequence cancels common-mode interference.

[SOURCE: IEC 60050-103:2009, 103-07-21, modified — In the definition, "of a periodic qualntity"
has heen deleted. Notes 1 and 2 teentry have been added.]

3.1
nominal frequency
nomipal value of power<{requency

Note 1 to entry: In conventional power systems, nominal frequency is normally 50 Hz or 60 Hz.

3.12
rate pf change of frequency
ROCPF

first {ime derivative of instantaneous frequency or second time derivative of instantarleous
phase

3.13

harmonic component

rotating vector whose frequency is an integer multiple of the fundamental frequency for a signal
that is the sum of rotating vectors

Note 1 to entry: The fundamental component is the first harmonic component.

3.14

interharmonic component

rotating vector whose frequency is not an integer multiple of the fundamental frequency for a
signal that is a sum of rotating vectors
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3.15
sub-harmonic component
interharmonic component having harmonic order lower than one

[SOURCE: IEC 60050-103:2009, 103-07-29]

3.16

settling time

for a step response the duration of the time interval between the instant of the step change of
an input variable and the instant, when the difference between the step response and their
steady-state value remains smaller than the transient value tolerance

SEE:|Figure 3

[SOURCE: IEC 60050-351:2013, 351-45-37, modified — Figure 5 inside the terminology [entry
has heen replaced by Figure 3.]

3.17
fast frequency response
FFR
fast gctive power response to frequency variations that uses a droop control

3.18
droop control
<for frequency measurement> control loop to control dispatchable generators or loads to epsure
that the active power generation or consumption isa“proportional function of the measured
power frequency deviation

Note 1 to entry: The proportionality factor is an inverse.of the frequency droop.

3.19
frequency droop
ratio pf the per-unit changes in frequency (Af)/f, to the per-unit change in power (AP)/P,

o=

—~

A1f) 1 (APIPy),

wherg f,, is the nominal frequency and P, is the DER or load rated power

Note 1 to entry: The frequency droop is a f{P) function, whereas often used characteristic curve is P(f).
Note 4 to entry: Fhe\same principle can be applied for a voltage droop.
Note 3 to entry™~The frequency gradient of a characteristic curve, which describes the power response to frequency,

is the |active” power change per frequency change. In a 50 Hz system, a droop of ¢ % can be transformed|into a
gradientg %-(in P /Hz) by the formula g = 200/s; in a 60 Hz system g = 166,7/0.

3.20

synthetic inertia

<in an electric power system> capability of a grid connected converter to emulate the effect of
inertia of a synchronous generator to a prescribed level of performance

Note 1 to entry: A static converter can provide synthetic inertia as a controlled response.

3.21

inertia

<in an electric power system> property of a rotating rigid body according to which it maintains
its angular velocity in an inertial frame in the absence of an external torque

[SOURCE: IEC 60050-113:2011, 113-03-02, modified — The entry has been adapted for the
purpose of a rotating reference system.]
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3.22

measuring range
range defined by two boundary values of the measurand, or quantity to be supplied, within
which the limits of accuracy are specified

[SOURCE: IEC 60050-311:2001, 311-03-12, modified — In the definition, "boundary" has been
added and "uncertainty of the measuring instrument" has been replaced by "accuracy".]

3.23

operating range
range defined by two boundary values of the measurand, or quantity to be supplied, within

nge.

rage

ute it

aced

ce or

with a

which the instrument performs its intended measurements without entering in any kiJ;d of
saturption mode that requires a recovery time when the input returns into the measuring.r
3.24

effedtive resolution

practjcal lower limit of a measurement due to inherent noise and errors

3.25

distrjbuted energy resources

DER

genefators, including loads having a generating mode (such  as electrical energy stq
systgms) connected to the low or medium voltage distribution network, with their auxiligries,
protection and connection equipment

[SOURCE: IEC TS 62786:2017, 3.3, modified — Theerm has been made plural.]

3.26

input energizing quantity

energizing quantity that by itself constitutes'the characteristic quantity, or helps to constit
Note 1 to entry: For the frequency or ROCOF. measurement, the input characteristic quantity could be voltad
[SOURCE: IEC 60050-447:2020, 447-03-02, modified — The notes to entry have been rep
by a hew Note 1 to entry.]

3.27

flicker

imprgssion of unsteadiness of visual sensation induced by a light stimulus whose luminan
speciral distribution‘fluctuates with time

Note 1 to entry: ~Flicker phenomenon is due to voltage magnitude variation, which can be periodic or erratic,
spectrpl decompesition between 0,5 Hz and 25 Hz.

[SOURCEJIEC 60050-161:1990, 161-08-13, modified — Note 1 to entry has been added.]
3.28

measurand

quantity intended to be measured

[SOURCE: ISO/IEC Guide 99:2007, 2.3]

3.29
total

distortion factor

ratio of the RMS value of the total distortion content to the RMS value of an alternating quantity

Note 1 to entry: The total distortion factor depends on the choice of the fundamental component. If it is not clear
from the context which one is used, an indication should be given.

[SOU

RCE: IEC 60050-551:2001, 551-20-16]
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3.30

white noise

flat random noise

random noise which has a continuous spectrum and a constant power spectral density in the
frequency band considered

[SOURCE: IEC 60050-702:1992, 702-08-39]

3.31
interfering signal
signal that impairs the reception of a wanted signal

[SOURCE: IEC 60050-161:2018, 161-01-04]

4 PRerformance description

4.1 General

Freqliency and ROCOF measurement performances shall be deséribed with characterjstics
presented in Clause 4 and listed in Table 1.

Table 1 — Performance characteristics presented in Clause 4

Items Units
Inpuf energizing quantities V (voltage) and A (current)
Delay time s\(second)
Accuracy (declared via Maximum Absolute Error) Hz (frequency) and Hz/s (ROCOF)
Resdlution Hz (frequency) and Hz/s (ROCOF)
Meaguring range Hz (frequency) and Hz/s (ROCOF)
Opeffating range Hz (frequency) and Hz/s (ROCOF)
Settlng time s (seconds)
Repqrting rate 1/s (1/second)

All these characteristics’shall be declared by the manufacturer, verified by functional tests Wwhich
are described in Clause 6.

Thesg declared characteristics are impacted by different influencing factors. These factorfs are
described-inClause 4, and the impact of these factors on declared characteristics is considered
in CITuse 6 and in Annex |I.

4.2 Input energizing quantities

The input energizing quantities are the measuring signals of the frequency or ROCOF
measurement function. The manufacturer shall state the type of input energizing quantities used
by the measurement function. Examples are:

e single or multi phase-to-earth voltage measurement;

e single or multi phase-to-neutral voltage measurement;

e single or multi phase-to-phase voltage measurement;

e phase (line) currents.
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The frequency or ROCOF measurement can be based on signal processing applied to these
input energizing quantities or derived signals from phase quantities, for example, positive
sequence voltage or calculated phase-to-phase voltages, etc.

4.3 Delay time
4.31 Description

The delay time is the time taken for an instrument to report the values (frequency and ROCOF)
of the input energizing quantities. Instruments typically sample the input, process the input to
determine the measurements, then output the value of the instrument reading at an output port.
The time-differercebetweenthe—valuegivenatthe-irputperifsee NOFE3anrd-the-trstryment
reading presented at the output port is the delay time. Delay times for frequency and-R§COF
shall|be declared by the manufacturer for frequency and ROCOF and published in accerdance
with the format shown in Table 2.

NOTE|1 The purpose of the delay time parameter is to inform the user of the instrument delay time in repofting a
changg in power system frequency and ROCOF. This delay includes instrument hardware and software [signal
procegsing delays.

NOTE|2 Delay time is essential to all of the validation methods described in Clause.6."For this reason, delgy time
is desgribed first.

NOTE|3 Frequency and ROCOF values at the input port are based on test gonditions described in 6.3. The injected
instanfaneous frequency or instantaneous ROCOF are controlled with synthetic signals, based on mathematical
equatipns and definitions given in Clause 3.

4.3.2 Reporting of delay time declaration

The manufacturer shall publish the values in the format shown in Table 2. Depending oh the
frequency measuring technology, the delay time‘¢an differ from that given in Table 2, wheie the
valugs are given as an example to indicate the“format of the data.

Table 2 —.[Example of delay time

Quantity Delay time

Freqpency 0,089 5s
ROCIOF 0,086 1s

The delay time of frequency and ROCOF measurements shall be verified according to functional
test gonditions defined in 6.3.

4.4 | Effective resolution and accuracy

4.41 Description

The accuracy specification of the instrument measurement shall be declared by the
manufacturer as the maximum allowable absolute value of frequency error and ROCOF error
and published in accordance with the format shown in Table 3. Depending on the frequency
measuring technology, the range can differ from that given in Table 3, where the values are
given as an example to indicate the format of the data.

The effective resolution of frequency and ROCOF measurements shall be verified under steady
state and dynamic conditions according to functional test conditions defined in 6.4. Accuracy is
verified across the entire measuring range, which is described in 4.5 with verification
procedures presented in 6.5.
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4.4.2 Effective measurement resolution

The effective measurement resolution shall be declared by the manufacturer. Effective
measurement resolution takes into account the internal noise of the instrument that causes
variation in the measurement. The declared effective measurement resolution should be
determined by validating the resolution of the stable part of the measurement result when the
instrument inputs are connected to a low noise, frequency modulated sinewave voltage source.

Table 3 shows an example of effective measurement resolution from an actual instrument.

Table 3 — Example of measurement resolution and maximum absolute error
for frequency and ROCOF measurements

Quantity Effective measurement Steady state maximum Dynamic maximum
resolution absolute error absolute error
Fredquency 0,000 5 Hz +0,005 Hz +0/06 Hz
RJQCOF 0,012 Hz/s 10,04 Hz/s 12,3 Hz/s

Effective measurement resolution shall be verified according to. functional test cond|tions
defingd in 6.4.

4.4.3 Reporting of the frequency and ROCOF accuragy.

The frequency and ROCOF accuracy are reported as @ measurement error, as per the exgmple
shown in the maximum absolute error column of Table 3.

The manufacturer shall declare the maximum absolute error for frequency and ROCOF uynder
steady state and dynamic operating conditions. This is the absolute value of the worsticase
meagurement error allowed by the instrument operating within its measuring range as desdribed
in 4.%. Frequency and ROCOF absoluteZerror under steady state and dynamic conditions are
verified during the verification of measuring range tests in 6.5.

4.5 | Measuring range, operating range, and rejection of interfering signals

The measuring range of the-instrument is that range of frequency or ROCOF for whicp the
instryment maintains lessithan or equal to its maximum absolute frequency and ROCOF |error
specification.

The gperating range of the instrument is extended beyond the measuring range, to ensurelinput
frequency or ROCOF in the operating range does not cause the instrument to enter any form of
saturption mode that requires a recovery time when the input returns into the measuring range.

Interfiering signals are signal components of the input energizing quantities which are in addition
to the fundamental component whose frequency is being measured by the instrument. Examples
of interfering signals are sub-harmonics, interharmonics, and harmonics. The effect of
interfering signals with frequencies within the operating range shall be included in the
measurement; the effect of interfering signals with frequencies outside the operating range shall
be rejected by the instrument and shall not cause the error of the measurement to be greater
than the manufacturer's declared maximum absolute error of the instrument. The effect of
interfering signals between the measuring range and operating range can cause the absolute
value of the error of the instrument to be worse than the maximum absolute error.
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Figure 1 — Measuring range and operating range without interfering signals
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of interfering signals
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Figure 1 details the measuring range and operating range when there are no interfering signals
present. Within the measuring range, the absolute value of the error of the measurements shall
be less than or equal to the manufacturer's declared maximum absolute error. Outside of the
measuring range but within the operating range, the absolute value of the error of the
measurements can be worse than the maximum absolute error. Frequency or ROCOF outside
the operating range can cause saturation or other effects that lead the instrument to mis-operate
and can require some time for the instrument to recover once the input energizing quantity
returns to the operating range.

Figure 2 details the measuring range and operating range in the presence of interfering signals
such as interharmonics or harmonics. Outside the operating range, interfering signals will be
rejecfed and the absofute value of the error of measurements ot irequencies withim the
meaguring range will be less than or equal to the manufacturer's declared maximumgcabgolute
error

The [manufacturer shall declare the measuring and operating range of_input energizing
quantities of the measuring signals which are used to perform frequency and RQCOF
meadqurements (for example, voltages). The instrument documentation shallalso state thg type
of input energizing quantities used, as required in 4.2.

The |measuring range and operating range of the instrument shall be declared by the
manyfacturer for frequency and ROCOF and published in accordance with the format shown in
Table 4. Depending on the frequency measuring technology,thefange can differ from that given
in Taple 4, where the values are given as an example to indicate the format of the data.

Meaquring range and operating range under steady¢state conditions, dynamic conditions|, and
in the presence of interfering signals shall be verified according to functional test condijtions
defingd in 6.5.

Tablg 4 shows an example taken from an actual instrument. In this example, the manufagturer
of the¢ instrument declares the measuring-range to be the nominal frequency f, + 5 Hz (45 Hz

to 55( Hz for 50 Hz nominal frequency-and 55 Hz to 65 Hz for 60 Hz nominal frequency)} The
operating range is declared to bey* 1,/2 (25 Hz to 75 Hz for 50 Hz nominal frequency and

30 Hz to 90 Hz for 60 Hz nominalfrequency).

Table 4 - Example of measuring range and operating range for frequency
and ROCOF measurements (taken from an actual instrument)

Quantity Measuring range Operating range
Powgr frequency/® 45 Hz to 55 Hz for f, = 50 Hz 25 Hz to 75 Hz for f, = 50 Hz
55 Hz to 65 Hz for £, = 60 Hz 30 Hz to 90 Hz for £, = 60 Hz

ROCIOFE -50 Hz/s to +50 Hz/s for f, = 50 Hz -800 Hz/s to +800 Hz/s2

—0U FZ/5 10 ¥0U RZ/s IUI']n = 0U RAZ

Input energizing quantity 20V to 120V 5V to 150V
(e.g. voltages)

20Vto 120V 5V to 150V

a8 ROCOF operating range is determined by the design of the instrument and can far exceed the needs of the
power system measurement. Instruments can continue to function under test conditions with very high ROCOF
without entering any form of saturation mode.
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Using the maximum absolute error of 4.4, for 50 Hz nominal frequency, the instrument will
measure frequencies from 45 Hz to 55 Hz with less than |£0,005 Hz| error under steady state
conditions and |0,06 Hz| under dynamic conditions. Frequencies from 25 Hz to 75 Hz are
allowed to have more error as long as the instrument does not enter into any kind of saturation
mode which requires time to recover. Interfering signals such as interharmonics and harmonics
lower than 25 Hz and greater than 75 Hz will not cause the absolute value of the error to be
greater than |£0,005 Hz| under steady state conditions.

The manufacturer may flag the measurement results when the measurand is outside the
measurement range or another exceptional condition has been detected.

4.6 | Timing characteristics
4.6.1 Reporting rate

The neporting rate is defined as the number of readings per second that the instfument oufputs.
The instrument output can be based on digital or analogue signal. The repgorting rate shall be
declgred by the manufacturer and published in accordance with the format shown in Tablg 5. If
the reporting rate is dynamic, then it can be specified as a formula.-The values showp are
examples taken from an actual instrument and may be different for other instruments.

4.6.2 Settling time

Settling time shall be declared by the manufacturer for frequency and ROCOF and published in
accofdance with the format shown in Table 5. The valugs shown are examples taken from an
actugl instrument and may be different for other instruments.

