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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MEASURING RELAYS AND PROTECTION EQUIPMENT -

Part 118-1: Synchrophasor for power systems — Measurements

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization Comprisi

ng

all national electrotechnical committees (IEC National Committees). The object of IEC is to promoteninternational

co-operation on all questions concerning standardization in the electrical and electronic fields. o this end a

hd

in addition to other activities, IEC publishes International Standards, Technical Specifications, Teéhnical Reporgs,

Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”). Th

pir

preparation is entrusted to technical committees; any IEC National Committee interested in.the subject dealt w|th

may participate in this preparatory work. International, governmental and non-governmental-organizations liaisi
with the IEC also participate in this preparation.

ng

IEEE Standards documents are developed within IEEE Societies and Standards Cqordinating Committees of the
IEEE Standards Association (IEEE-SA) Standards Board. IEEE develops its{standards through a consensus
development process, approved by the American National Standards Institutes which brings together voluntegrs
representing varied viewpoints and interests to achieve the final product. \/dlunteers are not necessarily membegrs
of IEEE and serve without compensation. While IEEE administers the process and establishes rules to promqgte

fairness in the consensus development process, IEEE does not independently evaluate, test, or verify t

he

accuracy of any of the information contained in its standards. Us€_of IEEE Standards documents is whqlly
voluntary. IEEE documents are made available for use subject to.important notices and legal disclaimers (sge

http://standards.ieee.org/IPR/disclaimers.html for more information).

IEC collaborates closely with IEEE in accordance with cenditions determined by agreement between the t

(o]

organizations. This Dual Logo International Standard was jointly developed by the IEC and IEEE under the terms

of that agreement.

The formal decisions of IEC on technical matters express, as nearly as possible, an international consensus

of

opinion on the relevant subjects since each technical committee has representation from all interested IEC

National Committees. The formal decisions of MEEE on technical matters, once consensus within IEEE Societi

eS

and Standards Coordinating Committees has been reached, is determined by a balanced ballot of materigly
interested parties who indicate interest in reviewing the proposed standard. Final approval of the IEEE standarfds

document is given by the IEEE StandardsAssociation (IEEE-SA) Standards Board.

IEC/IEEE Publications have the form of recommendations for international use and are accepted by IEC National

Committees/IEEE Societies in that'sense. While all reasonable efforts are made to ensure that the techni
content of IEC/IEEE Publicationsis accurate, IEC or IEEE cannot be held responsible for the way in which th
are used or for any misinteppretation by any end user.

al
ey

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publicatiohs
(including IEC/IEEE Publications) transparently to the maximum extent possible in their national and regional
publications. Any divergence between any IEC/IEEE Publication and the corresponding national or regional

publication shall be‘clearly indicated in the latter.

IEC and IEEE 'do-not provide any attestation of conformity. Independent certification bodies provide conformjty
assessment)services and, in some areas, access to IEC marks of conformity. IEC and IEEE are not responsijile

for any services carried out by independent certification bodies.

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

N6, liability shall attach to IEC or IEEE or their directors, employees, servants or agents including individgal

experts and members of technical committees and IEC National Committees, or volunteers of IEEE Societies a

hd

the Standards Loordinating Committees ot the IEEE Standards Assoclation (IEEE-SA) Standards Board, 1or a

y
personal injury, property damage or other damage of any nature whatsoever, whether direct or indirect, or for

costs (including legal fees) and expenses arising out of the publication, use of, or reliance upon, this IEC/IEEE

Publication or any other IEC or IEEE Publications.

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

is

Attention is drawn to the possibility that implementation of this IEC/IEEE Publication may require use of material

covered by patent rights. By publication of this standard, no position is taken with respect to the existence
validity of any patent rights in connection therewith. IEC or IEEE shall not be held responsible for identifyi
Essential Patent Claims for which a license may be required, for conducting inquiries into the legal validity
scope of Patent Claims or determining whether any licensing terms or conditions provided in connection w
submission of a Letter of Assurance, if any, or in any licensing agreements are reasonable or non-discriminato

or
ng
or
ith
ry.

Users of this standard are expressly advised that determination of the validity of any patent rights, and the risk

of infringement of such rights, is entirely their own responsibility.
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International Standard IEC/IEEE 60255-118-1 has been prepared by IEC technical committee
95: Measuring relays and protection equipment, in cooperation with the Power System Relaying
Committee of the IEEE Power and Energy Society!, under the IEC/IEEE Dual Logo Agreement.

This publication is published as an IEC/IEEE Dual Logo standard.

The text of this document is based on the following documents:

FDIS Report on voting

vati

Par

Allist of all parts in the 60255 International Standard, published ‘under the general tifle
Mgasuring relays and protection equipment, can be found on the JE€ website.

The IEC Technical Committee and IEEE Technical Committee have decided that the conten

off t

95/395/FDIS 95/396/RVD

Fdill information on the voting for the approval of this document can be found in the report ¢

ng indicated in the above table.

In£ernationa| standards are drafted in accordance with the rules given in the ISO/MEC Directive

t 2.

his document will remain unchanged until the stability{date indicated on the IEC websi

unnder "http://webstore.iec.ch" in the data related to the%specific publication. At this date, the

publication will be

Alb

reconfirmed,

withdrawn,

replaced by a revised edition, or
amended.

ilingual version of this publicationcmay be issued at a later date.

N

ts
te

at it contains colours which are considered to be useful for the correct understandi

EVIPORTANT — The 'colour inside' logo on the cover page of this publication indicat
h

f its contents. Users should therefore print this document using a colour printer.

ES

1 Alist of IEEE participants can be found at the following URL:
https://standards.ieee.org/standard/60255-118-1-2018.html
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INTRODUCTION

This document provides continuation and further development of previous synchrophasor
standards, notably the IEEE C37.118 series. It defines synchrophasor, frequency, and rate of
change of frequency (ROCOF) measurements as used in this technology. These definitions are
in agreement with most research on and analysis of dynamic electric power system
measurements, but may differ from those given in other contexts. Function and performance
requirements are given for synchrophasor measurements. Tests, evaluation criteria, and error
limits are provided to determine compliance with the requirements.

Informative Annexes A, B, C, F, and H provide details about timing aspects, definitipn
application and derivations, PMU measurements, generator power angle, and environmental
tests. Informative Annex D details the M and P class reference models used to ensure the
uirements can be met; these models are for limit qualification only, as it is expected thjat
mpst real implementations will perform better than these models. Informative Annex’E proposés
ised performance requirements for synchrophasors produced from sampledivalues. These
mpy be used as a basis for normative requirements in a future standard revision. Normatiye
Annexes G and | provide optional qualification of extended steady-state accuracy anpd
measurement bandwidth determination.

A| phasor measurement unit (PMU) estimates the parameters.,/magnitude, phase angle,
frequency, and rate of change of frequency from the signals appearing at its input terminals pr
interface. Input signals may be corrupted by harmonics, noise,Jand changes in state caused by
lopd changes and control and protective actions which complicate parameter estimation. Sonme
examples are harmonics introduced by non-linear loads; step changes in phase introduced by
itched reactive elements, and random noise from<arc furnaces. These artefacts complicate

process of measuring the generation and load characteristics at or near the system
damental frequency. The intent of this document is to describe and quantify the performang¢e
off a PMU so that it provides a reliable and ;accurate measurement under real power system
cqnditions.

Synchrophasors are estimated from samples of the voltage and current AC waveforms. Singe
these signals are alternating current;dhe estimate uses an interval or "window" over which the
sgmples are taken and used to make the estimate. There could be changes in the waveform
parameters during the estimation:interval, so the estimate will represent some kind of "averagg"
v3dlue for the sinusoid over thattwindow. The length and weighting of the window directly impagts
the estimate. A longer window reduces interference but averages out more dynamic changes.
In| conditions of rapid dynamic changes, such as during a fault, the phasor values can be very
inpccurate. The user.needs to evaluate their applications and employ appropriate filtering| if
sych conditions could cause a problem.

Frequency and*ROCOF are defined as the first and second derivatives of phase angle. The¢y

angle adversely affects these measurements. Consequently, these measurements are legs
precise and can produce misleading values. This document presents a set of PMU performan
requirements to ensure that compliant instruments will perform similarly when presented wi
th i i ; - m
interference, higher measurement errors could result. These errors may be substantial,
particularly where higher order derivatives (such as ROCOF) are used. Signal processing
alternatives may be employed to reduce or eliminate these errors, though they are difficult to
implement in a real-time environment. Alternatives are neither described nor evaluated in this
document.
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Specific environmental requirements are out of scope for this document, which specifies
functional requirements. Testing required by this document will be performed under standard
laboratory conditions which do not include environmental conditions that may be specified for
some deployments. Devices implementing the functions described in this document may also
follow environmental standards such as IEEE Std 1613™ and IEC 60255-1. Vendors are
encouraged to provide information regarding the effect of environmental influences on device
performance, perhaps including the pass/fail criteria used when determining environmental
compliance. Guidance regarding suggested test profiles is included in Annex F.
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MEASURING RELAYS AND PROTECTION EQUIPMENT -

Part 118-1: Synchrophasor for power systems — Measurements

Scope

This part of IEC 60255 is for synchronized phasor measurement systems in power systems,

2

Cd

d¢fines a synchronized phasor (synchrophasor), frequency, and rate of change of frequen
measurements. It describes time tag and synchronization requirements for measurement of
three of these quantities. It specifies methods for evaluating these measurements a
requirements for compliance with the standard under both static and dynamic ‘conditions.
d¢fines a phasor measurement unit (PMU), which can be a stand-alone physical unit or
functional unit within another physical unit. This document does not specify hafdware, softwa
onla method for computing phasors, frequency, or rate of change of frequency.