In the case of frequency and ROCOF, the tolerance 'shall be 95 % and 105 % of the step|size,

definpd by the initial value of the input signal (G;,;;) and the steady state value output
meadqurement (Gyipg)-

Table 5 — Example of reporting of settling time and reporting rate

Quantity Reporting rate (1/s) Settling time (s)
Freqpency 50 0,158 0
ROCIOF 50 0,088 0

The pettling timetof frequency and ROCOF measurements shall be verified according to
functlonal test conditions defined in 6.6.

For frequency measurement, the initial value (Gj,;;) shall be defined as the nominal gower

frequeney (e.g. 50 Hz or 60 Hz) and the step size shall be 1,0 Hz. Both positive (+1,0 Hz) and
nega%ﬁ%e%ﬂ—bﬁm%mm&%%%%m%g time

shall be the greater of the settling times for the positive and negative steps.

For ROCOF measurement, the initial value shall be defined from a steady condition
(dffldt = 0, no frequency change) followed by a step change in ROCOF produced using constant
frequency ramps of +1,0 Hz/s and -1,0 Hz/s beginning at the nominal power frequency.
The manufacturer's declared ROCOF settling time shall be the greater of the settling times for
the positive and negative steps.

NOTE 1 Steps sized are fixed for comparison between various instrument models.
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Table 6 summarizes the list of "use cases" (see NOTE 1) considered for frequency and RC
meaqurement, with some main.eharacteristics defined in Clause 4 (settling times, accur
and measuring ranges). The.requirements are applicable to frequency measurement an
somg use cases, ROCQF measurement. For use cases where there is a requirement for
frequency measuremeniiand another requirement for ROCOF, the requirements are givem
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The term "use €ase" used in this document means a description of a possible application
of frgquency'or ROCOF measurements, which are in the scope of this document. This i
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"Typical" accuracies, noted for each use case, are based on the maximum absolute error, as
defined in 4.4. According to the declared settling time, such accuracy is based on a steady state
maximum absolute error or on a dynamic maximum absolute error. For example, when the
settling time is below 200 ms, it makes sense to refer to the dynamic maximum absolute error,
because the measurement must be managed during frequency disturbances. When the settling
time is above 500 ms (e.g. secondary reserve use case with a settling time of 1 s), it makes
sense to refer to steady state maximum absolute error, because the measurement is more
linked to steady state conditions (slow frequency change).

The detailed explanation of the different use cases is given in Annex B. Based on this use case
list, measurement classes are proposed in Annex A.
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Table 6 — List of use cases and associated requirements

Typical measuring range

Typical accuracy

Typical
Use case Frequency (Hz) settling Class?
50 Hz 60 Hz ROCOF Frequency ROCOF time
system | system
Longer than
PLL in PV power -5 Hz/s tt?rieszﬁ‘tltlag
generating systems to +10 mHz NA voltage or C
(Clause B.1) 5 Hz/s Currgent
controller
Primfry reserve 200 ms to
ayse B. 10 mHz NA 1 000 ms ¢
Clajse B.2 NA
Secdndary reserve —
freqyency measurement
used| for centralized control NA 1 mHz NA e D
(Clayse B.3)
Fast|frequency-active
powgr proportional
controller with dead band NA 50 mHz NA 100 ms B
(Clayse B.4)
Fast|frequency response NA +50 mHz NA 100 ms B
(Clayse B.5) -
o . -15 Hz/s
Syntpetic inertia to NA 0,1 Hz/s | 100 ms 1
(Clayse B.6) +15 Hz/s
NA +100 mHz NA 60 ms A
. y . 44 Hz | 56 Hz +30 mHz 100 ms B
Pasgive anti-islanding to to
detegtion (Clause B.7) 53 Hz 63 Hz | —10 Hzls
to NA +0,05 Hz/s 250 ms 2
+10"Hz/s
Active anti-islanding 60 ms to
detegtion (Clause B.8) NA 10 mHz NA 100 ms ¢
ROCIOF measurement used _O}S?OHZ
for centralized control +0.03 Hz NA +1 mHz/s 1s 3
(Clayse B.9) ’/s
Load control with active
powgr management NA +50 mHz NA 100 ms B
(Claygse B.10)
Self-gispatchable loads
— Ulfra fast current centrol +100 mHz 60 ms A
— Very fast current.control +30 mHz 100 ms B
— Fapt current\control +10 mHz 200 ms C
— Digconnectable loads NA +1 mHz NA 1s D
— Primary,control +1 mHz 1s D
— Secondary controt TTMHZ s D
— Tertiary control +1 mHz 1s D
(Clause B.11)
Under-frequency load 43Hz | 57 Hz NA +30 mHz NA 100 ms to B
shedding (Clause B.12) to to 120 ms
53 Hz 63 Hz
-4 Hz to NA +0,1 Hz/s | 180 ms to 2
4 Hz/s 240 ms

NA not applicable

NOTE The values shown in Table 6 are examples of typical performances, associated with each use case. These
values are not specific requirements applied to frequency or ROCOF measurements.

a8 Class level defined in Annex A that allows to fulfil the associated requirement for each use case.
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Other potential use cases not dealt with in this document are listed below for information:

load shedding schemes (based on frequency protection or frequency measurement);

power sharing between grid-forming inverters in microgrids (primary regulation of inverter-
based-generators);

load management in microgrids based on frequency signal in a central device (experimental
use case).

NOTE Application case of frequency protection is covered by the use case "Passive anti-islanding detection", based
on over- or under-frequency and ROCOF functions. However, the frequency protection application, as a whole, is not
in the scope of this document because protection relay types are numerous and a protection relay does not output a

f i 1 1 H 1 i 4 1 = ik I + H rs
requepey—eastrement—entyatogicalstartoroperate—sighal—Forthe—characterization

performmances, refer to IEC 60255-181.

6

6.1

offreguerey—pretection

Description of functional test principles

General

Claugse 6 describes the functional tests to verify the manufacturer's declared characterigtics.

Thesg functional tests can be sorted in two categories.

T

Linctional tests to verify or determine the following performances in specific conditions,
which shall be declared by the manufacturer:

—| delay time for frequency and ROCOF measurement;in 6.3;
—| effective resolution for frequency and ROCOF measurement, in 6.4;

—| measurement and operating ranges common“to frequency and ROCOF measurements,
in 6.5;

—| settling time for frequency and ROCOFgneasurement, in 6.6.
Il Annex I: Functional tests to determine the impact of influencing factors. For [each

influencing factor defined in Clause 1 specific tests are described to evaluate the impact
on declared performances.

Manyfacturer or testing laboratory shall produce a type test report. The structure of this report

is defined in 6.7.

In Clause 6, the following.terms are used:

the "input signat" (or input energizing quantity) which are voltage and/or curren{ test
signal(s) applied.to the input terminals of the instrument. The nature of the signal is dgfined
fgr each test

the "instrument readings" which are outputted values of frequency and/or ROCOF] The
manufacturer should specify which (if any) combination of ranges/settings have been tested.
If|different reporting rates are proposed, the manufacturer shall declare which reporting rate

arte-used-during-the-tests
g -

the "instrument errors" — The errors of the instrument readings (i.e. frequency and/or
ROCOF) determined by each test. The absolute value of instrument errors is used to verify
some of the manufacturer's declared characteristics.

Clause 6 applies to single phase or three phase instruments. Three phase instruments should
be tested with the input test signals as described in each subclause with the phase displaced
by 2n/3 radians, except if otherwise noted. For single phase test signal functions used in each
subclause, the initial phase ¢, = 0. For three phase test signal functions used in each subclause,

Pp shall be set to 0, -2n/3 and +2n/3, respectively, for each phase.
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Clause 6 is based on synthetic voltage or current signal waveforms. Mathematical equations of
input signals are defined in each subclause. During transitions, the input signal shall be
continuous, with no step change in its phase angle or magnitude except its frequency or ROCOF,
unless otherwise specified in each functional test described in 6.3 to 6.6. The voltage level may
be adjusted to keep within the withstand requirements of voltage inputs related to the rated
volt/hertz level. If the frequency functions are based on phase (line) current, the same test
methodology shall be followed, and the test conditions shall be fully described in the type test
report.

A single phase of each of the test signal waveforms can be generated as an analogue signal,
for example, by using a digital to analogue converter (DAC) such as an arbitrary waveform
genefator (AWG), personat computer DAC card or computer audio supbsystem. 1he AWG or
DAC|can be loaded with a time series that represents a particular given test waveform| The
sampled waveform reconstruction rate should be sufficiently high to meet the.'bandwidth
requirements. A suitable "reconstruction" low pass filter can be used if the bandwidth is not
suffigiently limited by other components in the test signal generation circuit.

The output of the AWG or DAC is likely to require amplification from its.1@w’ voltage output to
the working input signal level (voltage or current), which can be achieved/using an amplifier of
suffigient bandwidth. In the case of current signal generation, the autput of the AWG or|DAC
may be converted to a current using a transconductance amplifier, which is defined as a vqltage
contrplled current source (VCCS).

The 13 dB bandwidth of the whole input signal generation circuit should be at least 2 kHZ (see
Note].

In order to generate three phase test signals,<three DAC or AWG channels with ghase
synchronized outputs can be used. Alternatively,\three separate single-channel DAC or AWG
can Rhe used with a common sample clock and/er triggering such that the three output chahnels
remajn synchronized. The phase accuracy.>and stability of the 2xn/3 radians displacgment
betwe¢en the phases should be checked prior to starting the tests.

When the functional test requires @’sudden change in frequency, the applied signal shIII be
genefated without discontinuity inivoltage waveform, other than the required frequency change.
This [frequency change is illustrated in Annex F. Such test conditions are required to avoid
addirlg the impact of voltage\discontinuity on frequency or ROCOF measurement. Such impact
is specifically tested in 1.2.2.

NOTE| Generation of input”signal components below the nominal power frequency can be necessary to|verify
measyring range and gperating range. Compensation can be made for any significant attenuation of low frequencies
by the|signal generation' equipment by boosting the DAC output level at these frequencies.

When the measurement function is completely embedded inside the power convdrsion
equipment of DER with no direct output of frequency or ROCOF measurement, the manufagturer
shall|describe the method used to perform these functional tests, specifically on frequency or
ROCQE-measurement functions. The manufacturer shall describe in the fypn test report, the
inputs and outputs which are used to perform these tests. For example, some functional tests
can be based on DER outputs (e.g. active power, associated with the described relationship
between the frequency or ROCOF measurement and the DER active power output).

If frequency or ROCOF measurement outputs are not accessible, functional tests can be
performed with a digital simulation (digital twin) of the measuring chain, but the manufacturer
shall describe how the digital simulation has been validated regarding the physical device
(hardware and software parts).

When the input energizing quantities are used at the same time for measurement functions and
the auxiliary power supply of the instrument, all the tests described in 6.3 to 6.6 shall be
performed with same signals for measurement and power supply circuits.
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As some functional tests described in Clause 6 and in Annex | are based on similar input signals,
to facilitate tests and decrease testing time, the tests may be performed in a different order than
presented in this document, except for the test to verify the delay time (6.3), which is required
for some other tests.

6.2 Test reference conditions

Whilst it is possible to carry out functional tests on the software implementation of a
measurement algorithm for development and diagnostic purposes, validation testing of the
instrument shall be carried out in a laboratory using test equipment unless there is no direct
output of the frequency or ROCOF measurement. The effect of the measurement chain including
any lldllbdubulb dlluI Diylld: L;UIIUI;t;UIIilly bilbuitb uutbidc Uf tilc ;Ilbtlulllcllt DilUu:JI be
comgensated in the measured performance of the instrument.

When the tests are based on AWG or DAC with pure sinusoidal waveforms, the total distgrtion
factof shall be below 2 % unless otherwise specified in the test.

Wherne possible, testing should be carried out in a temperature-controlled environment and the
range of temperature variation that occurred during testing should be recorded.

6.3 | Verification of delay time for frequency and ROCOF measurement
6.3.1 Test description

Delay time is presented first in Clause 4 and Clause & because the value of delay time is
necessary to perform some of the verification test procedures which follow. Furthermore, the
samqg data gathered during the delay time verification testing of 6.3 can also be used ip the
verification of effective measurement resolution test of 6.4.

Under steady state conditions, frequency and\ROCOF are unchanging, so delay time cannot be
verified with a steady state input. Using .avinear ramp of frequency (also called linear chirp),
the flequency delay can be verified but4he ROCOF is unchanging so the ROCOF delay| time
cannot be verified. To validate both frequency and ROCOF delay times, a test with sinugoidal
frequency modulation shall be conducted. The test has the added benefit that the data {aken
during this test will also be used to-determine the effective measurement resolution. Since linear
ramppg of frequency occur inactual power systems, an optional test for frequency delay| time
during a linear frequency ramp is presented in Annex I.

The ipput signal used for validation of delay time for frequency and ROCOF measurement|shall
be a|frequency medulated test signal generated using Formula (1). The values of K, and f,

shall|meet themanufacturer's specifications for measuring ranges of frequency and ROLCOF.
The ipput sighal's frequency modulation shall cover the entire frequency measuring range| The
input|{signal'sspeak ROCOF should be within the instrument's ROCOF measuring range buf may
extend beyond it into the ROCOF operating range. Equations for frequency and peak RQCOF
are given’by Formulas (2) and (3):

Xy (t)zXCxSin(anxfo xt+@, +Kp ><Sin(2><1t><j,'.n xt)) (1)

where

Xp(t) is the input energizing quantity at time 1,
t is time;

X is the peak amplitude of the input signal;

Jo is the nominal power frequency (50 Hz or 60 Hz);

?p is the initial phase of the signal, defined in 6.1 for single and three phase signals;
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Jm is the modulation frequency in hertz;

Af

m is the modulation index: K., =—— where Af (delta frequency) is the magnitude of the
m

frequency oscillation around f,. The fundamental frequency oscillated between f; — Afand
Jfo + Af. For example, if f,, = 2,0 Hz, then K, = 2,5 will give Af'= £5 Hz deviation from f;
if fo = 50 Hz, then the modulation will range from 45 Hz to 55 Hz.

K

For the input signal defined by Formula (1), frequency (f{t)) and ROCOF functions of time are
given by Formulas (2) and (3), respectively:

f(t):fo+Km><fm><COS(2><7r><fm><t) (2)

ROCOF(t):Km><2x1txfm2><sin(2><7t><fmxt) (3)

A tesft signal is applied with the test frequency set to the nominal power frequency. Whepn the
instryment has settled. Measurements are recorded for 10-modulation cycles. The duration of
the r¢corded values will be 10/1,.

The delay time for frequency and ROCOF is determined by the time difference betweep the
valugs of the input energizing signal and the time’that those values appear at the instruyment
output. The value of the input energizing signalzat the time of the instrument output is callgd the
refergnce value. Since the recorded valties are discrete (either discrete records ¢f an
instryment's continuous output or, more likely, values reported by an instrument at a dislcrete
repoiting interval), it is likely that the a¢tual delay time will fall somewhere between dislcrete
samples/instrument reports. For this reason, a correlation-based, sub-sample time (elay
estimation method is recommended-o calculate the precise time delay.

If thel sampling/reporting period is very high, the simplest method could be to find the peak of
the ¢ross-correlation between the reference and instrument values. However, the|best
resoljtion of this method will be one sampling/reporting period. However, it is possiljle to
imprqgve delay estimation resolution by interpolating the cross-correlation function betweep two
samples/reports [3]. Because a frequency modulated test signal was applied and the freqyency
and ROCOF values are sinusoidal, a cosine-fit interpolation method will be suitable.| This
methpd is shown in the example in 6.3.2.