Normative references

The following documents are referred to in the text in such a way.that some or all of their conte
nstitutes requirements of this document. For dated referénces, only the edition cited applie
For undated references, the latest edition of the referenced document (including a

amendments) applies.

P

3

IS

IHC 60255-1, Measuring relays and protection equipment — Part 1. Common requirements

IHEE Std C37.90™, |EEE Standard for Relays and Relay Systems Associated with Elect

bwer Apparatus

Terms, definitions, and abbreviated terms

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

addresses:

3.

3.
fr

IEC Electropedia: available at http://www.electropedia.org/
ISO Onlinebrowsing platform: available at http://www.iso.org/obp
IEEE\Standards Dictionary Online: available at http://dictionary.ieee.org

1 Terms and definitions

O, IEC and IEEE maintain terminological databases for use in standardization at the following

It
Yy
I
d
It
a
re

nt

[2]

Yy

ic

1.1
equency error

FE
difference between the measured frequency and the reference frequency, both at the same time

3.
le

1.2
ap second

positive or negative one-second adjustment to the coordinated universal time (UTC) that keeps

it

3.
m

close to mean solar time

1.3
easurand

physical or electrical quantity, property, or condition that is to be measured
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3.1.4
Nyquist frequency
frequency that is one-half the sampling frequency of a discrete signal processing system

3.1.5
phasor

complex equivalent of a sinusoidal wave quantity such that the complex modulus is the cosine

wave amplitude, and the complex angle (in polar form) is the cosine wave phase angle

3.1.6

p‘\asor data concentrator
dqta concentrator (DC) used in phasor measurement systems

3n.7
phasor measurement unit
PMU

rate of change of frequency (ROCOF) estimates from voltage and/or currept’signals and a ti
synchronizing signal

3.1.8
rate of change of frequency error
RFE
difference between the measured rate-of-change of frequency and the reference rate-of-chang
ofl frequency, both at the same time

301.9

relference
<of or pertaining to> a time, level, waveform‘feature, or waveform that is used for comparisg
with, or evaluation of, other times, levels, waveform features, or waveforms

Nqte 1 to entry: This type of entity may or may not be an ideal entity.

3.1.10
synchrophasor

dg¢vice or function in a multifunction device that produces synchronized phasor, frequency, armd

e

je

n

synchronized phasor

fundamental amplitude and angle is the difference between the signal fundamental angle a
the phase angle of a.cosine at the nominal signal frequency that is synchronized to UTC tim

phasor representing the fundamental of an AC signal whose magnitude is the RMS value of ti{e

3.1.11

tgtal vector-error

TYE

ngrmalized~value of the difference between the measured synchrophasor and the referen
synchrtophasor, both at the same time

Le

3.2 Abbreviated terms

BCD binary coded decimal

Jo system nominal frequency, either 50 Hz or 60 Hz

Wy system nominal frequency (2nfy), in radians/s

fin input frequency of the fundamental; this is the frequency of the measurement inp

which is normally at or very close to nominal (50 Hz or 60 Hz) but may va
considerably during major disturbances or testing

fps frames per second; the rate that frames of synchrophasor data are transmitted

ut
ry

Fq frequency of measurement data reporting, in frames per second (fps) that have the

same units as Hz (1/s)
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GNSS global navigation satellite system

GPS global positioning system

IRIG-B: inter-range instrumentation group time code format B
PPS pulse per second

ROCOF rate of change of frequency

SCADA supervisory control and data acquisition

SOC second of century

4,

A
si
th
sf

V
da
re

o)
ar
di
th

4,

qD fotal harmonic distortion
AD+N total harmonic distortion plus noise

C coordinated universal time
Synchrophasor measurement

1 Input and output quantities

present the AC power system signals.

Phasor measurement unit (PMU)
(device or'function)

L — — and ROCOF

UTCtime - —————————— oo ooososos T
| | |
v | |
| |
AC voltage >— — — > Estimate synchrophasor | ~—~ 7~ "7 T~ ’: ————— I
values forAC voltage and v
current waveforms based on .
H Yime input N Estimate frequency

5 shown in Figure 1, the input quantities are the time and the power system voltage and curre
gnals. The time signal shall provide UTC time with sufficient accdracy that the PMU can me
e specified performance requirements. The time signal shallmeet the input requiremen
ecified by the PMU manufacturer. Annex A reviews common\formats.

bltage and current signals shall be supplied to the PMU_as analog quantities over wire or as
ta packets over communication circuits as specified” by the manufacturer. These signgls

Synchrophasors »

Freque
ROC

ncy &
OF

Figure 1 — Input and output quantities

Is document so are not considered here.

Litputs are _the“synchrophasor, frequency, and ROCOF estimates made by the PMU. The
e normally{supplied with a timestamp that is the time of measurement. Additional analog and
pital inputs and output may be included by the PMU manufacturer, but are not in the scope

nt

e

be

of

Z Power system signal

The voltage or current in an AC power grid is modelled with the following equation:

x(t) = Xn(t)cos[O(t)] + D(t)

where
t is time in seconds, where ¢ = 0 is coincident with a UTC second rollover;
X, is the peak magnitude of the sinusoidal AC signal;
2 is the angular position of the sinusoidal AC signal in radians;
D is a disturbance signal that contains additive contributions to the signal, including, but

not limited to harmonics, noise, DC offset and out-of-band interference.
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NOTE 1 The disturbance signal, D, does not appear in the measurand definitions because it includes additive
interference that is attenuated or rejected by the synchrophasor estimation process.

NOTE 2 X, 6, and D are continuous functions of time, as indicated by the (¢) notation.
4.3 Measurand definitions
4.31 Synchrophasor phase angle

The synchrophasor phase angle ¢(¢) is defined as the phase difference between the angular
position §(¢) and phase due to the nominal frequency f:

¢(t) = 6(t) — 2nfyt (R)

NQTE The angular velocity of € is typically close to angular velocity resulting from the nominal~power systgm
fre quency,fo, of 50 Hz or 60 Hz. The synchrophasor is often provided in the form of digital samples; or reports, af a

raje substantially lower than the power system nominal frequency (e.g., 10 reports per seconrd.for either of a 50 Hz
or{60 Hz power system). Sampling theory depends on a sampling rate greater than 120 samples/s to reconstrucf a

60| Hz signal without aliasing. Subtracting 27'(]’0t from 6 causes the angular velocity of the-synchrophasor phase angle
&() to go to zero as the frequency approaches nominal. This allows synchrophasors té_be reported at relatively lpw
rajes without aliasing. For example, for an f0 of 60 Hz, power system signalg’ Whose fundamental frequency|is
between 55 Hz and 65 Hz, exclusive, can be represented by synchrophasors reported at 10 frames/s without aliasing.

4.3.2 Synchrophasor measurand

The synchrophasor measurand is a complex numbép that can be represented in polar
cqordinates as:

Xm

X0 =(=2,60) ®

Alternatively, the synchrophasor measurand can be represented in rectangular coordinates as:

X® = (x0.x0) ®)

where the real (X;) and imaginary (X;) components are:

X(6) = 22 cos[¢(6)] ()
Xi(t) = *22 sin[p(£)] )

NOTE ¥ Definition of X _(¢), 6(¢) and D(¢) is sufficient to define the time domain signal and expected value of gll
measurands: T e discrete time expected measurandTtam be extracted—fromrcomntimuous —time mmeasurand- by fetting
t = nT, where n is an integer and T is a measurement reporting period in units of seconds (i.e., the inverse of the
reporting rate).

NOTE 2 Examples of the application of the measurand definitions are given in Annex B.
4.4 Frequency measurand definition

The frequency measurand is the angular velocity of the AC power system signal in units of Hz.
It relates to the angular position of the fundamental power system signal as shown in Equation

(7):

_1ae® _ 1 alp))
fﬁ T om adt _‘fo+2ﬂ: dt (7)
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4.5 Rate of change of frequency measurand definition
The ROCOF measurand is the angular acceleration of the AC power system signal in units of
Hz/s. It relates to the angular velocity of the power system signal as shown in Equation (8):

1 a9 _ 1 d%p)

ROCOF() = = -0 = 55 (8)

4.6 Measurement time synchronization

The PMU shall be capable of receiving time from a reliable and accurate source, such as
glpbal navigation satellite system (GNSS), that can provide time traceable to UTC with sufficie
agcuracy to keep the total vector error (TVE), the frequency error (FE), and the rate of chan£
of| frequency (ROCOF) error (RFE) within the required limits. All measurements. shall
synchronized to UTC time with accuracy sufficient to meet the requirements of this documer
Altime error of 1 ys corresponds to a synchrophasor phase error of 0,022° forra 60 Hz syste
and 0,018° for a 50 Hz system. A phase error of 0,57°(0,01 radian) will by itself cause 1 % TVE
ag defined in Equation (9). This corresponds to a time error of + 26 us fora-60 Hz system, and
1+ 31 us for a 50 Hz system. A time source that reliably provides time, frequency, and frequengy
sthbility at least 10 times better than these values correspondingto 1 % TVE is highly
recommended. The time source shall also provide an indication of traceability to UTC and leap
sgcond changes.

a
t
e
e
t.
m

For each measurement, the PMU shall assign a time tag thatiincludes the time and time quality
at| the time of measurement. The time tag shall accurately resolve time of measurement to jat
lepst 1 ys within a specified 100 year period. The time status shall include time quality that
clearly indicates traceability to UTC, time accuragy) and leap second status. Time and tin’Fe
gyality for reporting and recording shall be derived from the PMU time tag and converted to the
format and content as required.