6.3.2 Example determination of delay time

Figure 4 shows an example from an actual instrument. In this test, modulation frequency was
fixed at 1,0 Hz and modulation index was fixed at 5,0. The values of frequency and ROCOF of
the input energizing signal (reference, shown in blue) are determined at the same time as the
instrument frequency measurement output (shown in red).


https://iecnorm.com/api/?name=c901c4e03f38179b1b669a6148690892

- 26 - IEC TS 62786-41:2023 © IEC 2023
55 ) T T T T 7K
N \ \ / / / / /1A Ref. Freq,
8 5l | W\ ) / I\ 1 4
g 7 W // /] o\
g j \
45 1 | | 1 | | | I |
1 2 3 4 5 6 7 8 9 10
Time (s)
; 7T 7T 7T 7T 7T 7T 7T
T 20 \ [\ \ /A
z
s o 4
O
Q
& 20 |
1 | | 1 | | | 1 1
0 1 2 3 4 5 6 7 8 9 10)
Time (s)
EC
Figure 4 — Example of frequency delay time validation: measurement
of delay time for a power frequency of 50 Hz
In orger to calculate the cross-correlation for frequency, the frequency deviation arounfl the
nomipal frequency shall first be normalized around 0 Hz. Subtract the nominal frequency|from
the input energizing and instrument frequencies then perform the cross correlation.
Figure 5 shows the cross-correlation of the normalized reference and instrument frequepcies
the X-axis is the lag. The red vertical line shows the‘dag of the maximum value of dross-
correlation. This value, and the values on either side of it, will be used to estimat¢ the
subsample time delay. In this example, the reporting ‘period of the instrument was 0,020 §.
Frequency delay =0,0895 s
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Figrure 5 — Example of cross-correlations of the normalized frequencies and ROC(

To estimate the sub-sample/sub-report delay value, a cosine fit is suitable for sinusoidal data.
If k is the lag of the maximum cross-correlation value xc(k), and the two neighbouring values

are given as xc(k—1) and xc(k+1), then the interpolated peak can be calculated using

Form

ulas (4), (5) and (6):

xc(k —1) + xc(k +’I)
2xc(k)

w

| |

(4)
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using
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w

is the delay time;
ﬂj is half the number of samples (reports) rounded down;
.

is the sampling or reporting period.

5 example, k for both frequency and ROCOF is equal to 4, so, with a 50 reports per sg
ting rate, without estimating the sub-sample value, the delays would have been calcy

89 5 s and the ROCOF delay at 0,086 1 s.

e tests to follow in Clause 6, for the purpose of)y'determining the frequency and RQ

nstrument delay time shall be applied tésdetermine the time at which to dete
priate reference values of frequency and’ROCOF of the input energizing signal. Fo
se, the delay time estimation technique’ presented in the above may be followed
fitting technique which minimizes thedifference between the instrument readings an
bnce values. The estimated delajn4ime determined above should be used as the

ate of this minimization process.

Verification of effective(resolution for frequency and ROCOF measurement
Test description

bffective resolution of the frequency measurement function of the instrument is ve

cond
lated

80 s. By using the cosine fit sub-sample delay estimationy.the frequency delay is estimated

COF

s of the input energizing signal at the time thatithe instrument determines its measurefnent,

mine
r this
by a
d the
nitial

rified

the same data_gathered during the verification of delay time in 6.3. No further d
red. From Formula (1), the values of K, and f,, met the manufacturer's specificatio

uring ranges of frequency and ROCOF. The input signal's frequency modulation co

the entire frequency measuring range. The input signal's peak ROCOF should be withi

instry

ment'ss ROCOF measuring range.

ta is
s for

ered
n the

Measurements were recorded for 10 modulation cycles. The duration of the recorded values
was 10/f,,. For the rest of 6.4.1, the time series of frequency measurements is referred to as

F(2).

The effective frequency resolution in Hz, and ROCOF resolution in Hz/s, is determined by fitting
a sinusoidal model of frequency values to the measured data and using the residual of the fit
to determine the amount of measurement noise and distortion.

The sinusoidal model to be fitted is a model of sinusoidally modulated frequency values about
a nominal centre frequency. The model parameters are based on the parameters used in

Form

ula (1). The formula for the model is:
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x[n]=dg xcos(2xmx fy, xt, )+ By xsin(2xmx fo x1, )+ fo (7)

where ¢, is the time associated with the nth data value. If the exact value of £, is known, a three-
parameter sine fit can be used; but if £, is uncertain, a four-parameter sine fit can be used [4].
The four-parameter fit is recommended. f, will be the nominal frequency and is one of the

parameters to be determined by the sine fitting function. The fitting function determines the
parameters 4, By, fo, and (using a four-parameter fit) f,,.

Oncd the model parameters are determined using linear regression, the model amplitude will
be the depth of modulation, M:

M =\ 4y? + By? (8)

The model phase will be:

¢ = arctan( 4, B) (9)

The model fitted to the instrument measurements' will be a series of sinusoidally modulated
frequency values:

F(1)= M€0s(2xmx fry xt+ )+ fo (10)

The rlesidual is the RMS value of the difference of frequency measured time series and thg time
seriep of the model. ThistRMS value of the residual is called the RMS Residual (Rs)-

R < 43 (¢10)- P | (1)

where N is the number of measurements, F[x] is the measurement at time ¢, F[n] is the value

of F(z,) attime t,.

Effective resolution (E,s) is the ratio of the R ¢
multiplied by the declared measuring range [5].

to the peak measurement of the modulation

Eres = F,rﬂXMrange (12)
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where P,.5¢ IS the maximum instrument reading value recorded over the duration of the test

and Mrange
measuring range.

6.4.2 Example determination of effective resolution

is the difference between the maximum and minimum values of the declared

An example is shown for an actual instrument measuring nominal 50 Hz with a frequency
measurement range of +5 Hz and ROCOF over +60 Hz/s. The input sinewave was sine
modulated with K, = 5,0 and f,, = 1,0 Hz. This provides 55 Hz peak frequency measurement

and peak ROCOF measurement of 62,8 Hz/s. Figure 6 shows the measured frequency, the

fittedeMwaM.ﬂ,ﬂiLE@fre 7
shows the ROCOF measured value, fitted signal and residual. The ROCOF effective reselution
is 0,434 5 Hz/s.
56— Frequency modulation fit, K, = 5,00, f,,, = 1,00
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Figure 6 — Example of frequency modulation used to determine
frequency-effective resolution
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Figure 7 — Example of frequency modulation used

to determine ROCOF effective resolution

6.5 Verification of measurement and operating ranges

6.5.1 Verification of measurement and operating ranges under steady state
conditions
6.5.1.1 Test description

The measurement and operating ranges of the instrument under steady state conditions are

determined using a test signal generated using Formula (13).
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Xp(t)zXCxSin(2><7txjé><t+(pp) (13)

Where X, is the peak amplitude of the input signal, f; is the test frequency and ?p is defined in
6.1 for single phase and three phase signals.

With reference to Figure 1in 4.5, the test frequency f, in Formula (13) is changed in increments

of frequencies below and above the nominal power frequency. At each frequency, the
mstruments frequency and ROCOF readlngs are observed as weII as the mput srgnals
freque - - . - Tt—te : - =eyency
mcre"nents before measurements are observed (typlcally, more than five tlmes the declared
settling time). The duration at each frequency shall be the greater of 5 s or until 50 ihstrument
repolts have been collected.

The absolute value of the error of the measurements (|ferr|) is given by Formula (14).

|ferr| = abs(fmeas - finput) (14)

wherge

Jmeas| I8 the measured frequency by the instrument;

finput is the frequency f; of the input signal defined\in*Formula (13).

Freqliencies should be tested across the entife operating range to verify that the instryment
operates within this range.

6.5.112 Example of verification of measurement and operating range under steady
state conditions

The instrument from the example 'given in 4.5 was tested to verify the manufacturer's dedared
meaqurement and operating fanges. The measurement range was declared by the manufagturer
to be|nominal frequency f, + 5 Hz (45 Hz to 55 Hz for 50 Hz nominal frequency). The opefating

rangg¢ was declared at-f3% £,/2 (25 Hz to 75 Hz). The maximum absolute frequency errof was

giver| by the manufacCturer to be |+0,005 Hz| and the maximum absolute ROCOF error was given
by the manufacturer-to be |£0,04 Hz/s|.

In this example, signals in accordance with Formula (13) were input to the instrumenf with
frequienciesvranging from 25 Hz to 45 Hz in 0,5 Hz increments, from 45 Hz to 55 Hz in 0}1 Hz
increments and from 55 Hz to 75Hzin 0,5 Hz mcrements In other words the mcrements within
the de the
measuring range were O 5 Hz

Figure 8 shows the highest recorded absolute frequency and ROCOF error for each frequency
tested. The blue vertical dashed lines show the measuring range for frequency and ROCOF.
The red vertical dashed lines show the operating range. Within the measuring range, the test
validates that measurements output by the instrument were lower than the manufacturer's
declared absolute error. Within the operating range but outside the measuring range, the test
validates that measurements were output by the instrument; accuracy was not required to be
lower than the manufacturer's declared maximum absolute error. This example validates that
the instrument complies with the manufacturer's specification under steady state conditions.
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under steady state conditions

Measuring and operating ranges under dynamic conditions
1 Test description

measuring and operating ranges of the instrUment under dynamic conditions
mined using a signal with a modulated frequéncy as given by Formula (1) in 6.3.1.

base carrier function of the test signalcis’a sinusoidal waveform at the nominal ¢
uency variation in the declared measuring range of the instrument.

ne input signal defined by Formula (1), frequency and ROCOF functions of time are
rmulas (2) and (3), respectively, in 6.3.1.

alues of K, and f4.in Formula (1) determine the amount of frequency modulation

red measuring(and operating ranges of the instrument under dynamic conditions.

operating” ranges of both frequency and ROCOF. The modulation frequency

ula (1) is increased in steps such at least 10 measurements are made in the deg
ment operating range.

EC

are

ower
uses

jiven

that

s on the test signal’and the values of these parameters shall be adjusted in the tgst to

K., and f aeed to be varied to validate that the instrument is able to reach the measuring

fn N

lared

The value of K, shall be adjusted to ensure that the frequency and ROCOF, given by

Formulas (2) and (3), remain in the measuring or operating range declared by the manufacturer.
The peak frequency (f,q5¢) and peak ROCOF (ROCOF ;) reached by the input signal are

functions of both K,, and £, as shown in Formulas (15) and (16).

fpeak =fo +Km X Jm

(15)
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ROCOF e =K x2x1x fi? (16)

where

K., is the modulation index used in Formula (1);

Jm is the modulation frequency in hertz used in Formula (1).

The manufacturer shall declare in the type test report the K, and f,,, values which are used for
this tpst. For symmetrical measuring or operating range around the nominal power frequency,
the flequency f; can be defined to the nominal value. In case of unsymmetrical range,“fhe f;
valug can be different from nominal value, to cover the full measuring and operating|range with
different K, and f;,, values.

6.5.2|2 Verification of measuring range under dynamic conditions

To verify the measuring range of frequency and ROCOF under dynamié-conditions, a serles of
inputftests, with, signals conforming to Formula (1), are used with the-modulation frequenicy f,
fixed|at the limit of the frequency measuring range and the modulation index K, beginning at
0,1 apd incrementing in 10 steps of 0,1 until K, = 1 is reached{Each test will be conducted for
at least 100 instrument reporting periods and the highestyabsolute value of error each test
iteratjon will be used as the error for that iteration. The highest absolute value of error for gll 10
test Iterations should not exceed the manufacturer's. declared maximum absolute errgr for
meadquring range under dynamic conditions.

6.5.2(3 Verification of operating range unider dynamic conditions

To verify the operating range of frequencytyand ROCOF under dynamic conditions, a series of
inputftests, with signals conforming to Férmula (1), are used with the modulation index K, |fixed

equal to the limit of the measuring range and the modulation frequency beginning at 1,0 Hg and
incrementing in steps of 0,5 Hz until the delta-frequency (the product of K, x f,) has regched

the limit of the frequency operating range. If the limit of the frequency operating range is not
reached by an increment of 0,5Hz, then one test at the operating range limit shall be perfoqmed.
Each| test will be conducted for at least 100 instrument reporting periods and the highest
absolute value of error-each test iteration will be used as the error for that iteration. It dogs not
matt¢r what the value-of the absolute error of frequency and ROCOF are, as long ap the
instryment has not. gonhe into a saturation mode where recovery time is required.

6.5.2|4 Example of verification of measuring range and operating range under
dynamic conditions

The manafacturer of an actual instrument has declared the frequency measuring range fo be
the nominal frequency f,, + 5 Hz with a maximum absolute frequency error under dynamic
conditions to be 0,35 Hz and the ROCOF measuring range to be +60 Hz/s with the maximum
absolute ROCOF error under dynamic conditions to be 14 Hz/s. The manufacturer further
declares the frequency operating range at 50 Hz nominal frequency to be f, + 25 Hz and the
ROCOF operating range to be outside of +800 Hz/s.

The tests to verify measuring range under dynamic conditions used the frequency modulated
waveform specified in Formula (1) with a fixed modulation frequency f,, of 5 Hz and X, from

0,1 to 1,0 in increments of 0,1. In Figure 9, the maximum absolute error inside the measuring
range is plotted as blue asterisks. The measuring range limits are shown with blue vertical lines
at +5 Hz for frequency and 60 Hz/s for ROCOF. The manufacturer's declared maximum error
under dynamic conditions is shown by horizontal red dotted lines.
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The tests to verify operating range under dynamic conditions used the frequency modulated
waveform specified in Formula (1) with a fixed modulation index K, of 5 and modulation
frequencies f,,, from 1 Hz to 5 Hz in increments of 0,5 Hz. The maximum absolute error outside
the measuring range but inside the operating range is shown as red asterisks in Figure 9. The

values of these errors beyond the measuring range do not matter as long as the instrument did
not enter a saturation mode where time to recover was needed, which it did not during the test.

; Dynamic frequency range
10" E T

100 =

Max absolute ROCOF error (Hz/s) Max absolute frequency error (Hz)

6.5.3
6.5.3

meas
the o

—1 L B
0 *  Absolute error inside medsuring fafige|
Measuring range limif: |

Declared maximum absglute error b

# _ Absolute error qutside meaSuring range| |

%o 5 10 15 2 25
Delta frequency (Hz)
103 Dynamic R?COF range [ N :
102
X7 * Abso\uteerrormsldemeasunngrange‘i
Y101 - Measuring range limit
101 . . Declared maximum absolute eror
) ! | ! L& ! * Abw\utefrroroutsldemeasunngrange’
0 100 200 300 400 500 600 700 8do
ROCOF (Hz/s)
IEC
Figure 9 — Example of verification of measuring and operating ranges
under dynamic.conditions
Verification of rejection of interfering interharmonics
1 Test description
Interfering signals are signal components in addition to the fundamental component being
ured by the instrument. As.described in 4.5, interfering signals with frequencies odtside
perating range shall nat cause the error to be greater than the manufacturer's degared
mum absolute error.nterfering signals with frequencies between the measuring rangé¢ and

maxi
the @
declg

perating range may: cause the instrument error to be greater than the manufactdrer's

red maximum abseolute error.

The {est to verify-the rejection of interfering interharmonics shall combine a single sinus

interf]
test g

ering signal with a sinusoidal signal at the nominal power frequency. The equation fq

ignalis:

oidal
r the

Xp(t):XCxSin(an:xfO ><t+(pp)+0,04><XC><Sin(2><11:><fi><t+gop)

where

Xo(1)
t

X,

C

Jo
fi
Pp

is the input energizing quantity at time;

is time;

is the peak amplitude of the fundamental component;
is the nominal frequency;

is the frequency of the interfering signal;

is defined in 6.1 for single phase and three phase signals.

(17)
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The duration for each test frequency shall be the greater of 5 s or until 50 instrument reports
have been captured.

Multiple iterations of the test are run where the frequency of the interfering signal, f, is
incremented. The f; begins at 10 Hz and is incremented in steps of 0,5 Hz until the lower
frequency of the measuring range is reached. The f; is next set to the upper frequency of the

measuring range and incremented by 0,5 Hz until the first harmonic of the nominal frequency
is reached.

NOTE The magnitude of interfering signal is equal to 4 % of the fundamental component, based on Table 4 of
|EC 610004 1’2-’)00')’ arr_\rr_\linrl toclass 3

Plots|of the absolute value of error of frequency and ROCOF show the absolute error-inside the
operating range and is used to verify that the error outside the operating range is)lower|than
the manufacturer's declared maximum absolute error.

6.5.3|2 Example of verification of rejection of interfering interharmanics

Figure 10 shows an example from an actual instrument of the verification of rejectipn of
interfering interharmonics.

x10-3 Frequency absolute error (Hz)
7 T T T ; T ; T T i T T
. 6 | | | =
Slspo —— LR 2 L -
5 | ar | | | .
= | | |
g 3 | I | N
2| 2f | | | .
8|10 | | | -
| ) |
< | ok f f 1 ! ! ! i f 1 ! ! f i ]
0 10 20 30 40 50 60 70 80 90 100 110
Interfering signal frequency (Hz)
ROCOF absolute error (Hz/s)
__ 905 T T ; T ; T ; T T
{,’ L | | | 7
T ,04 | I 1
~ | | |
& o3 | | | 1
o p02F 1 1 i .
=1 | | |
g ot | | | .
2 * | | I *ﬁ
L - |
1 | i 1 I | I | | I 1 | |

0 10 20 30 40 50 60 70 80 90 100 110
Interfering signal frequency (Hz)

IEC
Figure 10-=\Example of verification of rejection of interfering interharmonics

In Figure 10 the subplot at the top shows the frequency absolute error and the subplot helow
shows ROCOF absolute error. In the presence of a 1 p.u. sinewave at nominal frequency,

interfieding interharmonic signals were injected at frequencies from 10 Hz to the lower measjuring
rangeﬁmmmﬁkmmmmgmgeﬂmmw and

including the second harmonic of the nominal frequency. From each test period of 5 s, only the
maximum absolute error is shown in Figure 10. Blue vertical dashed lines show the measuring
range. Red vertical dashed lines show the operating range, and the red horizontal dashed lines
show the manufacturer's declared maximum absolute error. Note that the instrument absolute
error outside of the operating range is not required to fall below the manufacturer's declared
maximum absolute error.
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6.5.4

6.5.4.

Verification of rejection of harmonics

1 Test description

This test assesses the errors of the instrument to signals containing harmonics.

The instrument errors in the presence of steady-state harmonics shall be determined using the

input

signal given by Formula (18).

Table
perce

NOTE
public

W

13
Xp(t):)ﬁ sin(2><7r>< fa ><t+(pp)+ZXlnxsin(h><(2><n>< fa Xl+(ﬂp)+(ﬂb)
h=2

is the peak amplitude of the input signal with no harmonic distortion;

is the peak amplitude of the input signal of the harmonic distortion of the 4Ath harmo
is the nominal power frequency;

is defined in 6.1 for single phase and three phase signals;

is the phase shift of the harmonic component with respect to the fundamental;

is the number of the harmonic, which is an integefwalue.

7 gives the magnitudes (see Note 1) of .thé harmonic components, X, given

ntage of X, and the waveform is shown in Figure 11 (in Figure 12 for three-phase sig

1 The harmonic magnitudes are based on the‘compatibility levels given in IEC 61000-2-2 [6], applic3
low-voltage power supply systems.

Table 7 — Input signal harmonic magnitudes

Har

monic number, & 2 3 4 5 6 7 8 9 10 11 12 13 | THD

Maghitude, X, (% of x;) | 2,0 50| 10| 6,005 50|05 |1505|35]|05]3,0|10,7

The test shall be repeated for ¢, set to 0° and 180° (see Note 2).

NOTE

freque
phase

ncy measurement is not sensitive to additional zero crossing due to harmonics. Such harmonic conte

The d

2 Phaseg g, equal to 180° generates additional zero crossings in the signal, which is used to check t}

shift(are*already proposed in IEC 60255-181 [2].

(18)

nic;

as a
nals).

ble to

at the
ht and

mnll'ﬁnr and-other-testeguipmentused-to gannrah:: the-inp |Mt eigna! showld-have suff

flcient

LI AC A ks Tl

bandW|dth to generate the harmonics given in Table 7 to W|th|n 5 % of the value.
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Blue sjgnal has ¢, = 0°, red signal has ¢, = 180°.

Figure 11 — Waveforms with

The tSt shall be repeated for f; set.to nominal and to +2 Hz either side of the nominal g

frequency.

The duration of the test shall'be the greater of 5 s or the period required to collect 50 re

from [the instrument.

N

superimposed harmonics

When the input energizing quantities are based on three-phase injection, the test signals

be pearformed imaccordance with Formula (19):

Woalt) = Xy X SiN@2 x mx fx 1) + ..

X XSiN(kXx2XTX X+ )+ ...

ower

ports

shall

+X13X5in(13x2xnxfxt+

(/’k)-

Xpb(t)=X1XSiI’l(2><n><f><t—2><7r/3)+...

+X xsin(kx (2xmxfxr—2

Xm/3)+ )+ ...

+ X3 xSiN(13x 2xwx fx1=2x7m/3)+pp).

ch(t)=X1XSin(2Xn><f><t+2Xn/3)+...

X xsin(kx (2xmxfxr+2

Xm/3)+ )+ ...

+Xq3xsin(13x 2xaxfxt+2xm/3)+g,).

where

(19)
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6.5.4/2 Example of verification of rejection of interfering harmonics

Figure 13 shows an example from anactual instrument of the rejection of harmonic interfer
Each| subfigure shows fundamental frequency and harmonics of 48 Hz, 50 Hz and 5
Subpllots for harmonic phase €qual to 0° and 180° are shown. Pairs of subplots for frequ
errorf and ROCOF error areJshown. Red dashed lines show the manufacturer's dec
maximum absolute errors.for frequency and ROCOF.

As shown in Figure (13, this actual instrument has no errors above the manufacturer's dec
absolute error oventhe test duration of 5 s.

is the time;
is the tested power frequency;
is the peak magnitude of the fundamental component (X; = 100 %);

is the peak amplitude level of the th harmonic (according to Table 7);

is the phase shift of the harmonic component (expressed in radians).

1,5

05}

135 0,005 0.01 0.015 0,02

IEC

Figure 12 — Three-phase harmonic test’signals, 0° and 180° harmonic phases

ence.
P Hz.
ency
lared

lared
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6.6
6.6.1
The {1

c) ROCOF error, 0° harmaonic phase

Verification.of settling time

Test description

Figun

d) ROCOF error, 180° harmonic phase

Figure 13-~ Example of verification of rejection of harmonics

ettling time, defined in 3.16, is determined from the instrument readings with referen
e\3./1n the case of frequency, the tolerance shall be 95 % and 105 % of the step siz¢

possible that the Instrument readings could be alfected DY the phase Or Start point

ce to
Cltis
f the

frequency step relative to the zero crossing of the input signal. The start point phase used in
the input signal should be varied and the test repeated to determine the worst-case settling

time.

When the functional test requires a sudden change in frequency, the applied signal shall be
generated without discontinuity (i.e. phase step) in the input energizing quantity. This frequency
change is illustrated in Annex F.
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It is likely that the instrument readings will be affected by the finite reporting time of the
instrument, in particular, when the reporting rate is long compared to the settling time. Because
a frequency step can occur at any point in the reporting interval (the frequency could change at
the start of the reporting time, or in the middle, etc.), the settling of the instrument as determined
by the subsequent instrument reading(s) will be variable. This variation can be produced
systematically using an "equivalent time sampling" technique, where a series of step changes
are each separated by an arranged interval. This interval is calculated such that successive
steps occur at increasing fractions of the instrument reporting rate. Typically, 10 equivalent time
steps per reporting period provide sufficient resolution to determine settling time. Details of this

appr

6.6.2[ Verification of settling time for frequency measurement

The

a tesg signal that contains a step change in frequency as given by Formula (20).

3
=y
[}
-
D

The gtep size should be 1,0 Hz for a consistent test of all instrument models.

6.6.3 Example of verification of frequency settling time

Ten

incre

later

the gqtep response andsthe settling time is calculated at the period from the step of
frequrncy until the instrument reading reaches and remains within 95 % to 105 % of the

size

Figure 14 and Figure 15 show the results of the equivalent time sampled step response (4
and the inputsfrequency (green). Time ¢ = 0 is set to the time of the step of input frequencyj

blue

remajnwithin 95 % to 105 % of the step.

Frequency (Hz)

oach are given in Annex G.

gettling time of the frequency measurement function of the instrument is determined

Xp(t):Xstin<2><7t><fo X1+ +11(1) x 2% 7% K xt)

is the peak amplitude of the input signal;
is the nominal power frequency;

is a unit step function;
is the frequency step size;

is defined in 6.1 for single phase and three phase signals.

ndividual test runs are pérformed where the time of the step change in frequen

interlaced to form an equivalent time series. The input reference values are compar

round the finakinput value.

vertical line shows the settling time where the instrument readings have reacheg

Lising

(20)

cy is

mented by the instrumentyreporting rate divided by 10. The resulting data is recorded and

ed to
input
step

lack)
. The
and

Settling time using 95 % of the step = 0,158 0 s
T T
51 | g
/S pal
50,8 —
50,6 —
50,4 —

50,2 - /

/
50 i Reference
o Instrument

I 1 1

-0,2 -0,1 0 0,1 0,2 0,3
Time from frequency step of input (s)

Figure 14 — Example of verification of frequency settling time
using positive 1 Hz step in frequency

IEC
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) ) ) Settling time‘ using 95 % of the sﬁep =0,158 0 s :
%0 ™\ ——et
= 498 \
> 496
g’_ 49,4 )
L 492 !
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0,2 0,1 0 0,1 02 03
Time from frequency step of input (s) IEC
Figure 15 — Example of verification of frequency settling time
using negative 1 Hz step in input frequency
6.6.4 Verification of settling time for ROCOF measurement
The gettling time of the frequency measurement function of the instrument is-determined psing
a tesg signal that contains a step change in ROCOF as given by Formula (271):
Xp (t) = XCXSin(2><1t><f0 xt+gp, +h1(t)><7t>< 7 ><12) (21)
wherge
X. is the peak amplitude of the input signal;
Jo is the nominal power frequency;
h1(¢)| is a unit step function;
7 the ROCOF step size;
Pp is defined in 6.1 for single phase;and three phase signals.
The step size should be 1,0 Hz/s for a consistent test of all instrument models. The test can
end gne second following the step unless the settling time is longer than one second, in which
case|the test should end at least one-half second after the ROCOF has settled.
6.6.5 Example of verification of ROCOF settling time
Ten |ndividual test“runs are performed where the time of the step change in ROCOQF is
incremented by.istrument reporting rate divided by 10. The resulting data are recordeq and
later finterlaced {0 form an equivalent time series. The input reference values are compared to
the siep response and the settling time is calculated at the period from the step of ROCOH until
the inpstrument reading reaches and remains within 95 % to 105 % of the step size around the
final yalde.
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Figure 16 — Example of verification of ROCOF settling time
using positive 1 Hz/s step in ROCOF

Settling time using 95 % of the step =0,0880 s
I T I I

Reference

Instrument

a\ \\\__IIJ\,W_V_,_A_V____‘

e 16 and Figure 17 show/the results of the equivalent time sampled step response (4
he input ROCOF (green). Time ¢ = 0 is set to the time of the step of input frequency
vertical line shows“the settling time where the instrument readings have reacheg
remajn within 95 % t0)105 % of the step.

Type test report

manufacturer or testing laboratory shall produce a type test report for the func
bn{s described in this document.

-04 -0,3 -0,2 -0,1 0 0,1 0,2 0,3 04 0,
Time from frequércy step of input (s)

Figure 17 — Example of verification of ROCOF settling time
using.negative 1 Hz/s step in ROCOF

IEC

IEC

lack)
The
and

ional

As a minimum, the following aspects shall be recorded.

¢ Instrument under test references: this includes description of instrument/function under test,
as well as specific details such as model number and firmware version.

e Test equipment: equipment name, model number, calibration information.

e Instrument interfaces: inputs and outputs of the instrument, used to perform the tests, shall
be described.

e Test results: a heading for each of the tests in 6.3 to 6.6. The results of testing shall be
given under each heading together with the method used, the instrument settings, and any
other pertinent information.
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If it was not possible to perform a particular test or if the test was not applicable, the heading
should still be included and an explanation for the absence of the test results according to the
methods described in 6.3 to 6.6 should be given. In that case, the manufacturer can declare an
alternative test method used to perform the test, if that is the case.
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Annex A
(informative)

Measurement classes

Requirements regarding the settling time and the accuracy - as the most relevant
characteristics of frequency and ROCOF measurement — are grouped in Table A.1 and
Table A.2 on measurement classes. They have been derived from the compilation of use cases
in Table 6. Classification serves the purpose of providing standardized products (e.g. class A1
or C2), which can serve different use cases.

Anin
provi

Table A.1 — Measurement classes for frequency measurements

Characteristic

Measurement class requirement

A B Cc D
Settling time 60 ms 100 ms 200 ms 1000 ms
Accuracy: maximum 100 mHz 30 mHz 10 mHz 1 mHz

absolute error under
steady state or dynamic
conditions

(steady state
and dynamic)

(steady state
and dynamic)

(steady state
and dynamic)

(steady state)

Table A.2 — Measurement classes for ROCOF measurements

Measurement’class requirement

Characteristic

1 2 3
Settling time 100 ms 250 ms 1 000 ms
Accuracy: maximum 0,1 Hz/s 0,05 Hz/s 0,001 Hz/s (steady

absolute error under
steady state or
dynamic conditions

(steady statesand
dynamic)

(steady state and
dynamic)

state)

s5trument can provide user'settings to cover several classes. In this case, the manufag
Hes the relationship between setting(s) and class level.

turer
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Annex B
(informative)

Description of frequency or ROCOF measurement use cases

Use case "PLL in photovoltaic power generating systems™

Technical background of the use case

lockeld loop (PLL) is used to synchronize AC output current of the PV system to AC grid voltage,
so thpt the PV system can control active and reactive power which are fed into,the'AC grid. In
this gontrol mode, the DC to AC converter controller in the PV system consists-of’current control
with PLL.

DC to AC converter controller

voltage level Vo|tage current level Current
-
MPPT control 7| control \|«

b A

PLL

Reference
cos wave

Reference
sin wave

Reference Reference h 4

T

3

AC grid voltage

Gate signals:
AC current

DC current
DC voltage

>
3
3¢

.