5| Measurement compliance evaluation

A PMU measurement capability

5

A|PMU shall calculate and bé-capable of reporting synchrophasor, frequency, and ROCQOF
egtimates as defined and.described in Clause 4. The estimates shall include single phase pr
pgsitive sequence synchrophasors, or both. Provision shall be made for the user selection pf
the measured valuesy Measurement evaluation, reporting times, and evaluation criteria are
given in Clause 5~A test description and evaluation limits are provided in Clause [.
Measurements are—actually estimates of a certain value; the terms "measurement" and
gstimate" are used interchangeably in this document.

PMU performance shall be determined by comparing the measured values with the referenge
vglues-using the TVE, FE, and RFE formulas defined in subclauses 5.2.1 and 5.2.2. Referen¢e
vdlues-are determined by applying the measurand definitions to the prescribed signals used |in
thiese tests

5.2 Measurement evaluation
5.2.1 Synchrophasor measurement evaluation

The synchrophasor reference values and the values obtained from a PMU may differ in both
amplitude and phase. While they could be separately specified, the amplitude and phase
differences are considered together in this document in the quantity called total vector error
(TVE). TVE expresses the difference between a reference value and the PMU estimate at the
same time and is normalized to the measurand reference value.

Total vector error (TVE) is defined as shown in Equation (9):
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Ve - J(Xr(n)—er))z + ()~ X, ()
(X, () + (X, (m)

where

X.(n) and X,(n) are the real and imaginary PMU estimates at report time #;
X.(n) and X,(n) are the real and imaginary reference values at report time »;

n is the report number representing the report time (the »th report in a series
of discrete reports).

Synchrophasor measurements shall be evaluated using the TVE criterion of Equation(9).

5.2.2 Frequency and ROCOF measurement evaluation

Frequency and ROCOF measurements shall be evaluated as the differénte between the
measured values provided by the PMU (measured) and the reference values (ref). These afe
d¢fined as FE and RFE in Hz and Hz/s respectively:

Flequency measurement error: FE(n) = fieasured (7) ~ fref (7) (1P)

RPCOF error: RFE(n) = (d//d1) measureq (1) = (AFAt) of (1) An)

The measured and reference values are for the samé.time, which are given by the time tag pf
the measured values and the time of the reference €quation solution respectively.

5.3 Measurement response time and_delay time

Measurement response time is the time te transition between two steady-state measuremenyts
before and after a step change is applied to the input. It shall be determined as differen¢e
between the time that the measurement leaves a specified accuracy limit and the time it re-
enters and stays within that limjt'when a step change is applied to the PMU input (see Figufe
C|5). This shall be measured_by applying a positive or negative step change in phase pr
magnitude to the PMU input.signal. The input signal shall be held at a steady-state conditign
bgfore and after the step_change. The only input signal change during this test shall be tie

parameter(s) that have been stepped. Accuracy limits are the TVE, FE, and RFE values for the
phasor, frequency and*ROCOF measurements, respectively. The limits are specified in 6.6. The
relsponse time js-determined from the accuracy evaluation of the TVE, FE, or RHE
measurementsy not the step time or the stepped parameters themselves.

Measurement delay time is defined as the time interval between the instant that a step change
is|appliedto the input of a PMU and measurement time that the stepped parameter achieves|a
vdlue that is half way between the initial and final steady-state values (see Figure C.5). Both
the step time and measurement time are measured on the UTC time scale. This measurement
shall be determined by applying a positive or negative step change in phase or magnitude to
the PMU input signal. The input signal shall be held at a steady-state condition before and after
the step change. The only input signal change during this test shall be the parameter(s) that
have been stepped. This measurement requires comparing a step in magnitude with the
magnitude measurement and a step in phase angle with the phase angle measurement.

The purpose of evaluating the measurement delay time is to verify that the time tagging of the
synchrophasor measurement (measurement time) has been properly compensated for the
filtering system group delay. It is expected that the time tag as provided by the PMU has been
properly compensated for the filtering system group delay, so that the delay will be near zero.
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A step change is instantaneous by definition; however, if the slewing rate of an applied signal
is slow enough to introduce significant uncertainty in the time of application, the time of the
midpoint of the step shall be used as the step time. Annex C details a method to help evaluate
the response and delay times for a step input.

5.2.4 Overshoot and undershoot

Overshoot and undershoot are aberrations before and after a transition such a step in phase or
magnitude. The overshoot and undershoot magnitudes relative to the amplitude of the step are
limited. Figure 2a and Figure 2b graphically illustrate the determination of overshoot and
undershoot. The text following Figure 2 describes the elements of the illustrations.
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£~ post-transition overshoot
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Lower state boundary \-/:
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a) Positive step of signal

—-—-—-—-0vershoot limit—-—-——-

Pre-transition overshoot
Upper state boundary )

e £\
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Pre-transition undershoot \__ /]
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(not to scale)
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“Final state level (s;))- v ——————————— === o NG T e m——
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—-—-——Undershoot limit--—-—-—-
< Waveform epoch >

b) Negative step of signal

Figure 2 — Step transition examples

order to détermine overshoot and undershoot, the PMU output is used to construct waveforms

Waveform epoch: The duration (interval) of the waveform analyzed, including the peri¢d
before the transition and the period after the transition. The waveform epoch duration shall

2)

3)

4)

be 2 s plus 4 times the response time limit given for the reporting rate being tested.

State levels: s; and s, of Figure 2. The initial state level s, is defined as the average value
of the waveform values from the first 1 s of data of the waveform epoch. The final state level
s, is the average value of the last 1 s of data of the waveform epoch.

Step amplitude: The difference between state levels s, and s,. The synchrophasor step test
specifies the input signal transition (see Table 8).

State boundaries: The upper and lower limits of the initial and final states of the waveform.
Specified here to be + 0,5 % of the step amplitude:

a) for magnitude steps, the state boundaries are the state levels + 0,5 % of the 10 % step,
which is £ 0,05 % of the magnitude;
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b) for phase steps, the state boundaries are the state levels + 0,05°, which is £ 0,5 % of
the 10° phase step.

5) Pre- and post-transition times and periods: 7, and 7!

a) fore is the time that the waveform last crosses the initial state level’'s upper state
boundary for a positive-going step or lower state boundary for a negative-going step.

The pre-transition period is the period of time before 7, not including time 7,

b) fy0st is the time that the waveform first crosses the final state level lower boundary for a

positive-going step or upper state boundary for a negative-going step. The post-
transition period is the period of time after 7,5 including 744

6) Overshoot: The relative maximum waveform value that is above the upper state boundary
reached during the pre- and post-transition periods.

a) Pre-transition overshoot is the difference between the maximum value réa¢hed aboye
the pre transition upper state boundary during the pre-transition period and the initial
state level s;.

b) Post-transition overshoot is the difference between the maximum. value reached aboye
the post-transition upper state boundary during the post transition period and the finjal
state level s,.

Overshoot shall be reported in percent of step amplitude.’The pre- and/or post-transition
overshoot shall not be greater than the overshoot limit:

7) Undershoot: The waveform value that is below the lowerstate boundary during the pre- and
post-transition periods.

a) Pre-transition undershoot is the difference between the minimum value reached belqw
the pre-transition lower state boundary ddring the pre-transition period and the initial
state value s;,.

b) Post-transition undershoot is the difference between the minimum value reached belgw
the pre-transition lower state boundary during the post-transition period and the final
state level s,.

Undershoot shall be reported in percent of step amplitude. The pre- and/or post-
transition undershoot shalhnot be greater than the undershoot limit.

5.5 Measurement reporting latency

Latency in measurement reporting is the time delay from when an event occurs on the powgr
system to the time that it is reported in data. This latency includes many factors, such as the
window over which’ data is gathered to make a measurement, the estimation method,
measurement filtering, the PMU processing time, and where the event occurs within the
relporting intefval. The reporting rate and performance class are often the largest factors, singe
these will determine the measurement window, filtering, and the length of the interval over whi¢h
an event'will be reported.

Forthe purposes of this document, PMU reporting latency is defined as the maximum time
interval between the data report time as indicated by the data time stamp, and the time when
the data becomes available at the PMU output (denoted by the first transition of the first bit of
the output message at the communication interface point).