_‘j} _‘j} | Distribution
1 network

1
i
1
1 1 N—ren.
1 ! p— p— {,
| . — ()
1 1
1 1 u

NG ! -"} -{'}' -
. : —it—

PV arrays Three phase DC to AC converter

Key
MPPT
PLL

(inverter)
IEC

maximum point power tracking

phase locked loop

Figure B.1 — Example of a system diagram of a PV system
with a three-phase DC to AC converter
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As an alternative to current control shown above, the PLL can use voltage control to connect
the PV system to the AC grid. PLL is used to synchronize inverter voltage of the PV system to
AC grid voltage so that the PV system can connect with the AC grid. Figure B.2 shows an
example of a system diagram of the PV system. In this control mode, the DC to AC converter
controller in the PV system consists of voltage control with PLL. The voltage control and PLL
operate to minimize differences of phase angle, frequency and voltage amplitude across a
circuit breaker. When the differences of phase angle, frequency and voltage amplitude across
a circuit breaker are kept within specified tolerances, the circuit breaker is closed, and the PV
system is connected with the AC grid. Then, the PV system starts to control active and reactive
power in current control mode.
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Figure B.2 — Example of system diagram of a three-phase PV system for voltage coptrol

B.1.2 Resulting requirements for measurement

PV systems have two modes such as current control and voltage control to synchronize with
the AC grid. In both modes, frequency measurement of PLL in PV systems should feature the
characteristics given in Table B.1.
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Table B.1 — Typical requirements for frequency measurement of PLL in PV systems

Measuring range (Hz) ® Typical accuracy (mHz) Typical settling time (ms)

Longer than settling time of voltage or current

44 /53¢ 56 /63 d +10 a
controller

a8 Typically, 2 or 3 cycles of fundamental frequency may be required to ensure PLL synchronization in case of frequency
step change.

b For ROCOF measurement, PLL has capability to follow 5 Hz/s in a power system of sufficient size (e.g. interconnected
system) where power generators can provide sufficient inertia. In small power systems, e.g. small islands where power
generators do not have sufficient inertia, up to 15 Hz/s may be required.

R H 4 Ol & 1
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4 Hossible frequency range on a 60 Hz network.

B.2 | Use case "Primary reserve"

B.2.1 Technical background of the use case

Primary control is aimed at rapidly re-establishing the balance betWween active power produced
and active power consumed immediately after an event on the power system that results|in an
active power unbalance (e.g. loss of a power plant). Supply of grimary reserve may be required
from |some of the power plants connected to the transmission and the distribution netwlorks.
When it is required, frequency measurements are necessary on each of the relevant gower
plants to dispatch and control the reserve. They shouldymeasure frequency relatively fasf and
with [a good accuracy to allow a rapid and accurate response of the primary regulation,
especially in future power systems that may featurerless inertia than today's power systeins.

To illustrate this use case, an example or f€al application of power proportional controlfer is
described in B.2.3.

B.2.2 Resulting requirements for measurement

The frequency measurements should feature the characteristics given in Table B.2.

Table B.2 - Typical requirements for frequency measurement —
use case "Primary reserve"

Measuring range’ (Hz) Typical accuracy (mHz) Typical settling time (ms)

44 /53 ° 56/63° +10 ° 200 °to 1 000 ¢

a8 | Possible.frequency range on a 50 Hz network.

Possible frequency range on a 60 Hz network.

C ENTSOE roauiramentin viaw of o naowar eyeh\m with lace inartia  in naorticular ocmall eyefnme nd
=t =—F tHereRt—i —c W-e+ teH—WHR—e s HHe+a—ih aSFHetha—SHan e I

& —view p
microgrids. See § 4.4 in reference [7].

4 Wider range for settling time, typically for frequency control of DER connected to larger power systems.
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B.2.3 Example of "frequency-watt" function in photovoltaic power generating
systems

B.2.3.1 Technical background of this example

Some national grid codes require the reduction of active power generated from PV systems
when the frequency of AC grid rises. Figure B.3 shows an example of a system diagram of the
PV system which has active power control function responding to frequency deviation. The
frequency-watt function controls a reference level of output active power, responding to the
level of frequency of AC grids. The PV system has frequency measurement of AC grid in a
frequency-watt function, or the frequency-watt function receives measured values of frequency
from PLL.

Figune B.4 shows an application example of the frequency-watt function in PV systems \hich
contrpl active power in a way that maximum active power output is limited when'the AG grid
frequency rises and exceeds certain levels.
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Figure B.3 — Example of system diagram of PV system with frequency-watt function
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Figure B.4 — Application example of frequency-watt function for PV systems

3.2 Example of resulting requirements for measurement

Table B.3 — Example of requirements of frequency-Watt function of PV systemsg

Measuring range (Hz) Typical accuracy (mHz) 2 Typical settling time (s) °

Within frequency protection +10 1

ccuracy of frequency measurement for the frequency-watt function.depends on accuracy of PLL when
e frequency-watt function receives measured values of frequericy from PLL.

= >

w

ettling time of frequency measurement for the frequency-watt function is longer than that for PLL.

B.3

B.3.

Secopdary control aims to bringfrequency back to its setpoint value (nominal frequency §
or 6(Q Hz) after a transient on’the power system while rebalancing trans-border power f

Use case "Secondary reserve —frequency measurement used for
centralized control”

1 Technical background of.the use case

ature

0 Hz
OWS.

Currgntly, the control of the secondary reserve is based on active power set points transnitted

to power plants from a-eentralized control centre, usually managed by the transmission sy
operator (TSO) at the country level. In this configuration, the supply of secondary reserve
not r¢quire frequehcy nor ROCOF measurements at the power plant level.

Howgver, inthe future, the secondary reserve might be decentralized on each power plg
somgqg of the power plants connected to the transmission or the distribution network.

stem
does

nt or
In a

decentralized system, frequency measurements would be necessary on each of the relgvant

power plants These frequency measurements would not have to he fast but should be
precise.
B.3.2 Resulting requirements for measurement

The frequency measurements should feature the characteristics given in Table B.4.

very
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Table B.4 — Typical requirements for use case "Secondary reserve —
frequency measurement used for centralized control”

Measuring range (Hz) Typical accuracy (mHz) Typical settling time (ms)

44 /53° 56 /63 © 1@ 1000 @

a8 Sufficient performance expected for secondary regulation. A 500 ms settling time would be possible to
reach a 1 mHz accuracy and is also required by the § 4.4 of reference [7].

Possible frequency range on a 50 Hz network.

¢ Possible frequency range on a 60 Hz network.

B.4 | Use case "Fast frequency-active power proportional controller with depad
band"

B.4.1 Technical background of the use case

A fast proportional controller with a dead band is aimed at preventing fréquency overshootg and
undefshoots on the power system in case of very large unbalances between active gower
genefated and consumed (e.g. sudden loss of interconnection’lines between a masgively
expofting country and a massively importing country also known.as system split).

It works by applying a droop-response of active power produced as a function of frequency and
operating when the frequency deviates from nominal frequency value beyond a given linit (in
case |of over-frequency on a 50 Hz power system, foriinstance, 50,2 Hz). This controller uses a
propartional controller with regard to frequency variations.

The |supply of this ancillary service may .be required from power plants connected to
transmission and distribution networks. When it is required, frequency measurement$ are
necegsary at each of the relevant power'plants or storage systems. They should measure
frequiency as fast as possible and with @an“acceptable accuracy to allow a rapid response df this
P(f)-function. Compared to primary~reserve (Clause B.2), frequency is subject to a faster
variagion and therefore requires.a shorter frequency measurement time. A lesser accurdcy of
the frequency measurement may be acceptable compared to the primary reserve use casg.

An application example is.the Limited Frequency Sensitive Mode — Overfrequency (LFSM-O) or
Underfrequency (LFSM:-U) as defined in the European Grid Code (RfG — Requirement for
Gengrators) and shgwn’in Figure B.5.
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. P-Py _ 1 [~ fimit
LFSM-0 e T

Jo Jimito 4 P : active power generated
f: frequency measured by the generator

\ Py, : active power generated when f'crosses fiit o
P - can be for instance the rated power for a synchronoug
machine or Py, for an inverter
Jo - reference frequency (50 Hz or 60 Hz)
Jiimit o frequency above which the LFSM-O is activated
droop: droop of the LFSM-O (in p.u.)

P-P 1 —f
‘ LFSM-U i£/> fimitu then =3 fM T D, ff}%ltu

re p

Jiimit u Jo S

P ractive power generated

f- frequency measured by the generator

Py, - active power generated when f'crosses fjimit u
P : can be for instance the rated power for a synchronoug
machine or Py, for an inverter

Jo - reference frequency (50 Hz or 60 Hz)

Jiimit u: frequency below which the LFSM-U is activated
droop: droop of the LFSM-U (in p.u.)

Figlire B.5 — Example of fast frequency-active power proportional controller with dead
band (LFSM-O“and LFSM-U characteristics from European Grid Code)

NOTE|1 These droopicharacteristics are inside the frequency operating range, with no operation of over- or pnder-
frequency protection relays. The characteristics of this P(f)-function must be coordinated with both over- and Linder-
frequency protegtion relays settings.

NOTE|2 The'droop is typically 2 % to 12 % in Europe.

B.4.2 Resulting requirements for measurement

The frequency measurements should feature the characteristics given in Table B.5.
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Table B.5 — Typical requirements for frequency measurement — use case "Fast
frequency-active power proportional controller with dead band"”

Measuring range (Hz) Typical accuracy (mHz) Typical settling time (ms)

44 /53° 56 /63 © +50 @ 100 @

Same as ENTSOE requirement in view of a power system with less inertia, in particular small systems
and microgrids, and requirement for an as fast as possible response of active power in case of abnormal

over-/under-frequency. See case "LFSM" of § 4.4 of reference [7].
Possible frequency range on a 50 Hz network.

Possible frequency range on a 60 Hz network.

B.5

B.5.1

Fast

frequency development after a major power imbalance by acting rapidly before the action

prima
inerti
signit
state

Use case "Fast frequency response"

Technical background of the use case

response to frequency variation is used in order to limit the overshoot or nadir @

ry reserve of conventional generation is fully deployed. On aAveak power system wit
n, e.g. typically on a geographical island, the loss of a power plant that represe
icant share of the generating power will result in a majorifrequency dip before the s
is reached. Fast frequency response is typically implemented on battery energy std

f the
bf the
h low
nts a
eady
rage

systeims (BESS). The relevant electrical energy storage,systems and generating plants should
meadure frequency and ROCOF as fast as possible and‘with an acceptable accuracy to pllow
a verl rapid response.
The fiast frequency response uses a proportional‘controller.
B.5.2 Resulting requirements for measurement
The frequency measurement should feature the characteristics given in Table B.6.
Table B.6 — Typical requirements for frequency measurement —
use case "Fast frequency response”
Measuring range (Hz) Typical accuracy (mHz) Typical settling time (ms)
44 /53°P 56 /63 © +50 2 100 @
a8 | Same as ENTSOE requirement in view of a power system with less inertia, in particular small systefns
and microgrids, and requirement for response of active power to be as fast as possible, in case of rapid

change_ of frequency. See case "LFSM" of § 4.4 of reference [7].

Possible frequency range on a 50 Hz network.

Possible frequency range on a 60 Hz network.

B.6

B.6.1

Use case "Synthetic inertia"

Technical background of the use case

Synthetic inertia provides a fast proportional response of the active power to the rate of change
of power frequency (ROCOF), which is used in order to limit the ROCOF after a major power
imbalance by acting rapidly as a differential transfer function. On a weak power system with low
inertia, e.g. as typical on a geographical island, the loss of a power plant that represents a
significant share of the generating power will result in a sharp df/d¢ gradient of a fast frequency
decline.
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Frequency and ROCOF should be measured as fast as possible and with an acceptable
accuracy to allow a very rapid response.

Synthetic inertia is typically implemented on battery energy storage systems (BESS).

B.6.2 Resulting requirements for measurement

The ROCOF measurement should feature the characteristics given in Table B.7.

Table B.7 — Typcial requirements for ROCOF measurement —
u " H H H "

Measuring range (Hz/s) Typical accuracy (Hz/s) Typical settling time-(ms)

-15/+15° +0,1 @ 100 °©

Requirement on accuracy is defined on the basis of functional requirement (accuracy of at'least 0,1 H
is recommended) as well as on state-of-the-art knowledge issued from relay manufdcturers: 0,1 H
accuracy seems feasible with 0,1 s settling time.

Possible ROCOF range on weak power systems (with low inertia).

Requirement on settling time is defined to ensure a rapid response of the function. 0,1 s is necessary
certain power systems like small islands where the overall power response must be given within 300 n

b/s
b/s

for
Ns.

B.7

B.7.1
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Use case "Passive anti-islanding detection”

Technical background of the use case

brately for maintenance or accidently dug. to a fault. If the isolated "islanding" area cor]
dded generation, any personnel working to restore power will be at serious risk
hittent unexpected voltages. Antidislanding protection relays are therefore requir
nnect embedded generation when' the wider network is not present.

is done by assuming that the wider synchronized network has a more stable frequ
an isolated small sub-nétwork. It follows that frequency or the rate of change of freqy
e used in protection relays to detect islanding and trip off the embedded generati
re protection of engineering personnel. When frequency or ROCOF exceed a given V

acy.

tection=should trip within an acceptable operate time and with an acceptable acc
taking into account the following.

5 of a power network will occasionally become isolated from the wider network gither

tains
from
ed to

ency
ency
pn to
alue,

onsidered that these variations cannot happen on an interconnected system and that the
system is islanded.“Fhese measurements should be as fast as possible with an accep

table

iracy

frequency variations.

ne frequency and ROCOF measuremenis used by the protection should follow accurately

e The protection should not operate if the fault lasts less than a given duration in order to
avoid false tripping during short perturbations or short-circuits inside upstream power
system which must be cleared by the protection system.

As in this use case the protection operates by using the frequency or the ROCOF measured by
a frequency measurement or a ROCOF measurement, respectively, the previously mentioned
requirements need to consider and be consistent with the settling time of the measurement. For
instance, the settling time of a PLL in an inverter in case of frequency step is usually considered
to be about 2 to 3 periods. So, the frequency measured by a PLL may not be taken into account
by the protection in a reliable way before about 2 to 3 periods. Reciprocally there should be a
maximal settling time admissible for frequency or ROCOF measurement to ensure the right
behaviour in dynamic conditions with more or less fast frequency variations.
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Also, frequency protections must be stabilized with a delay time and/or an undervoltage
blocking element in order to avoid false tripping and to meet fault ride through requirements
defined by the grid codes.

Therefore, the minimal operate time for the protection should be set at a value of the greater of
the settling time of the frequency or ROCOF measurement and a delay time defined by the
system operator. The maximal operate time for the protection should be set at a value of the
greater of the maximal time admissible for frequency or ROCOF protection operation and the
intentional delay time defined by the system operator.

NOTE The performances of frequency and ROCOF protections are characterized in IEC 60255-181.

B.7.2 Resulting requirements for measurement

The ffequency and ROCOF measurements should feature the characteristics given.in-Table B.8
and [fable B.9, respectively. These characteristics regard only the frequency. and RQCOF
meaqurement and not the delay time to be defined by the system operator for.the operation of
the pfotection.

Table B.8 — Set of typical requirements for frequency measurement —
use case "Passive anti-islanding detection™

Measuring range (Hz) Typical accuracy (mHz) Typical settling time (ms)
44 /53 d 56 /63 ¢ £100 ° 40to 602
44 /5349 56 /63 ¢ 30°¢ 90 to 120 ¢

a8 | Typical settling time of a PLL in case of frequency step. This settling time provides a lower value for fhe
minimal time of response for the protection (called "start'time" in [IEC 60255-181).

Typical accuracy required for a frequency measurément with a settling time of 40 ms to 60 ms.

Requirement for the maximal response time and-the associated accuracy of a frequency-based protectjon
without taking into account the intentional defay time defined by the system operator to get the required
protection operate time. This time is called "start time" in IEC 60255-181. See the case "Protection”|of
§ 4.4 of reference [7]. This requiremeént corresponds to the start time of the protection, without the
associated intentional delay time, defined by the system operator. The accuracy required for the frequenrcy
start value (threshold) is also defined.

Possible frequency range on-a. 50 Hz network.

¢ | Possible frequency range‘aon a 60 Hz network.

Table B.9 — Typical requirements for ROCOF measurement —
use case "Passive anti-islanding detection”

Measuring range (Hz/s) Typical accuracy (Hz/s) Typical settling time (ms)

-10/+10° +0,05 2 180 to 240 2

a8 ENTSOE requirement for the time of response and the associated accuracy of a ROCOF based protection
without taking into account the intentional delay time defined by the system operator to get the required
protection operate time. This time is called "start time" in IEC 60255-181. See the case "RoCoF protection”
of § 4.4 of reference [7]. This requirement corresponds to the start time of the protection, without the
associated intentional delay time, defined by the system operator. The accuracy required for the ROCOF
start value (threshold) is also defined.

Possible setting range of ROCOF function used to detect anti-islanding detection.

To improve the sensitivity and the stability of anti-islanding detection, the criteria could be a
combination of frequency and ROCOF measurement.
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B.8 Use case "Active anti-islanding detection”

B.8.1 Technical background of the use case

In case of large penetration of DER, in particular inverter-based generators, the risk of
unwanted islanding situations is higher such that they cannot be correctly protected by
conventional anti-islanding protection, based on "passive" detection principles.

To ensure this anti-islanding detection, many active methods have been developed such as
impedance measurement, active power or reactive power fluctuation method, etc. One of them,
used in Japan, is a temporary reactive power injection method. It is based on power frequency
meagurement and a positive feed-back function of measured frequency to reactive,gower
injeclion into the grid. If the monitored power sub-system remains connected to the main| grid,
the reactive power injection is absorbed by the main grid and has no impact on theffeqyency
of thg sub-system. Power frequency is kept by the main grid without deviations and flctuations.
Whereas if the monitored sub-system is operated in un-intentional islanding situation, freqyency
is no[longer maintained at or close to its nominal value by the main power sysiem. The injected
reactjve power is fed into the monitored sub-system. Voltage on the monitored sub-system is
defingd by the amount of loads and the reactive power, and the phase-of’voltage leads in the
case|that the injected reactive power is inductive or lags in the case that the injected regctive
power is capacitive. Because the injected reactive power is contr6lled on the basis df the
voltage phase of the monitored sub-system, the phase of voltage continues to lead of lag.
Conslequently, frequency of voltage of the monitored sub-system becomes rapidly fasfer or
slower. The temporary reactive power injection method detects this rapid change of freqyency
and assumes that the monitored sub-system is in islandifg condition.

When such a scheme is implemented, detection of‘frequency perturbations and injectipn of
reactjve power are designed to avoid unwanted:operation. These designs are based on
appropriate filters and dead-band characteristics. If the injection of reactive power i not
mangged correctly, it could lead to worse pawer quality, with nuisance voltage flicker according
to grjd impedances. Therefore, the perfaxmance of the temporary reactive power injgction
methpd depends on the accuracy of frequency and ROCOF measurements.

B.8.2 Resulting requirements for measurement

The frequency measurements should feature the characteristics given in Table B.10.

Table B.10:="Typical requirements for frequency measurement —
use case "Active anti-islanding detection”

Measuring, range (Hz) Typical accuracy (mHz) Typical settling time (ms)

441 53¢ 56 /63 ¢ +10 @ 60 to 100 ®

2 | Requirement proposed based on the experience in Japan.

Op¢€rate time: maximum time to detect islanding.

¢ Possible frequency range on a 50 Hz network.

Possible frequency range on a 60 Hz network.

NOTE The detection of an islanding situation is not based on the crossing of frequency or ROCOF thresholds. So,
there are no frequency nor ROCOF thresholds defined. This active detection is made by observing the way the
frequency behaves when reactive power is injected/absorbed. On an islanded network, the injection of reactive power
into the network usually causes its frequency to decrease whereas the absorption of reactive power from that network
usually causes its frequency to increase. This is due to the behaviour of usual loads as well as of cables with regard
to reactive power, more precisely the consumption of reactive and active power by loads and the generation of
reactive power by cables as functions of frequency and voltage. So, on an islanded system, frequency usually
decreases or increases depending on total residual system loads' reactive power consumption including cables, and
of leading or lagging reactive power that is injected from the power converter equipment of DERs by their active anti-
islanding functions. The frequency shift that occurs in the islanded system is detected by DERs. When they detect
this frequency shift, they stop the injection of power to the grid to complete the islanding prevention function.
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B.9 Use case "ROCOF measurement used for centralized control”

B.9.1 Technical background of the use case

ROCOF may have to be measured at the synchronous area level for control purposes of

transmission system operators (TSOs), for instance for assessment of the level of

inter

synchronous-area oscillations. The accuracy of 1 mHz/s and the settling time of 1s are
necessary as these frequency oscillations usually produce frequency change of a few mHz to
a few tens of mHz, with a periodicity of 1 s or more. As 500 ms are usually enough to measure
frequency with a 1 mHz accuracy, a measurement time of 1 s is enough to measure a ROCOF
of 1 mHz/s. However, a settling time of 1 s will not allow the detection of a periodicity of about

1 s o[ 1E55:

B.9.2 Resulting requirements for measurement

The ROCOF measurement should feature the characteristics given in Table B.1x%.

Table B.11 — Typical requirements for ROCOF measurement —
use case "ROCOF measurement used for centralized control”

Measuring range (mHz/s) Typical accuracy (mHz/s) Typical settling time (ms)

-30/+30° 12 1000 @

a8 | ENTSOE requirement for the time of response and the associatedhaccuracy of a ROCOF measuremsg
used for centralized control. See the case "RoCoF evaluation on synchronous area level" of § 4.4
reference [7].

b | Possible ROCOF range for frequency oscillations on a 50 Hz or 60 Hz network. Measured on the Europe
power system during frequency oscillation incidents.

bnt
of

B.10[ Use case "Load control with.active power management”

B.10{1 Technical background of the use case

Demand units may use frequency measurement to ensure demand response frequency control

functlon. Such a function is similar to the power droop power function described in Claus
for generators but applied-to a load or a group of loads. This load control is aim¢
partigipating to the balance between active power generated and consumed. It work
applying a droop-response of active power consumed as a function of frequency and operf
when the frequeney.deviates from nominal beyond a given limit. This function is gen
specified with azdead band around the nominal system frequency (50 Hz or 60 Hz) to avo
much interaction with generator active power control.

B.10{2 /, Resulting requirements for measurement

e B.4
ed at
s by
ating
erally
d too

The frequency measurements should feature the characteristics given in Table B.12.

Table B.12 — Typical requirements for frequency measurement —
use case "Load control with active power management"

Measuring range (Hz) Typical accuracy (mHz) Typical settling time (ms)

44 /53° 56 /63 © +50 @ 100

a8 Requirement consistent with droop functions associated with generators, described in Clause B.4.

b Possible frequency range on a 50 Hz network.

¢ Possible frequency range on a 60 Hz network.
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Use case "Self-dispatchable loads" (microgrid applications)

B.11.1 Technical background of the use case

2023

Self-regulation of loads (SRL) is a well-known phenomenon. This effect emerged from the
dynamic behaviour of electric motors that were used to power directly mechanical drivetrains,
e.g. for pumps or air blowers. The higher the rotational speed of that drive, the more power was
needed and vice versa. This effect automatically contributes to frequency stabilization without
a supervisory control.

The SRL concept is to emulate the above explained beneficial behaviour with dispatchable
loadq. Dispatchable loads are able to change their active power consumption to supper

need

5 including regulating frequency. Typically, the internal control of that device would

to frgquency deviations depending on the user settings and system state (e.g. temperatu

state

of charge). Depending on the capabilities of individual dispatchable loads; aggr¢

poold of dispatchable loads are able to respond to frequency with response times
micrgseconds to several seconds. Since these loads only require a local(measuremg

frequ
to us

SRL

B.11

As d
accu

ency, neither digital communication channels nor distributed control systems are ne
b small loads in the task of keeping the electric system stable.

may allow to provide a wide range of services as described.in Table B.13.

2 Resulting requirements for measurement

fferent loads may have different dynamic characteristics the use case has diff
acies, which need to be declared by the manufacturer.

Table B.13 — Typical requirements for frequency measurement —
use case "Self-dispatchable loads™"

L grid
react
re or
bgate
from
nt of
eded

erent

Measuring range (Hz) Typic?rlni'cz(;uracy Typiczlmseettling Use case

44 /53 ¢ 56 / 63 9 +100 60 ms Ultra fast power control
44 /53 ¢ 56 / 63 9 +30ab 100 ms @ Very fast current control
44 /53¢ 56 /63 ¢ +102° 200 ms @ Fast current control
44 /53 ¢ 56 / 63.¢ t12ab 1s? Disconnectable loads
44 /53¢ 5663 9 £12ab 1s2 Primary control

44 /53¢ 56 /639 t12ab 1g@ Secondary control
44 /53¢ 56 /639 £12ab 1s2 Tertiary control

Requirement based on requirements in IEC TS 62898-3-3:2023 [8], Table 1 and Table 3.

It is up to the manufacturer to declare the accuracy.

¢ Possible frequency range on a 50 Hz network.

Possible frequency range on a 60 Hz network.
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B.12 Use case "Under-frequency load shedding" (UFLS)

B.12

.1 Technical background of the use case

Under-frequency load shedding (UFLS) is an emergency measure to avoid a total blackout of
the electrical system due to generation/load unbalance, the load being greater than the injected
production. This production/consumption difference implies a drop in the frequency of the
electrical system which must then draw on the kinetic energy of the machines connected to the
electrical system. In case of major unbalances (from a few percent to several tens of percent),
under-frequency load shedding shall be applied in order to arrest further deterioration of the
frequency, automatically disconnecting parts of the consumption. It is important to note that the

store ;
not spufficient to compensate the imbalance over long periods as the frequency drops q

over
syst

the dquipment or because the electrical system to which they are connected{\does not

few seconds to tens of seconds. This under-frequency is accompanied with(signi

ickly
icant

m dynamics and several devices are likely to disconnect automatically to avoid’damaging

itself

appepr stable. The scheme for the automatic low frequency demand di§eonnection |(load

shed

To ensure frequency selectivity, mainly during major generation losses, it is imperative to
good|control of the voltage during load shedding operations. In fact,'eXcessive voltage var
during load shedding operations leads to load variation that, alters the generation/real

imba

jing) can also use ROCOF.

ance due to load-voltage relationship. On a voltage-sensitive system, the simultar

have
ation

load
eous

trippihg of shunt capacitors of the distribution systems and the active load is required to ensure

adeqpate control of overvoltages. To be effective, the under-frequency load shedding plan
be vegry fast; it therefore uses a combination of frequefcy thresholds and ROCOF with ng

must
time

delays. For example, Hydro Quebec uses a total of six thresholds ranging from 58,5 Hz to

56,0 Hz in 0,5 Hz steps and four frequency gradients (ROCOF) ranging from -0,4 Hz
-1,2 Hz/s.

B.12)2 Resulting requirements for measurement

The frequency measurements should\ feature the characteristics given in Table B.14
Tablg B.15.

Table B.14 — Typical requirements for frequency measurement —
use case "Under-frequency load shedding”

/s to

and

Measuring range (Hz) Typical accuracy (mHz) Typical settling time (ms)

47/ 53 ° 537/ 63° +30 100 to 120

8 Other possible frequency measuring range could be between 0,9 p.u. and 1,1 p.u., in particulaf for

microgrids operated in islanded mode.

Table B.15 — Tvpical . for ROCOE

use case "Under-frequency load shedding”

Measuring range (Hz/s) Typical accuracy (Hz/s) Typical settling time (ms)

-4/ +4 +0,10 180 to 240
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Annex C
(informative)

Summary of requirements expressed in standards and grid codes related
to frequency and ROCOF measurements

Standards related to power systems and grid codes define requirements with a direct or indirect
link to frequency and ROCOF measurements. These requirements, extracted from these
documents, are summarized in Table C.1. This table is used to feed the use cases and their
associated characteristics defined in Clause 5.

The requirements in power system standards or grid codes are generally not directly exprgssed
with fhe characteristics defined in Clause 4. However, these requirements may have)an indirect
impag¢t on frequency and ROCOF measurements and must be considered to 'define typical
perfofmances defined in Clause 5.

For dach characteristic, the reference of the subdivision within the concerned standard of grid
codelis added in parenthesis.
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Annex D
(informative)

Maximum ROCOF to be considered on power systems in case of incidents

D.1

General

This Annex D provides a few examples of extreme ROCOFs that may be encountered on power
systems in the future. It is to be noted that the value of ROCOFs mentioned may depend on the

wa thavare-caletlated somav rafloact sliahtlhy diffarant tranciant citiiatinne fram Ana souatr to
y they-are-caloulated-so-may-refloct-slightly-difforonttransientsituations-from-one-couniry

another.

D.2

The
G59:
23 J

UK

DFGEM document "Changes to the Distribution Code and EngineeringhRecommendation

Frequency Changes during Large Disturbances and their Impact on the Total Syste
ily 2014 requires ROCOF interface protection settings for generators of 0,5 Hz

m" of
s for

synchronous generators commissioned before 1 July 2016 and 1 Hz/sfor other generators (the
meaqured ROCOF should remain continuously for 500 ms above the threshold for the protgction

to bs

confi

systelm may reach in the future up to 1 Hz/s.

D.3

Todaly, the theoretical ROCOF seen on the. gontinent in the design case (loss of 3 G
minimum demand level without split of the European power system) is less than 0,1 Hz/
far as the future is concerned, the ENTSOE document "Frequency Stability Evaluation Cr

med by the new ENA Engineering recommendation G99."So the ROCOF on the UK p

European continent

triggered). This latter requirement (threshold at 1 Hz/s-'and delay time of 500 ms) is

ower

W at
5. As
iteria

for tHe Synchronous Zone of Continental Europe" of March 2016 mentions the possibiuity of

ROC
ones

D.4

ROC
Hz/s

DFs up to 3 Hz/s (in case of a split power system and very large unbalances similar
observed during the November 2006 incident).

Islands

DFs on small islands (e.g. French islands La Martinique, Guadeloupe) may reach
2 Hz/s to 4 Hz/s and potentially more in extreme cases).

o the

h few
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Annex E
(informative)

Frequency and rotating vectors

Frequency is defined in 3.5 in terms of rotating vectors, which is familiar to most power system
engineers. Some power system engineers think of the signals in terms of phasors as described
in Figure E.1, which is synonymous to rotating vectors. If the signal on an actual power system
is represented as a single rotating phasor, the amplitude and the angular velocity of the vector
will be continually changing (including within a single period). The angular velocity, of course,
is th ot i ; i i ating
vectdgrs with each vector representing one of the components of the signal, each component
has @n angular velocity which can be changing even within a single period of rotation| The
signgl can be filtered until the angular velocity approximates a constant, but thelfiltering is
impeffect and leads only to an approximation of the angular velocity. If the angular velocity
changes over the course of a single period, the reciprocal of the period is anly an average of
the frequency over the single period.

Imaginary
L
Fa
7
Y
g

Real
IEC

Amplitude (a), angle (@) and angular velocity (w) are all*functions of time and may change within a single perjod.