5.2.6 Measurement and operational errors

The PMU shall indicate internal problems encountered during the measurement process. This
indication shall include errors detectable by the PMU including A/D errors, memory overflow,
calculation overflow and any other condition that could cause an error in the measurement.

EXAMPLE: When IEEE C37.118.2 reporting is used, this indication is reported as bit 14, PMU error, in the status
word (under this example, all measurement and operational error conditions are combined into a single error
indication bit).
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5.3 Measurement reporting
5.3.1 General

Synchrophasor, frequency, and ROCOF estimates shall be made so they can be reported at a
constant rate, Fg, which is an integer number of times per second when the rate is greater than

one per second, or an integer number of seconds between measurements when the
measurement rate is equal to or slower than one per second. All three measurements shall be
made and reported for the same reporting time. The reporting times shall be evenly spaced so
the intervals between reports are all the same. The PMU may make other measurements
synchronousiy with these spe ed measuremer gach as Bootear atus, waveftorm sampliing,

5.8.2 Reporting rates

es for 50 Hz and 60 Hz systems are listed in Table 1. The manufacturer-shall declare t
relporting rates under which the PMU complies with the requirements of this document. At le
one reporting rate shall be chosen from Table 1.

syb-multiples or multiples of the nominal power-line (system) frequency. Standard reportjtg

Table 1 — Standard PMU reporting rates

System frequency 50 Hz 60 Hz

Reporting rates (F in frames per 10 | 25 50 100 10 12 15 20 30 60 120
gecond (fps))

Slipport for other reporting rates is permissible. The actual rate to be used shall be usgr
sglectable if multiple rates are supported. Rates lower than 10/s are not subject to the dynamic
requirements of this document. This means no filtering is required, so lower rate data (< 10/s)
cgn be provided directly by selecting every nth sample from a higher rate stream.

53.3 Reporting times

In|this document, a "data frame" or a "frame of data" is a set of synchrophasor, frequency, apd
RPCOF measurements that'corresponds to the same single time stamp. The term "frame" |is
uged to differentiate it from "samples”, which are understood as points on an analog waveform.

For a reporting rate.V frames per second (fps) where N is a positive integer, the reporting timgs
shall be evenly. spaced through each second with frame number 0 (numbered 0 through N-[1)
cqgincident with:the UTC second rollover (e.g., coincident with a 1 PPS provided by GPS). These
relporting times (time tags) shall be used for determining the instantaneous values of the
synchrophasor. If rates lower than 1/s are used, there shall be one report on the hour (xx:00:0D)
and evenly spaced thereafter with an integer number of seconds between reports according o
thieschosen rate in the absence of leap seconds. If a leap second occurs, the last interval in the
hourshattbe shorter or tonger by thatteap second.

5.4 Measurement compliance
5.4.1 Performance classes

Compliance with the requirements shall be evaluated by class of performance. This document
defines two classes of performance: P class and M class.

In general, P class has shorter measurement latency time, narrower frequency range, and lower
harmonic signal rejection requirements than M class as well as no out-of-band signal rejection
requirement. M class allows for longer latencies, allowing more filtering for a wider frequency
range requirement and increased harmonic and out-of-band signal rejection requirements.
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P class is intended for applications requiring fast response such as protection applications. As
an example, the P-class reference model filter (Annex D) has a step response that is monotonic
(free of over and undershoot) and fully settled within one cycle.

M class is intended for applications which could be adversely effected by aliased signals caused
by out-of-band interference yet do not require low measurement reporting latency or short step
response time. As an example, the M-class reference model filters (Annex D) have step
responses with some overshoot and ringing, and significantly more measurement reporting
latency than the P class model.

These two class designations do not indicate that either class is adequate or required for|a
particular application. The user shall choose a performance class that matches tle
reiquirements of each application. The user should consider the inherent trade-off'betwegn
frequency domain and time domain performance.

All compliance requirements are specified by performance class. A PMU shall meet all the
reiquirements as specified for a class, in order to be considered as compliant-with this document
for that class. If the vendor provides both P and M class performance,|these shall be usgr
sglectable.

5.4.2 Compliance verification

For compliance with this document, a PMU shall provide_synchrophasor, frequency, and
RPCOF measurements that meet the requirements listed.in” Clause 6. The requirements afe
specified by class of performance and reporting rate. Te\be compliant, all measurements shall
meet all requirements for the given class and reporting rate.

Nominal voltage and current levels shall be selected by the vendor. These levels shall :ﬁe
cgnsistent with recommended levels stated indEEE Std C37.90 or IEC 60255-1. Reference and
tept conditions are specified in 6.2. Additional discussion about evaluation and testing |is
provided in Annex C.

Altesting device or system used to\verify performance in accordance with this document shall
bg traceable to national standards, and have a "test uncertainty ratio" of at least ten (1D)
cqmpared with these test requirements (for example, provide a TVE measurement within
0,)1 % where TVE is 1 %).

Dpcumentation shall be provided in accordance with Clause 7.

6| Measurement compliance test and evaluation

6.1 Testing considerations

equations describing the reference test signals are given from which the resulting
synchrophasor, frequency, and ROCOF values can be computed. The error limits for each test
are provided with breakdown for class and reporting rate. All error limits were found to be
achievable using basic computation algorithms and including a margin for PMU error and noise.
These algorithms are described in Annex D. They are provided for reference and example only,
and do not constitute a recommendation.

Clause_6 details the measurement compliance tests and performance limits. For each test, t:Fe

The steady-state and measurement bandwidth tests both require determining the measured
value at constant amplitude and frequency. An adequate settling time shall be provided after
each test signal change to prevent transient effects from affecting the measurement.
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6.2 Reference and test conditions

All compliance tests shall be performed with all parameters set to standard reference conditions,
except those being varied as specified for the test. The reference condition specified for each
test is the value of the quantity being tested when not being varied. Standard reference
conditions for all tests are as follows:

a) voltage at nominal;

O

current at nominal;

b

o

voltage, current, phase, and frequency constant;

)
)
) freauencyv-at nominal:
7 1 J 7
)
)

D

signal THD+N < 0,2 % of the fundamental (where N = noise);

]

) all interfering signals < 0,2 % of the fundamental.

Itlis assumed that voltage and current signals will be provided as analog gquantities. This |is
génerally expected for PMUs available at the time of publication of this docdment. The use pf
signals provided as digital samples are discussed in Annex E. Requirements specifically fpr
tepting with sampled values may be included in a future revision of thissdocument.

Measurements at reporting rates (Fg) lower than 10/s shall net be subject to dynamic

performance requirements. Such measurements shall be“subject to all steady-state
requirements (Table 2) except out-of-band rejection. This paragraph applies to all performange
classes (P and M) that are described in 5.4.1.

Upless otherwise specified, all testing to certify compliance shall be performed at standard
laporatory test conditions that include the following:

o [ temperature 23 °C + 3 °C;
e | humidity < 90 %.

Discussion and reference for further environmental test conditions is presented in Annex F.

In| subclause 6.3, f;, is the frequency of the fundamental signal component. It is normally
5¢ Hz or 60 Hz, but in the course of testing may be varied from nominal. Also, f; always
refpresents the nominal fréquency, exactly 50 Hz or 60 Hz. Similarly wg = 2nf, always represenits
thie nominal frequency.in-radians/s.

6.3 Steady-state compliance

S{eady-state compliance shall be confirmed by comparing the synchrophasor, frequency, and
RPCOF .estimates obtained under steady-state conditions to the corresponding referenge
vglues-of X, X;, F, and ROCOF. Steady-state conditions are where amplitude, frequency, and

phase angle of the test signal, and all other influence quantities are fixed for the period of the

angle will change even though the test signal phase angle is constant.) The same tests are
used for phasor and frequency/ROCOF measurements. Table 2 and Table 3 specify the
conditions and performance requirements for these steady-state tests. Annex G presents
requirements for PMU testing and compliance verification at higher accuracy and extended
current range.
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Table 2 — Steady-state synchrophasor measurement requirements

Influence quantity Reference Minimum range of influence quantity over

condition which PMU shall be within given TVE limit
Performance — P class Performance — M class
Range Max. TVE Range Max. TVE

% %
Signal frequency Frequency +2,0 Hz 1 +2,0 Hz for F, <10 1
=f0
VUnominal / T bslo Tor
10 F <25

+ 5,0 Hz for F 2 25

oltage signal 100 % 80 % to 120 % 1 10 % to 120 % rated 1
magnitude rated rated
Gurrent signal 100 % 10 % to 200 % 1 10 % to 200 % rated 1
magnitude rated rated
Harmonic distortion <0,2% 1 %, each 1 10 %, eacli/harmonic 1

harmonic up to th
(kingle harmonic) (THD) Soth P up to 50
Qut-of-band < 0,2% of None 10°%0f input signal 1,3
ipterference as input signal magnitude for £ = 10.
described below magnitude No requirement for
Fg<10.

Qut-of-band interference testing:

The input test signal frequency £, is varied between f, and<t 10 % of F /2 with the maximum variation limited tp
45 Hz.

These limits are: f, — 0,1 (F/2) < f;, < fy + 0,1 (F/2)For F, <100 and f; = 5 < f; < f, + 5 for F_ > 100

Where
K, is the phasor reporting rate (in Hz);
is the nominal system frequency (i Hz);

is the fundamental frequency. of the input test signal (in Hz).