Figure E.1 — Phasor representation;of’a power system signal, which has amplitude|(a),
angle (@)'and angular velocity (w)

Othef power system engineers.think of the signal components as the values from the bins|from
the discrete Fourier transform' (which are imperfect approximations [19]). Continuous-time
Fourier analysis would completely and precisely describe the signals at a given moment of{time,
but al complete and pretise (ideal) description would require an infinite amount of information
aboul the signal. Discrete Fourier Transform (DFT) uses finite information and yields
approximations of.the epicycles at a given moment of time. Additionally, Fourier transforms
completely desgcribe stationary signals. Power system signals are not stationary, so the Fqurier
transform is atse an approximation of the power system signal.

In general,/the term used to describe a quantity to be measured is a "measurand" [20]. A[good
meagqurand is not based upon any methodology of measurement but is defined with suff|cient
completeness such that measurements of any accuracy can be compared with an "ideal"
value [21]. Theoretically, it is impossible to make any ideal measurement, but measurement
accuracy can be specified based upon the requirements of the application (how we intend to
use the measurements).

To extend the definition of frequency to all fields of study and provide a valid description of the
physical quantity of "frequency", the more generalized signal decomposition which works for
both stationary and non-stationary signals is empirical mode decomposition (EMD). Like Fourier
transform, EMD decomposes a signal into a series of rotating vectors; but unlike Fourier, each
rotating vector can have changing (non-stationary) amplitude and angular velocity. Using EMD,
a signal is decomposed into one or a series of intrinsic mode functions (IMFs). In the power
system, one of the IMFs will be the power system fundamental signal. The fundamental signal
frequency is generally constrained by grid code to be within a small deviation from the nominal
frequency of 50 Hz or 60 Hz.
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Other IMFs may also be present and may come and go from the power system signal; they may
include some harmonic IMFs, some interharmonics induced by loads, power electronics and the
like, and some noise. Noise is generally a relatively small amplitude IMF with random phase.

The signals found in electrical power systems are constantly changing. Ideally, they would
consist of single, unchanging, pure sine waves at one continuous frequency (the nominal
frequency). In reality, the signals consist of sums of many components which are continually
changing in frequency and amplitude. Power system engineers may be interested only in one
intrinsic mode function (rotating vector) which would be the "fundamental component”, or a few
intrinsic mode functions (rotating vectors), for example the fundamental and some harmonics,
or the fundamental and a few closely related interharmonics (side-bands) which combine to
creatg_amptitude and/or equency moautatior 0 e fandamenta 221 O
meagurement, the IMFs which exist but are not of interest must be removed, usually by,fi
the s|gnal, which cannot be performed perfectly in finite time.

Each|IMF in the series has an amplitude, and that amplitude may be changing over time. [Each
IMF has an instantaneous frequency — it's instantaneous rate of change~(the derivatie) of
phasge, which also may be changing over time. Each IMF, at any instant,/has a relative ghase
to allf other IMFs (which can be determined at the starting point of an-observation). To [most
powdr engineers, the most well-known application of empirical modecdecomposition is the(less-
genefalized form, Fourier analysis, where each IMF has a constant'amplitude and frequercy in
time.

When measurements are being made in an attempt to determine the frequency (or frequericies)
at a |given moment of time, a "snapshot" of the signal is made at an instant of timg, the
frequencies of the IMFs would all be the instantaneeus rates of change of the phases ¢f the
IMFs| at that moment of time. The instantaneous ‘rate of change is called a "derivative".
Heisg¢nberg [23] proved that we cannot know bethythe position and the location of a qugntity,
so tolknow both the phase and rate of change of the phase, we need to look at more thanp one
moment of time and estimate the phase and“derivative of phase with respect to time gt the
moment we are interested in. While we might try to define frequency this way, that definit|on is
not ideal and depends on the method ofimeasuring rather than the quantity itself.

This document uses the concept of-rotating vectors to distinguish between the various dignal
comgonents that make up a power system signal such as a time series of voltage, currept, or
derived signals such as powgr“"The fundamental component is defined as the rotating vecfor of
intergst and almost always is the vector near to 50 Hz or 60 Hz in frequency (the power sysfem's
nominal frequency). Harmonics are rotating vectors which have frequencies at integer multiples
of the fundamental frequency, and interharmonic components are all other components that are
not fundamental or\harmonic. Usually, a group of small amplitude interharmonics wijll be
considered "noise,"but, as proven by Fourier, consists of a sum of rotating vectors which are
usually of low-afmplitude and change rapidly.
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Annex F
(informative)

Synthetizing input signals with sudden frequency change without
discontinuity in voltage waveform

When functional tests are based on sudden frequency change, the applied voltage signal shall
be managed without discontinuity in the voltage waveform, except its frequency change.
Annex F illustrates how to manage a three phase voltage injection with a continuous signal.
The same approach can be applied with a single phase injection.

In the equations below, the sudden frequency change occurred at the time ¢,.

e The initial frequency is f;.

e The final frequency is f5.

.
v 9]

efore the time ¢, the applied signal is based on following equations:
—| VL 4(r) = amp x sin(2 x © x £ x ¢1);

—| Vio(t) =amp x sin(2 x & x f} x ¢t = 2 x 7/3);

—| Vi3(t) =amp x sin(2 x mw x f} x ¢t + 2 x 7/3).

o After the time 7, (sudden frequency change), thelapplied signal is based on follgwing
efuations:

—| Vq(e)=amp xsin(2xaxfoxt+g)+ ..

—| Vio(r) = amp x sin(2 x nxfy, x t = 2 x ©[3F @) + ...;
—| Vs(t)=amp xsin(2xaxf, xt+2% /3 +¢)+ ..
where ¢ is computed to ensure.no discontinuity in the voltage waveform. This congition
is ensured with ¢ = 2 x 7 x ¢{* (4 = f5).
Such|applied signal is illustrated-in Figure F.1.

The flirst graph displays.the three phase voltages with a sudden frequency change from %0 Hz
to 54 Hz at ¢, = 0,02 s The other graphs display each phase voltage with the two gdower

frequencies (50 Hz with solid line curve and 55 Hz with dotted line curve).
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Figure F.1 - Example of voltage waveform without discontinuity at7, = 0,02 s

0,02 s is managed with a discontinuity in voltage waveform. In this figure, the signa| with

=0.

The |same example is illustrated in Figure F.2, where the sudden frequency change at

o =

frequlencyf2 (55 Hz) is computed with an angle ¢
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Figure F.2'— Example of voltage waveform with discontinuity at 7,
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Annex G
(informative)

Step test equivalent time sampling technique

Overview

In Clause 6 and Annex |, the descriptions of functional test principles list step changes in phase,
magnitude, and phase and magnitude combined as influencing factors. Settling time, defined in

3 ’]6 e maactirad with o trancitinn hatwaoaan twa ctaady ctata magciiramantc hafarg and o
. , oS e WHr—a—ta S HHoHBetwW-e e HtWo-5teaay—StateHeaStre e itsoetoreara—

step

graphically how to determine the settling time from a step in the input signals phasg

amp
mod

outpyt measurement curve will be reported by the instrument depending oncthe reporting
of the instrument, the time of occurrence of the step relative to the time of,the'reports, an
phasge of the input signal at the time the step occurred.

Figu
mea

change in frequency or ROCOF is applied to the input of the instrument. Figure 3’s

l{tude. Figure 3 illustrates a continuous-time output from the instrument; however,
grn instruments report their measurements discretely, so only discrete pQints alon

e G.1 illustrates plots from the step response of an actyal-frequency and RO

ter a
hows

and
most
hj the

rate
d the

COF

quring instrument which reports measurements once each nominal power system cycle (50
or 60| reports per second). These plots show different respongés.to steps occurring at diff
relative times in the reporting cycle and at different phases in the input signal:

erent

Frequency (Hz)

sh s Frequency step occurs at same time as report FNEN Frequency step occurs between two reports
’ —— Reference frequency y Reference frequency
© Instrument frequency —= Instrument frequency
5 51 e—
N
z
>
5p,5 2 505 |
Q
3
o
o
. w
sh . - i
| l ’ 50
49'5 . 4 | | ‘ |
-0,2 -0,16 -0,12-0,08 -0,04 0 0,04 0,08 0,12 0,16 0,2 495
Step ime.(s) -0,19-0,15 -0,11-0,07 -0,03 0,01 0,05 0,07 0,11 0,15 0,1
IEC Step time (s)

IEC

Figure G.1 — Example of reports during step response

ence

step
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—o Interlaced instrument frequencies < Interlaced instrument frequencies
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The blue arrow indicates the time that the
instrument frequency reported the event
of the reference frequency step
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The
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frequ
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G.2

The technique of capturing samples of periodic functions at different times then interlacin
capty

even

It is

respgnse to an event'such as a step. If repeating steps occur at slightly different relative p¢g

then
view

2

Figure G.2 — Example of reports during step response with higher resolution

Equivalent time sampling

at slightly different periods.

the latter technjgque that applies to determining with high resolution an instrum

the instrument's response to those events can be interlaced to present a high-reso
of the instrument response.

instrument frequency will be reported some time after the reference frequency. Thel blue
in Figure G.2 shows the time relative to the reference fréquency step that the measured
fency at that time was reported by the instrument.2 This ‘explains why it appears that the
nse to the step is occurring before the step itself occutred. The instrument cannot folesee
the future, it simply reports its response later than the occurrence.

g the

red time series is called "equivalent.time sampling" (ETS). This technique is used in digital
sampling oscilloscopes to increase the\"effective" sampling rate. If the signal being captu
periodic, then samples of repeatingceycles, taken at slightly different times, can be inter
and presented to appear as if a_higher sampling rate was used. There are other methg
imple

edis
aced
ds of

menting ETS, such as usifg multiple samplers with offset sample times or repeating an

ent's
riods,
ution

In this case, the reported instrument reached 50 % of the step but this may not be the case for all instruments.
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The instrument reports measurements at a fixed period, so repeating step occurrences by the
reporting interval, plus or minus a fraction of the reporting interval, gives reports at different
points on the measurement response curve. These measurements are combined by translating
the step and response measurement points back to the reference point (the time of one of the
steps) to give a step response result with a time resolution less than the reporting interval. This
technique controls the relation between the step time ¢ in the unit step function H(z) and one of
the reporting times.3 The unit step function time is adjusted to fall on a reporting time for one
step test. Successive step tests are performed with the unit step function times falling at
increasing fractions of a reporting interval after a reporting time. Thus, if 7. is a reporting time,

T is the reporting interval, and = is the number of tests to be performed, one test is performed
with a H(z.). The next test is performed with a H(z, + T/n), and the next with a H(s, + 2T/x), and

so or until the nth test is performed with a H(¢, + (n = 1)T/n). The resulting measurement goints

are ¢ombined by interleaving all the steps and combining the measurements ~with | their
corregsponding offsets from the step. This gives an equivalent measurement step responseg with
a timg resolution of T/n. In general, an accurate measurement of the instrument response [time,
the delay time, and the overshoot percentage can be made with n = 10 (hoewever for low
repoiting rates where the test result may be indeterminate, higher numbers.for interleaviing —
such|as n = 20 — should be used). To determine the boundaries more precisely, linear
interpolation can be used between two ETS measurements. Oversh@ot“and undershodt are
meagured on either side of a waveform transition.

G.3 | Determination of settling time using instrumenterrors

The settling time can be determined from a plot of thestep response as shown in 4.6.2 and
verified in 6.6. Another method which yields the same results uses the error of repprted
frequency relative to the reference frequency rather than the step response itself.

The [two graphs in Figure G.3 show »n =_10; step responses alongside their error plots.
Figure G.3 a) shows the frequency errot in hertz: FE(Hz) = finstrument — Jrefe

Figure G.3 b) shows frequency error as a;percentage of step size: FE(%Step) =100 %
= Jrefgrence) / (Alsize)

fence-

Ofinstnument

Frequency error in Hz Frequency error as a percentage of step size

"W T

Frequency error (Hz)

=20 - The blue arrows indicate the
setting time for 10 % limits.
the first arrow at the time the
error passed 10 % of the step
size and the second arrow

_ |when the error retumed to
-40 and remained within 10 % of

TESEr T

Frequency error as a percentage of step size (%)

02 -015 -01 -0,05 0 0,05 0,1 0,15 0,2

- -02 -0,15 -01 -0,05 O 005 0,1 0,15 0,2
Step time (s)

IEC Step time (s) IEC

a) Frequency error in hertz b) Frequency error as percentage of step size

Figure G.3 — Example of reports during step response with higher resolution

H(z) is used to represent a step function which is also called the “Heaviside” function
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Figure G.3 illustrates how the settling time could be defined relative to an absolute error from
the beginning and end frequencies of the step or as a percentage of the step. In the example
above, since the step size was 1 Hz, the absolute error of 0,1 Hz corresponds to 10 % of the
step size. If this were the requirement for determining settling time, the settling would start at
approximately —0,01 s relative to the step and end at approximately 0,09 s relative to the step
for a settling time of 0,10 s. It is also interesting to note that the total response begins at
approximately —0,07 s and ends at 0,13 s, for a total response time of 0,2 s or 10 cycles at
50 Hz. This is the instrument's internal analysis window size.
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H.1

Annex H
(informative)

Voltage and phase angle changes during transmission line faults
related to the type of transformer connection

Overview

This Annex H shows voltage and phase angle changes that can occur during line-to-line short

circu

of sybstation transformer. Its aim is to explain the requirements of influencing faetor
frequency measurement tests with combined magnitude and phase step change in Annex I.

The ¢xamples show some of the conditions which the frequency measurementcapabiliti

DER

Spec

phas
Grid-
durin

When the interconnected transformer connection types-ate A-A, or Y-Y, phase angle char

the s

when the interconnected transformer connection type is A-Y or Y-A, the voltage phase

chan

of the unbalanced short circuit fault until it is cleared.

In ca
on th

This
durin

H.2

A po

and DER during/a‘power transmission line fault and protection operation is shown in Figurg
e H.1 shows a lightning strike on the transmission line, which induces a short circyit on
the tlansmission line. The lightning strike on the line causes the insulation to fail, resulti

Figun

volta

tfauttsomtransmissiomor distributiomtimesand-theirdependence o theconmection

systems may encounter during fault conditions.

e fault is based on requirements of Japanese grid™ code: JEAG9701-]
nterconnection Code. Grid codes, in different countries, require that DER stay conn
g a transient event for line-to-line or three phase faults on\transmission or distribution

bme between the voltage on primary and secondary’sides of a power transformer. Hoy

je is different between the primary and secéndary sides of the transformer, for the duf

5e of two-line short circuit fault, phase angle change is larger on the un-faulted side]
e faulted side, when the transformer connection type is A-Y or Y-A.

Annex H describes the nature of the voltage magnitude and phase angle step ch
g a line fault.

Power line short circuit fault and protection

je/sag and voltage phase angle change.

ypes
s for

es of

fic regulations for these types of fault and the performance of the frequency measurgment
systems are specified in some countries. Discussion presented in this document for phas

e-to-
019,
bcted
ines.

ge is
vever,

bngle
ation

than

ange

ver system canfiguration which includes synchronous generators, substation transfofmers

H.1.

ng in

An associated transient speed acceleration of the synchronous generators in power plant
occurs, because the line voltage is shorted and the synchronous generators are not able to
deliver power and then it accumulates rotational energy. When the short circuit fault is cleared
by opening the circuit breakers on both ends of the transmission line, the phase voltage comes

back

towards the original point, and the rotational speed returns to the nominal speed.