The passband at each reporting rate is defined as |f - f,| < F /2. An interfering signal outside the filter passbanf
i$ a signal at frequengyfwhere: |[f— f| 2 F /2

CGompliance withyout-of-band rejection can be confirmed by using a single frequency sinusoid added to th
fundamental power signal at the required magnitude level. The minimum sinusoid frequency range shall be 10 H
tp the second harmonic (2 x f,), excluding the passband. These frequencies shall include the frequencies f
bi
E

Lin 2

124

/2, 10_Hzthe second harmonic (2 x f;), and enough frequency points to clearly determine the response. Thi
hould inelude frequencies with exponentially narrower intervals near the passband limit frequencies as follows:

-4 “Mréquency points below the passband using frequencies /= f, — F./2 — (0,1 Hz x 2") for n = 0, 1, 2 ... unt]l
<10 Hz; and
- frequency points above the passband using frequencies f = f, + F /2 + (0,1 Hz x 27) for n = 0, 1, 2 ... until

f22xf,Hz.

For the special case where F_ = 2 x f, all frequencies from 0 to 2 x f, are in-band, so OOB testing will be done
from the 2" to 3™ harmonic; that is 2 x f; < < 3 x f,.

The phase angle rotates when the frequency is off nominal, so phase angle accuracy around
the circle is covered by phase rotation that occurs during the signal frequency range tests.
Phase angle can be related to generator rotor angle, which can also be related to synchrophasor
angle as discussed in Annex H.
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For the signal frequency test and magnitude tests, the input signals shall be represented by
Equation (12), Equation (13), and Equation (14):

E

S

For the out-of-band interference test, the input signals shall be represented by Equation (18

E

Xa = X CcOs (27fint) (12)

Xp = Xy, €08 (2nf; t-21/3) (13)

For the harmonic distortion test, the input signals shall be represented by Equation (15
jluation (16), and Equation (17):

here
Xm

fo
k

X

Xa» Xp, and X, are the A, B, and C phase signals;

be Table C.1 for the harmaohic phase sequence.

—

)

—~

AV4 AV4 LD LTI'\ LN
A= Amq COS (2Tt 2m7 o)

is the amplitude of the input signal;

is the input signal frequency in Hz.

~

Xa = Xy €08 (2nfpt) + X, Kk, cos (2mnfgt) (1p)
Xp = Xy €08 (2nfgt-2n/3) + X, Ky ces(2nnfyt-27n/3) (1)
Xe = Xy, €0s (2nft+2n/3) + X4 Ky cos (2nnfyt+2nn/3) 1)

is the amplitude of the input signal;
is the nominal power system frequency in Hz;

is the harmonic amplitude~factor, and n is the harmonic order.

~

jluation (19), and-Eguation (20):
X = X, €08 (2nf,t) + X, Ky cos (2nfit) (18)
Xy = Xy €08 (2nf t-27/3) + X, Ky cos (2nfit-27/3) (19)
Xe = X, cos (2nfi t+27/3) + X, k, cos (2nfit+2n/3) (20)

is the amplitude of the input signal;

is the power system input frequency in Hz (which may not be at the nominal value of 50
or 60);

is the interference frequency amplitude factor;

is interference frequency in Hz.
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For all the steady-state tests, at reporting time tags ¢+ = nT (where n is an integer and T is the

phasor reporting interval), the PMU shall produce a phasor measurement:

X(nT) = (X,,/v2)£{2TTAf nT + p21/3} (21)

where
p =0 for A phase and positive sequence
p =-1for B phase;

p =1 for C phase phasors.
Af is the offset frequency and is: Af'= £, — fo-

—

shall also produce the corresponding frequency and ROCOF measurements:

Table 3 — Steady-state frequency and ROCOFimeasurement requirements

AnT) =fy + Af (2
MNT) = Af (2
ROCOF(nT) = 0 (2

Errorrequirements for compliance

Influence Reference
quantity condition P clas$ M class
Signal Frequency = f; Range: f, + 2,0 Hz Range:
frequency | ¢/, omina) fy £ 2,0 Hz for F, < 10
Phase angle + F /5 for 10 < F_ < 25
constant s s

+ 5,0 Hz for F_ > 25

Max. |FE| Max. |RFE]| Max. |FE]| Max. |RFE|
0,005 Hz 0,4 Hz/s 0,005 Hz 0,1 Hz/s
Harmonic <0,2% THD 1 % each harmonic up to 50t 10 % each harmonic up to 50"
distortion
(same as Max. |FE]| Max. |RFE]| Max. |FE]| Max. |RFE|
Yable2) F (520 0,005 Hz 0,4 Hz/s 0,025 Hz No
(pingle requirements
flarmonie) A% <20 0,005 Hz 0,4 Hz/s 0,005 Hz No
requirements
Qut-of-band < 0,2 % of input | No requirements Interfering signal 10 % of signal
ipterference signal magnitude
(pame as magnitude
| W] |l ]| | W] IR
able 2) Mene—HE4 Mene—HRFE
None None 0,01 Hz No

requirements

6.4 Dynamic compliance — Measurement bandwidth

The minimum required synchrophasor measurement bandwidth shall be ensured by sweeping
the input with sinusoidal amplitude and phase modulation. This shall be done by modulating

balanced three-phase input signals (voltages and currents) with sinusoidal signals applied to

signal amplitudes and phase angles in accordance with Table 4 and Table 5. Mathematically,

the input signals may be represented by Equation (25), Equation (26), and Equation (27):
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Xy = X, [1+kycos(2nf,t)] x cos [2nfyt+k,cos(2nf,t-n)] (25)
Xp = Xy [1+kycos(2nf,t)] * cos [2nfyt-2n/3+k cos(2nf,t-n)] (26)
Xe = Xy [1+k,cos(2nf )] % cos [2nfpt+2n/3+k cos(2nf,t-n)] (27)
where

X is the amplitude of the input signal;

fo is the nominal power system frequency in Hz;

Jm is the modulation frequency in Hz;

Ky is the amplitude modulation factor

k, is the phase angle modulation factor.

The positive sequence signal corresponding to the above three/phase inputs is given by
Equation (28):

X4 = Xy [1+kycos(2nft)] *x cos [2nfyt+ky €0s (2nf,t-m)] (2B)
Since the signal described is balanced, there is no nggative (X,) or zero (X;) sequence signal.

Al reporting time tags ¢+ = nT (where n is an integer and T is the phasor reporting interval), the
PMU shall produce a phasor measurement of;

X(nT) = {Xm/\/ﬁ}[1+kxcos(2nfmnT)]4{ p2m/3 + k,cos(2nf,nT-n)} (2P)

where

p =0 for A phase and positive sequence;
p = -1 for B phase;

p =1 for C phase phasors.

The value shall be‘within the error limits given in Table 4.

—

Frlequency and"'ROCOF measurement performance shall also be determined during this tes
For the input'signals defined above and at reporting times ¢ = nT, frequency, frequency deviation,
and ROCGOF are given respectively by Equation (30), Equation (31), and Equation (32):

T ) =70 — Rg Um) ST (2T 11— 7T (30)
Af(nT) = -k, (fy) sin (2nf,nT—7) (31)
ROCOF(nT) = d/dt[f(nT)] = - k, (2nf;,2) cos (2nf,nT-m) (32)

The modulation tests shall be performed with f,, k, and k, varied over the values specified in

Table 4. The modulation frequency shall be varied in steps of 0,2 Hz or smaller over the range
specified in Table 4. The TVE, FE, and RFE shall be measured over at least 5 s or two full
cycles of modulation, whichever is greater, and the maximum value determined. The maximum
is the highest value observed at the given reporting rate over the full test interval. This maximum
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shall be within the specified limits for P class and M class compliance at the given reporting
rate. The tests given here ensure the PMU bandwidth is at least as wide as the specified range.
Annex | (normative) presents tests and requirements for determining and reporting the actual
PMU measurement bandwidth.

Table 4 — Synchrophasor measurement bandwidth requirements
using modulated test signals

Modulation Reference Minimum range of influence quantity over
level condition which PMU shall be within given TVE limit
P class M class
Range Max. TVE Range Max.\TVE
=0,1, 100 % rated Modulation 3% Modulation 3 %
signal frequency 0,1 to frequency 0,1 to
L =0 magnitude, lesser of F /10 or lesser of F /5 or
Jrominal 2 Hz 5 Hz
=0, 100 % rated 3% 3%
signal
L =0,1 maghnitude,
fnominal

Table 5 - Frequency and ROCOF performance requirements under modulation tests

Frequency Error requirementsfor compliance
land ROCOF
berformance
limits P class M class
Reporting

rate

Fs F, Max. |FE| Max. |RFE| F, Max. |FE| Max. |RFE|

Hz Hz Hz Hz/s Hz Hz Hz/s

10 1 0,03 0,6 2 0,12 2,3

12 1,2 004 0,8 2,4 0,14 3,3

15 1,5 0,05 1,3 3 0,18 5,1

20 2 0,06 2,3 4 0,24 9,0

25 2 0,06 2,3 5 0,30 14

30 2 0,06 2,3 5 0,30 14

50 2 0,06 2,3 5 0,30 14

60 2 0,06 2,3 5 0,30 14

100 2 0,06 2,3 5 0,30 14

120 2 0,06 2,3 5 0,30 14

Eormulas min(F_/10:2) 0,03 x F, 0,18 x 1 x FI2 min(F_/5:5) 0.06 x F, 0,18 x m x F.2

NOTE 1 Maximum frequency (F,) in the modulation test range is determined by the reporting rate (F ) and capped
to 2 Hz or 5 Hz for the P and M class respectively as shown under "Range" in Table 4.
NOTE 2 The formulas for the maximum allowable error are based on the peak value that the frequency or ROCOF
measurement will achieve over the modulation frequency range. This value is 0,1 x F_for frequency and 0,1 x 2m
X Fr2 for ROCOF, where 0,1 is the index of modulation. For test compliance, use the rounded values shown in the
table, not the formulas.
NOTE 3 The error limits are a percent of these maximum values: the FE limit is 30 % for P class and 60 % for M
class; the RFE limits are both 90 %.
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Frequency and ROCOF follow the modulated signal and measure the combined effects of the
fundamental signal and the modulation. The errors in both measurements are a small fraction
of the measured values, but since ROCOF (the second derivative of phase) becomes a large
value, the expected error is also large. As shown by the given formulas, the magnitude of
frequency deviation increases linearly with modulation frequency and ROCOF increases by
frequency squared.

6.5 Dynamic compliance — Performance during ramp of system frequency

Measurement performance during system frequency change shall be tested with linear ramp of
the system frequency applied as balanced three phase input signals (voltages and currents).
Mpthematically, the input signals may be represented by Equation (33), Equation (34);. and
Equation (35):

Xy = Xy COS [2nfyt+nRt?] (3B)
Xy = Xy COs [2nfpt-2n/3+nRt?] (3¢)
Xo = Xy €08 [2nfpt+2n/3+nRt2] (3p)
where
X is the amplitude of the input signal;
Jo is the nominal power system frequency in Hz;

R; (= dfidz) is the frequency ramp rate in Hz/s (a constant value in this test).

The positive sequence signal correspotiding to the above three phase inputs is given by
Equation (36):

X1 = Xm (ofe ]3] [275f0t+TCth2] (3

[92]
~

This signal is balanced, so there is no negative or zero sequence signal.

Al reporting time tags:'t = nT (where n is an integer and T is the phasor reporting interval), the
PMU shall producethe phasor measurement:

X(nT) = {X,,/V2}£{ p211/3 + nR; (nT)?} (3f)

where

p =0 for A phase and positive sequence;
p =-1for B phase;
p =1 for C phase phasors.
During ramp tests, the reference values of frequency, frequency deviation, and ROCOF for the

specified test signals at reporting time tags ¢ = nT are given respectively by Equation (38),
Equation (39), and Equation (40):

SInT) = fo + (Re)(nT) (38)
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Af(nT) = (Rg)(nT) (39)

d/dt[AAnT)] = R¢ (40)

The ramp test frequency range, ramp rate, measurement exclusion interval, and measurement
error limits for each class are shown in Table 6 and Table 7. The frequency range is the same
as that specified in the steady-state frequency test (see Table 2). The exclusion interval
removes portions of the ramp from measurement evaluation during which non-linear transitions
offmeasurement limits may aifect the measurements.

The test shall include both positive and negative frequency ramps. Each ramp shall extemd
cqntinuously at a constant ramp rate between the range limits specified in Table 6. The
measurements made on the portions of the ramp next to the frequency limits are excluded from
the evaluation. Since the ramp is continuous and with a constant rate between limits, the only
non-linear transitions will be at or outside the frequency limits.

T:[e exclusion interval, fo,q1usions 1S Pased on the time window over which'the phasor is estimated.
This is determined by the reporting rate and class as follows:

t =n/F

exclusion s

where
n is 2 (P class) or 7 (M class);

F. is the reporting rate.

S

There shall be an exclusion interval at the start of the ramp to exclude the transition from the
sthrting steady-state frequency to the ramping frequency and another at the end of the ramp fo
eXclude the transition from the ramping“frequency to an ending steady-state frequency. The
stprting exclusion interval is the portien of the ramp that begins at the point where the signal
changes from the starting frequengy’ limit to the ramping frequency. The ending exclusipn
inferval is the portion of the ramp-that ends at the ending frequency limit. The end points shall
be included with the interval (i.e.;the end points of the interval are excluded from the evaluation).
Since reports are discrete, if(a‘reporting point coincides with a frequency limit, 2 (P class) or{ 7
(M class) additional points will be excluded (the interval is n/Fg long and will include n+1 poinfts

if p reporting point is at the end).

==

FIr example, consider a case with a system frequency of 60 Hz and reporting rate Fg = 30 fps.

For P class) ' the frequency range is *2 Hz and the exclusion interval [is
tokelusion =25 = 0,067 s. The positive ramp test will start with a 58 Hz steady-state signal and

ramp upte-a 62 Hz steady-state signal. This exclusion interval is two reporting periods, sof if
one report is coincident with the 58 Hz limit, that report and the next two reports will be excluded.
By symmetry, a report will be coincident with the point that the ramp reaches the 62 Hz limit $o

thet—repertand—thetwoprevious—reperis—will- be—exeluded—Since—theramp—rateis—+Hzls,
measurements at and below 58,067 Hz and at and above 61,933 Hz will be excluded. The
negative ramp test will start with a 62 Hz steady-state signal and ramp down to a 58 Hz steady-
state, so will similarly exclude the same measurements and frequencies from the evaluation.

For M class, the principle is the same except the exclusion interval is 75, ysion = 7/30 = 0,233

s and the test frequency limits are + 5 Hz. The positive ramp shall start at 55 Hz and ramp up
to 65 Hz. The sample coincident with the limit and the following seven measurements will be
excluded. This removes measurements at and outside of the frequency range of 55,234 Hz to
64,767 Hz. The excluded range is the same for the negative frequency ramp.
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Table 6 — Synchrophasor performance requirements under frequency ramp tests
Test Reference Influence quantity test limits over which PMU shall be within given TVE limit®
signal condition Ramp rate (Ry) Performance Exclusion Ramp Max. TVE
(positive and class interval range
negative ramp)
Linear 100 % rated +1,0 Hz/s P class Larger of + 2 Hz 1%
frequency | signal 2/Fs or 2[fy
ramp magnitude,
- M class Larger of Lesser of 1%
andfnommal at
A en. 7/Fs or 7/f, t (F/5) Hz
excluded or
point during + 5 HzP
the test
4 Minimum range. This does not include the exclusion interval multiplied by the ramp rate.
8  For Fs = 12 fps, ramp range shall be = 2 1/3 (two and one-third) Hz to allow for an integer nuntber of samplep
in the result.

Table 7 — Frequency and ROCOF performance requirements under frequency ramp tests

Signal Reference Exclusion Error requireménts for compliance
Specification condition interval
Ramp tests — 100 % rated Same as P class M class
dame as signal magnitude specified in
dpecified in and 0 radian base | Table 6 Max. |FE| Max. |RFE| Max. |[FE| Max. |RFE]
able 6. angle 0,01 Hz 0,4 Hz/s 0,01 Hz 0,2 Hz/s
6.6

islmathematically represented in the following formulas:

Dynamic compliance — Performance undér step changes in phase and magnitud1
g

Performance during step changes in magnitude and phase shall be determined by applyi
balanced step changes to balanced three phase input signals (voltages and currents). This tejst

X5 =Xy [1+k, u(t)] x cos [2nfyt+k, u(t)] (411)
Xpy= Xy [1+ Ky u(t)] x cos [2mfpt-2n/3+ k, u(t)] (4R)
Xe = Xy [1+ ky u(t)] x cos [2nft+2n/3+ k, u(t)] (4B)
where
X4~ ,vis the amplitude of the input signal;
fa is the nominal power system frequency in Hz;
u(t) is a unit step function;

Ky is the magnitude step size;

a is the phase step size.