Figure H.2 shows an example of the sequence of the transmission protection for a short circuit
fault. During the short circuit, a voltage sag and a frequency change with phase step change
are observed. At the point of coupling of DER on medium voltage distribution line, the voltage
sag magnitude and phase change step are limited by the finite line impedance between the fault

point

and DER connection point.
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Figure H.2 — Transmission line protection sequence and line voltage, frequency change

As the reduction of rotational inertia energy is an issue for power system frequency stability
when the power electronic converter-based DER become dominant, a synthetic inertia function
reacting to the quick frequency change is required. For this function, appropriate and quick
detection of power system frequency, without frequency measurement errors caused by voltage
phase change, is essential.
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H.3

H.3.1

Voltage magnitude and phase angle change at line fault

General

Voltage magnitude and phase angle change at line fault are observed, depending on short
circuit fault type and substation transformer windings' connection types.

The change in voltage magnitude ratio and phase angle changes with transformer windings'
connection type are described in H.3.2 and H.3.3.

H.3.2____Balanced-three-phase short circuit fault

The three-phase short circuit fault case has the most significant effect on voltage magnittge on
un-fajulted side. Figure H.3 shows the voltage and phase angle change example atithe' event of
threetphase short circuit fault on Y-connection side with remaining voltage of 20 % In this case,
phasg angle change is not observed in the A-connection side line to line voltage’of transfgrmer

outpuyt.

H.3.3

(202)

Y-connection A-connection

Residual voltage
0° - Phase angle jump

20 % -

20 % - Residual voltage
0° - Phase angle jump

Phase angle stay
unchanged

IEC
Figure H:3'- Voltage and phase angle change at three-phase short circuit

Line-to-line short circuit fault

For liné<te-line short circuit fault, remaining voltage and phase angle change depend oh the
type WMWWMWWWMWanQIe

between Y-connection and A-connection. In a transformer, the concentric windings, on an iron
core leg for each phase, have the same voltage direction of vectors because of the common
magnetic flux.

Voltages whose vector direction are the same, are:

e Y side voltage at port (a-n) is in parallel with A-connection side voltage at port (A-B);

e Y side voltage at port (b-n) is in parallel with A-connection side voltage at port (B-C);

e Y side voltage at port (c-n) is in parallel with A-connection side voltage at port (C-A).
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example for Y-A case with a phase difference of 30° between a-b and

A-B line-to-line voltages

IEC

Figure H.4 — Relationship of voltage phase angle -between
Y-connection side and A-connectionside

Flgure H.5 shows the voltage and phase angle change during a line-to-line short circui{ fault
on the Y-connection side. Figure H.5 shows an example with voltage in Y-connection side
rgduced to 20 % due to line to line short between{phase b and phase c. Keeping the
paralleling relationship of voltage between Y-conngetion side phases and A-connectior] side
limée to line, the resulting voltage and phase afhgle change are different. The phase angle
change is observed as a step change. Forifrequency measurement at DER, phase| step
changes should be appropriately filtered forstable operation.
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Figure H.5 — Voltage magnitude and phase angle change at two-phase short circuit fault
As an example, voltage and phase change at short circuit fault is calculated as below.

For b-c line to line fault case with remaining voltage of 20 % on Y-connection side of the
transformer.
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e Y-connection side:
(a-c') = ,/(0,1)° +(\/§/2)2 ~0,87

(€0)/2) _ ¢ 6o

Phase angle change = 30° — 6.6°= 24°.

/(c-a-d) = atan[

e A-connection side:
(c'-d) = 0,5 x (c¢'-b") = 0,1

(¢-n) = (a-d) - (a-n) = (0,5X\/§)—(0,5x%j ~0,29

=19,1°

N

(C-A-D') = £(c"-n-d) = atan(g—’1 0.1

'”j o (0,5xﬁ)—[o,5xj§j

Phase angle change = 60° - 19,1° = 41°
(A'-C") = 0,5/cos 19,1°= 0,52

It cap be seen that the phase angle change on the Y-tonnection side is 24° and on
A-comnection side is approximately 41°.

H.4 | Conclusion

For ffequency measurement at the point of*coupling of DER, care should be taken of vql

the

tage

and phase angle step changes that are observed when short circuit fault on transmission|lines

occurs. The step change voltage ratio~and phase angle depend on the type of faul
subsiation transformer winding configuration.

Voltage and phase angle step:changes are categorized and referred to IEC TS 62910:202

and

[24].
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Annex |
(informative)

Influencing factors and functional tests

1.1 Influencing factors

This Annex | describes influencing factors which may affect the characteristics of frequency and
ROCOF measurements defined in Clause 4. Annex | describes functional tests to validate the

instryments—perfo e he—presence—ot-these—nrHuencirg e At-th Fre—the

ese influencing factors on declared characteristics is informative. After some expeslence
with instruments and the functional testing described in Annex |, the impact may, become
normative in a future revision of this document. Until such time, the impact need not'be declared
by the manufacturer.

The functional tests in Annex | are informative and are not required, but manufacturers can
perfofm these tests to gain a better understanding of the characteristics lof the measurements
and ip preparation for a future revision where these functional tests may’become required.

Table 1.1 summarizes the influencing factors addressed in AnneXx ).

Table 1.1 — Influencing factors of frequency andyROCOF measurements

Influencing factor Impacted characteristics and comment
Phade step change error, step response time, see .2.2
Magnitude step change error, step response‘time, see 1.2.3
Compined magnitude and phase error, step response time, see 1.2.4
step |change
Voltgge magnitude drop and error, step-response time, see 1.2.5
restdration
Nois¢ absolute error, see 1.2.6
Unbglanced magnitude of Additional absolute error, see 1.2.7.

izina inout titi
energizing input quantities When the frequency and ROCOF measurement is based on three phage

input signals (e.g. three phase-to-ground voltages), the influence of
unbalance signal shall be tested.

Linear ramp of frequency error, see |.2.8

1.2 Functional tests

1.2.1 —General

The following tests describe the methods to assess the effect on the characteristics of frequency
or ROCOF measurement in the presence of various influencing factors on the voltage signals.

Frequency and ROCOF measurements shall be evaluated as the difference between the
measured values provided by the algorithm/device (measured) and the input signal values
(reference values (ref)) under test conditions.

1.2.2 Phase step change
1.2.2.1 Test description

For single phase instruments, performance during step-change in input signal phase can be
determined by applying the input signal represented in Formula (1.1):
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Xp(t)zXstin(anxfo xt+gp +kp><h1(t)) (1.1)

where X, is the peak amplitude of the input signal, f; is the nominal power frequency, 21(¢) is a
unit step function and ko is the phase step size.

The variable ?p is defined in 6.1 for single phase and three phase signals. For three phase

instruments, performance during step changes in phase can be determined by applying
balanced three phase step changes to balanced three-phase input signals.

A phase step size kp = +0,3 radian and -0,3 radian should apply.

NOTE| 0,3 radian is based on field measurements of signals during grid fault conditions. EXamples of phask step
inside [power systems are described in Annex H.

To determine the instrument errors, the instrument should be in a steady state condition|prior
to thg phase step and the instrument readings should be determined. Following the step change,
the ipstrument errors are given by the maximum deviation instrument readings from the
instryment readings that occurred following the phase step.

Durirlg this test, the response time of the instrument readings will be determined. The resgonse
time |is the period from when the instrument absoluteerror first becomes greater thap the
manyfacturer's declared maximum absolute error untilthe time that the error returns t¢ and
remajns below the manufacturer's declared maximum®absolute error.

It is llikely that the instrument readings will.be affected by the finite reporting time df the
instryment, in particular, when the reporting rate is long compared to the settling time. Begause
a phase step can occur at any point in the reporting interval (the phase could change 3t the
start |of the reporting time, or in the_middle, etc.), the error response of the instrumept as
determmined by the subsequent instrument reading(s) will be variable. This variation cgn be
proddiced systematically using an("equivalent time sampling" technique, where a series of step
changes are each separated.by an arranged interval. This interval is calculated such that
successive steps occur at increasing fractions of the instrument reporting rate. Typically, 10
equivalent time steps per reporting period provide sufficient resolution to determine sdttling
time.|Details of this approach are given in Annex G.

For consistency, the-input phase in successive test iterations should not change, only thg time
that the phase step occurs. In this manner, the step will occur at different signal phases betiveen
each|test iteratjon.

1.2.2.2 Example of phase step change test

An actual instrument was tested with phase step change in accordance with 1.2.2 and using the
equivalent time sampling techniques described in Clause G.2. Results are shown below.

Figure 1.1 shows an example from an actual instrument of frequency errors due to positive and
negative phase steps. For each test, a set of 10 step iterations were performed where the input
phase was the same for each iteration but the time the step occurred was shifted by one tenth
of the instrument's reporting period. Later, the results from the individual iterations were
interleaved to form a single equivalent time samples set of instrument error values shown in
Figure I.1.


https://iecnorm.com/api/?name=c901c4e03f38179b1b669a6148690892

- 82— IEC TS 62786-41:2023 © IEC 2023

Step frequency response, step response times =0,1800 s, 0,172 0 s.
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Figure 1.1 — Frequency error response to +0,3 radian
phase step followed by -0,3 radian step

The led dashed lines indicate the phase step response time of the instrument.”The phase was
stepped +0,3 radians at approximately 0,18 s, then half a second later, stepped -0,3 ragians
back|to the original phase. The red lines preceding the responses show, where the absolute
error|value exceeds the manufacturer's declared maximum absolute‘frequency error ¢nder
steady state conditions (in this case 0,005 Hz). The red lines following the responses ghow
wherge the absolute error value returns to and remains below-the manufacturer's dedlared
maximum absolute error under steady state conditions.

Figune 1.2 shows an example from an actual instrument of ROCOF error due to phase steps.

Step ROCOF response, step responsedimes =0,2100 s, 0,212 0 s.
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Figure 1.2 — ROCOF error response to +0,3 radian
phase step followed by -0,3 radian step

lines [preceding the responses show where the absolute error value exceeds the manufactiirer's
declgred“maximum absolute ROCOF error under steady state conditions (in this case 0,04 Hz/s).
The red lines following the responses show where the absolute error value returns to and
remains below the manufacturer's declared maximum absolute ROCOF error under steady state
conditions.

The rled dashed lines indicate the ROCOF phase step response time of the instrument. ThE red

1.2.3 Magnitude step change
1.2.3.1 Test description

The object of this test is to provide common reference for assessing the immunity of a single
phase or three phase instrument when subjected to voltage dips and short interruptions as well
as over voltage.

For single phase instruments, performance during magnitude change in input signal phase shall
be determined by applying the input signal represented in Formula (1.2):
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Xp (t) =X, X[1+ka ><h1(t)]><sin(2><n><fo ><t+¢p)

(1.2)

where X, is the peak amplitude of the input signal, f; is the nominal power frequency, k1(z) is
the unit step function (see Note 1), k, is the magnitude step size.

For the positive magnitude step, a step of k, = +0,1 p.u. shall be evaluated.

For t
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1 "Step" implies an instantaneous change which is not possible)with a practical waveform generatg
n be carried out using a waveform generator and amplifier with7a specification as given in 6.1.
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3 This can be noted as "Not applicable" if the iastrument errors are zero.
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1.2.3.

2 Example of magnitude step change

An actual instrument was tested with magnitude step change in accordance with 1.2.3 and using
the equivalent time sampling techniques described in Clause G.2. Results are shown below.

Figure 1.3 shows an actual instrument's frequency error response to magnitude steps of 0,1 p.u.
and 0,8 p.u. Figure 1.3 a) shows the response to a positive 0,1 p.u. step followed by a negative
0,1 p.u. step. Figure 1.3 b) shows the response to a negative 0,8 p.u. step followed by a positive

0,8p

.u. step.
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8 x10~3 Step frequency response, step response times = 0,058 0 s, 0,058 0 s.
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Figure 1.3 — Frequency error response to magnitude step changes
The red dashed lines show the ‘magnitude step response times. The red lines preceding the
respgnses show where the absolute error value exceeds the manufacturer's declared max{mum
absolute frequency error under steady state conditions (in this case, 0,005 Hz). The red|lines
following the responses show where the absolute error value returns to and remains below the
manyfacturer's declared\maximum absolute frequency error under steady state conditiong.
Figune 1.4 shows«the ROCOF error of an actual instrument in response to steps in magnitude.
Figune 1.4 a) shows the response to a +0,1 p.u. step on magnitude and Figure 1.4 b) shows the
respgnse to.a.#0,8 p.u. step in magnitude.
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Step ROCOF response, step response times = 0,000 0 s, 0,000 0 s.
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Figure 1.4 — ROCOF error response to steps in magnitude
Red |vertical dashed lines show the-~magnitude step response times of the instrument. In
Figure 1.4 a), no response time is‘shown because the ROCOF error never exceeded the
manyfacturer's declared maximum absolute error for ROCOF (in this case, 0,04 Hz/s)] The
respgnse time is "not applicable™ In Figure 1.4 b), the red lines preceding the responses show
where the absolute error value exceeds the manufacturer's declared maximum absgolute
ROCOF error under steady ‘state conditions (in this case, 0,04 Hz/s). The red lines follgwing

the nesponses show/where the absolute error value returns to and remains beloy

many

1.2.4
1.2.4.

facturer's declared maximum absolute ROCOF error under steady state conditions.

Combined magnitude and phase step change

1 Test description

This

subcClause 1.2.4 applies to three phase instruments only. Such combined disturbanc

the

e is

familiar for short circuit failure on transmission line, and ability to continue frequency
measurement is required.

The instrument performance during a step change in input signal magnitude and a step change
in signal phase shall be determined by applying the input signal represented in Formula (1.3):

Xp (1) = X x[1+ka ><h1(t)]><sin(2><n><f0 X1+ +hky ><h2(t)) (1.3)

where X, is the peak amplitude of the input signal, f; is the nominal power frequency, #1(¢) and
h2(t) are unit step functions (see Note 1), k, is the magnitude step size and ky is the phase step

size.
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?p is defined in 6.1 for the three phase signals. Performance during step changes in magnitude
shall be determined by applying balanced three-phase magnitude step changes to balanced

three-phase input signals.

The combined magnitude and phase step test is made with two separate unbalanced conditions

(see Note):

a) k; = —0,8 on one phase at a time, with the remaining two phases experiencing magnitude
step with k, = -0,13 and phase jump of 24°. The three phase voltage vectors are described

in Table 1.2 and in Figure 1.5.

Table 1.2 — Test case a) for combined magnitude and phase step change

Vo|tage State 1 State 2 State’ 3

signal
Uug 1p.u.V, 9 = -30,0° 0,87 p.u. V, 9p = -6,59° 1p.u=V, 9p = -30,09
4 N 1p.u.V, Pp = -150,0° 0,87 p.u. V, 9y = -173,4° 17p.u?V, 9y = -150,0p
Yeo 1p.u.V, Py = 90,0° 0,2 p.u. V, 9y = 90,0° 1p.u.V, Pp = 90,0°

180

270

270

IEC
Figure 1.5 — Voltage vectors for test case a)

b) k{ = —-0,48_0on two phases at a time, with the remaining one phase staying unchanged and
phase jump of 41°. The three phase voltage vectors are described in Table 1.3 apd in
Flgure 1.6.

Table 1.3 — Test case b) for combined magnitude and phase step change
Voltage State 1 State 2 State 3
signal
Upg 1p.u.V, g, =00° Tpu.V, g, =0° 1p.u.V, g, =00°
Ugg 1p.u.V, g, =-120,0° 0,52 p.u. V, ¢, = ~160,9° 1p.u.V, g, =-120,0°
Uss 1p.u.V, g, =120,0° 0,52 p.u.V, ¢, = 160,9° 1p.u.V, ¢, =120,0°
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