This test is a transition between two steady states used to determine response time, delay time,
and overshoot in the measurement. Step functions with parameters as specified in Table 8 shall
be applied, and the measurements shall meet the requirements in Table 8 and Table 9. Figure
C.5 illustrates the measurements. Response time and delay time are defined in 5.2.3. The
steady-state error limits from Table 2 and Table 3 shall be used for determining the response
time. These limits are 1 % TVE, 0,005 Hz |FE|, and 0,4 Hz/s (P class) and 0,1 Hz/s (M class)

IRFE]|.
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Step Reference Maximum response time, delay time, and overshoot
change condition
specifica- P class M class
tion Response |Delay Max. Response |Delay Max.
time time| Overshoot/ time time| overshoot/
undershoot undershoot
s ] ] s
Magnitude All test 2/f, 1/(4 x F) 5 % of step Larger of 1/(4 x F) 10 % of step
=+ 10%, conditions magnitude 7/F or 7If, magnitude
REAE TToTmiTTatat
=0 start or end
i of step
Angle All test 2/f, 1/(4 x F) 5 % of step Larger of 1/(4 x F) 10 % |of step)
410°, conditions magnitude 7IF or 711, magnitude
K =0, nominal at
M =+ /18 | startorend
i of step

Table 9 — Frequency and ROCOF performance requirements fofr.input step change

Signal Reference Maximum susceptibility response time
gpecification condition
P class M class
Frequency ROCOF Frequency ROCOF
response time response time response time response time
s ) ] s
Nagnitude Same as in 4,5/f, 611, Greater of 14/F_or | Greater of 14/F
test as in Table 8 14/ or 14/
Table 8 fo fo
Rhase test as | Same as in 4,5/f, 6/f, Greater of 14/F_or | Greater of 14/F
in Table 8 Table 8
in Table able 14/f, or 14/f,
6.7 PMU reporting latency eompliance

=

A$ defined in 5.2.5, PMU reporting latency is the maximum time interval between the data repqrt
time as indicated by the data time stamp and the time when the data becomes available at the
PMU output (denoted. by the first transition of the first bit of the output message at tra(e
cgmmunication interface point). The PMU reporting latency shall be within the requiremenits

shown in Table 10, The latency shall be determined to an accuracy of at least 0,002 s.

Table 10 — PMU reporting latency

Performance class Maximum PMU reporting latency

S

P class Greater of 2/F_ or 2/f,

M class Greater of 7/F_ or 7/f;

NOTE Latency is limited by the need to include at least one cycle of the power system waveform for
synchrophasor calculation.

The PMU output shall be observed for at least 20 min to determine the maximum latency. If the
required maximum reporting latency appears to trend up or down, the PMU output shall be
further observed for the maximum until a local maxima is observed, the slope of the trend line
becomes zero, or the maximum allowable reporting latency is exceeded. See Clause C.7 for
discussion.
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7 Documentation

Documentation shall be provided by any vendor claiming compliance with this document that
shall include the following information:

Y

performance class;

O

measurements that meet this class of performance;

O

nominal \InH‘agn and current magnihlr‘lnc;

)
)
) selectable reporting rates;
)
)

input(s) used for the frequency and ROCOF measurements;

D

f) PMU settings;

g) testresults demonstrating performance;

h) test equipment description;

) environmental conditions during the testing.
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Annex A
(informative)

Time tagging and dynamic response

.1 Dynamic response

entical PMUs (defined as having identical hardware and algorithms) should yield the same

mmmmwwmmmmmw ; r
fferent analog circuitry can be expected to yield somewhat different results for the ;sanpe

asor measurement in transient state (the time during which a change in magnitudef. phage
gle, or frequency takes place). Test requirements and measurement evaluation described |in
ause 6 detail requirements to ensure that measurements in both steady-state and transient
nditions are comparable.

2 Time tags

nasor measurements are the estimated phasor representation ,6f a sinusoidal signal. The

es
th

timation is made for the signal at a particular instant of time, and,that time is represented by
phasor time tag. The process of making a phasor estithate will require sampling the

waveform over some interval of time, which can lead to some.confusion as to which time withfin
thiat window is the correct time tag for the phasor. The timfe’tag is defined as the time of the

r
Sy
oh
"a
ph
uf
af

If
ill
it

th
al
H
w

erence phasor that the estimated phasor represents. This acknowledges that the
nchrophasor is actually an estimate of the sinusoid parameters over the window [f
servation. The estimate covers a short period of time, so will represent some kind pf
verage" of the parameters, which may be changing during that window. In most cases, the
asor estimate will be best represented by a time at the center of the estimation window. It|is
to the designer to create an estimation process that ensures that the magnitude and phasge
gle are properly represented, accordingto the TVE evaluation defined in 5.2.

the power system frequency is different from its nominal value, the phasor will rotate as
istrated by Figure B.1. Althoughthis represents a steady-state condition (as defined in 6.3),
s easy to show that the instantaheous value of the phasor phase angle will be determined by
e choice of the time tag and-the inherent group delay associated with the actual measuremeht
gorithm. This behavior js’illustrated in Figure A.1, where a step in frequency from f; to f5 +[5

v is applied at ¢ = 0. The curves illustrate the estimate produced by three different algorithms
thout group delay eompensation.
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Figure A.1 — Frequency step test phase response without group
delay compensation

By relying on the TVE defined in 5.2, this document eliminates the off nominal frequency phase
angle ambiguity and helps ensure the compatibility between different PMUs. All compensation
for group delay or other deficiencies of the estimation shall be done by the manufacturer. Figufe
AJ2 shows multiple device outputs (fromiFigure A.1) after group delay compensation. In Figure
AJ2, devices closely track each other, with four traces virtually indistinguishable from each othgr.

Phase (radians)
o

4 L
-0,10 -0,05 0 0,05 0,10 0,15 0,2

¥ Time (s)

NOTE Ideal +3 algorithms, corresponding to Figure A.1.

Figure A.2 — Frequency step test phase response after group delay compensation
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Figure A.3 shows the results of these same three algorithms with group delay compensation
under a 10 % negative step in magnitude. This shows there will be differences in responses
even though the group delay is compensated. The differences are small, and will be
imperceptible under most data reporting rates since sample rates are much slower than what is
illustrated here. The responses are centered at the step (¢ = 0); they meet the response time
requirement for P class at 180 fps (and all lower reporting rates), and all overshoot requirements.
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. et 1
1,00 - P Pl ! i
. X 3 cycle flat-top
I
0,98 | | 4
5 |
. I
Q. . |
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2 o9 Q)
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0,92 | i / ]
[ \s
(I R
I '-‘
0,90 | | - 4 -
| >l
1
I
<« 0,88 . . . | . . . >
-0,04 -0,03 -0,02 -0,01 0 9,01 0,02 0,03 0,04
Time\(s)
NQTE Group delay compensated, corresponding ta’figure A.2. Per Unit (PU) voltage or current is normalized|to
the reference (V/V g Or I/l )
Figure A.3 — MagnitudeCstep test results for 3 different algorithms

Gfoup delay of a finite Impulse*Response (FIR) filter based algorithm with symmetric or an
symmetric coefficients is equal'to one-half of the window length (time tag in the centre of the
window). Infinite Impulse®Response (IIR) filters, asymmetric FIR filters, and optimization-base¢d
alpgorithms may stretch thetrailing edge, making the time response asymmetrical. Furthermorg,
ag indicated in Figure. A.3, the "transient" behaviour will vary depending on the type of algorithm
uged for phasor_estimation. Instead of mandating a single measurement algorithm, this
dgcument defines the performance under a variety of conditions and the use of TVE as the
primary tool fer\phasor measurement device performance assurance.

A|3 ~Magnitude step test example

Resd simutated—magritud s obtained—wi a algertthm—p d
Annex D are ilustrated in Figure A.4. The TVE limit defined in 5.2 is indicated by a thin horizontal
line. It is clear that under steady-state conditions, simulated PMU response stays within the
prescribed TVE requirement. However, during the step, the TVE significantly exceeds the
steady-state requirement. For this reason, the performance requirements in 6.6 do not specify
a maximum TVE during a specified time period before and after the step time for both P class
and M class devices.
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ne broadcast such as GPS or from a local clock using a standard time code. IRIG-B |is

hplitude modulated signal, or-in the bi-phase Manchester modulated format (modulation
be 2, B2xx). If the amplitudeé modulation is used, it may need to be supplemented with a 1 PHS

thout additional-signals. Other forms of precise time distribution, such as standard Ethernget
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TE 10 % step, P class algorithm.
Figure A.4 — Magnitude)step test example

4 PMU time input

PMU requires a source of UTC timei'synchronization. This may be supplied directly from|a

mmonly used for local time_dissemination. It may be provided in a level shift, a 1 kkiz

Ise train to achieve the“required accuracy. The IRIG-B amplitude modulated format |is
mmonly available and hence is the most readily implemented. The newer Manchester formjat
more compatible with fibre optic and digital systems and provides complete synchronizatign

ing IEEE Std_1588™[1] 2, are also available. These distribution signals are further detail¢d
follows:
1 PRS

A common feature of timing systems is a pulse train of positive pulses at a rate of one pulse
per second (1 PPS). The rising edge of the pulses coincides with the seconds change in the

2

clock and provides a very precise time reference. The pulse widths vary from 5 ys to 0,5 s,
and the signal is usually a 5,0 V. magnitude driving a 50 Q load. A 1 PPS timing signal can
be used with another system such as a serial timing message or IRIG-B to supply the full
time synchronization.

IRIG-B

IRIG-B is fully described in IRIG STANDARD 200-04 [2] published by the Range
Commanders Council of the U.S. Army White Sands Missile Range. Time is provided once
per second in seconds through day of year in a binary coded decimal (BCD) format and an
optional binary second-of-day count. The standard allows a number of configurations which

Numbers in square brackets refer to the bibliography.
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are designated as Bxyz where x indicates the modulation technique, y indicates the counts
included in the message, and z indicates the interval. The most commonly used form is
B122, which has seconds through day-of-year coded in BCD and is amplitude modulated on
a 1 kHz carrier. The amplitude should have a peak-to-peak amplitude of 1 V to 6 V for the
mark (peak) with a mark-to-space amplitude ratio 10:3 as provided in [2]. A block of 27
control bits are available for user assignment and can be used to supplement the standard
code for continuous timekeeping. The time code format is:

<sync> SS:MM:HH:DDD <control> <binary seconds>

where

<sync> is the on-time sync marker;

SS is the second of the minute(00 to 59 (60 during leap seconds));
MM is the minute of the hour (00 to 59);

HH is the hour of day in 24 format (00 to 23);

DDD is the day of year (001 to 366);

<control> is a block of 27 binary control characters;

<binary seconds> is a 17 bit second of day in binary.

IRIG-B includes 27 control bits for user provided information in-‘addition to the specified time
codes. Assignment of these bits to enable coding the _year of century, non-sequential
changes (leap seconds and daylight savings time), local time offsets, and time quality inlto
the message was detailed in previous synchrophasor standards, starting with
IEEE Std 1344™-1995 [3] and continuing through IEEE Std C37.118.1TM-2011 [4]. This has
been transferred to IEEE PC37.237 [5], which_deals with time tagging and event timing
which is a more compatible venue for coordinating future development.

IEEE 1588

IEEE Std 1588-2008 allows timing accuracies better than 1 ps for devices connected viaja
network such as Ethernet (IEEE Std 802.3). IEC/IEEE 61850-9-3 [6] and IEEE Sitd
C37.238™ [7] specify a subset of IEEE 1588 functionality to be supported for power system
protection, control, automation;.‘and data communication applications utilizing Ethernet
communication architecture. ~“Several commercially available Ethernet switchels,
grandmaster clocks and slave-clocks have implemented the IEEE C37.238 functionality and
demonstrated this performance. Both standards may be obtained through the IEEE-SA wgb
site. Newer revisionsof\these standards may be available; the reader is advised to che¢k
for the latest versions” as well as assuring that equipment conforms to versions with
compatible requirements.
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Annex B
(informative)

Parameter representation and definition application examples

1 General

Annex B compares the definition of synchrophasor, frequency, and ROCOF measurands given

fr
ph
af
V4
as

These parameters can be defined differently depending on the intended usage.

In
ph
gi
sh

ag
21

de
(of:

th
fix

istrate the application of the synchrophasor, frequency, and ROCOF definition equations
ven in Clause 5. They are applied to signals that are commonly found in power system’ signal

TIe voltage and current waveforms are generally represented as a_sine or cosine wave whoge

ven point in time. Any variation of frequéncy is included as the time variation of phase
own in the examples below.

The previous synchrophasor standard, IEEE Std C37.118.1, included the variation of frequen¢y

-f0t+2nfg dt+ ¢, and the.actual sinusoidal frequency was defined as f{r) = g(¢) + f,. In this

TlLese two approaches to defining the non-stationary phase are equivalent, only differing in

thematically equivalent even though semantically different. It also provides examples_ thiat

alysis and include the test signals prescribed in Clause 6 that are used for-performange
lidation. Reconstruction of the power system sinusoid from the synchrophasofwvalues is al$o
monstrated.

2 Representing non-stationary sinusoids

qguency is near the nominal value of the system. The amplitude is nearly constant and the
ase angle is determined by a specific time reference. In'reality, the amplitude, frequenay,
d phase angle vary constantly in time so the sinusoidal signal is non-stationary. Thege
riations occur in both the sinusoidal signal parameters.as well as the additive disturbances
shown in Equation (1). The phase function 6(¢) includes both frequency and phase angle.

this document, we have defined 6(7) = 2nfr3 ¢(?) to emphasize the fact the synchrophaspr

ase angle is determined as the phase angle relative to the nominal system frequency at tle
s

a separate term in the definition of sinusoidal phase, 8(¢). That standard defined 0(¥)|=

finition, the phase angle/ ¢, is constant for a calculation and can be different for a successiye
Iculation. This indefinite integral form does not make clear the estimation of the phase valug.

ir semantie.expression. Setting the two phasor values equal (making ¢ = ¢, to show it as|a
ed value).

2nft+ ¢(O) = () = 2nfyt + 2 [ gdt + ¢, (B.1)

o) =2n [gdt+ ¢, (B.2)

The frequency definitions in this document and IEEE Std C37.118.1 are the same (the derivative

of

phase divided by 21). Setting the two definitions equal (showing the formula of IEEE Std

C37.118.1 on the right):

1.doq) 1

f0 =20 = g+ = P = )= g@) + , (B.3)

1
e =5 (B.4)
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We see that g(¢) is the rate of change in phase angle that is in addition to the change in phase
due to the nominal frequency, which we might call "offset frequency". Conversely, we can solve
phi:

oD =2 [ g(@dr + (1) (B.5)

which shows the changing phase angle is the integral of the offset frequency function plus a
constant. Given either an offset frequency or time varying phase allows solving for the other
form. For example, when the system frequency is a constant difference from the nominal
frequency, g(¢) = Af, the phase function ¢(¢) can be calculated:

¢() =2n [ g()dr =2m [} Afdv =2m Af (1 — 1) + (1) (B.F)
The synchrophasor phase angle is a linear ramp from the angle @(¢;) at time ¢ = ¢,.

Fdirther discussion of these approaches and frequency definitions¥ can be found (in
[91;. Clause B.3 presents specific examples of application of these definitions.

B{3 Introduction of definition application examples
B|3.1 General

The basic sinusoidal signal equation repeated from-Clause 4 is:
x(1) = X (@) cosfnfyt + ¢ /+ D (@) (B.B)

The synchrophasor is defined as the complex number:
— [fm® = fm@ jo)
X0 = (L, ¢() )= e (B-p)

In|the derivations of B.3.2 t0'B.3.5, the complex exponential form of the synchrophasor is used.

B|3.2 Example ti\steady-state at nominal frequency

All parameters‘are constant. Here, X, (/) = % @(t) = ¢, frequency f(¢) = fy, ROCOF(z) = 0, and
Dft) = 0.

TT:n thé synchrophasor is X(¢) = (Xm/\/ﬁ) el%, and ¢ is the constant phase difference betwegn
the 'signal and the reference wave. T

B.3.3 Example 2: steady-state and constant off-nominal frequency

The parameters are constant, X, (t) = %’ , #(t) = ¢, ROCOF(z) = 0, D(¢) = 0 and the off-nominal
frequency is

JW=fy + bof (B.10)

where Af'is the offset from the nominal frequency.

The sinusoidal phase is found by integrating Equation (7):
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0(6) = [ 2nf() dt = 2mf,t + 2mAft + g (B.11)
where @, is the phase at ¢ = 0.

Then, from Equation (2), ¢(t) = 2rf t + 2rlfi + ¢ — 2mft = 2mAfi + ¢, SO the synchrophasor is

X@) = %mej(szrwo) (B.12)

TlLis synchrophasor will rotate at the uniform rate Af Hz/s, which is the difference between tll]e
agtual and nominal frequency. This is illustrated in Figure B.1 showing the increasing phase
angle value where Af> 0.
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Figure B.1 — Sampling a power frequency sinusoid at off-nominal frequency

B|3.4 Example 3:ioscillation of the phase and amplitude of the power signal

In|this example, there is a sinusoidal modulation of the amplitude and phase angle of the basic

sihusoidal power system signal. These modulations are represented in the signal as:

x(t) = Xm[1 + kg cOS(2T1f, 1)]cos|27f, t + Kycos(2nf ¢ — m)] (B.1

whete

fm is the modulation frequency in Hz;
k, is the amplitude modulation index;

k, is the phase modulation index.

For this example, we require that fm < fy, k, < 1, and k, < 1. This eliminates extraneous solution

possibilities and best represents power system applications. In this example the phase and
amplitude modulation are 180° out of phase; this is not a universal requirement but is the
relationship that has been demonstrated for two machines oscillating against each other.

In this example, X, (t) = Xm[1 + kecos(2nf 1)] . @ (t) = kacos(2nf, ¢t — ), and D(t) = 0.
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The synchrophasor is then:
X(t) = X/ V2 [1+Ky cOS(21f, 1 )] €l Kacos@Timt=m)/ (B.14)

The frequency is the differential of the cosine argument (Equation (7)):

JO) = fy + -Gt _ oy 2 gin anf,,t — m) (B.15)

dt

Differentiating frequency to derive ROCOF (Equation (8)):

ROCOF(t) = L8 = —, (Z“fm) ) cos(2nfot — ) (B.1B)

Frequency and ROCOF only oscillate in response to phase modulation) Under amplitu
ogcillation only (k, # 0 and k, = 0), frequency and ROCOF are constant; 'under phase oscillati

only (k, = 0 and k, # 0), all measurements oscillate.

The synchrophasor oscillates in magnitude and phase, the same as,thgé power signil.

This example shows the derivation of reference parameter values’for the dynamic performanc¢e
mpdulation test in 6.4.

B|3.5 Example 4: constant, non-zero rate of change of frequency

In| this example, X, (t) = i(/"_" D(t) = 0, and ROCOFE[(r)’= R; # 0 are all constant.
Integrating ROCOF using Equation (8) to find f{(¢), we get:

ft) = /, Rt = Rit +f, (B.1]7)

where f, is the frequency at t.= 0. This equation describes a linear change in frequency.

Integrating f{¢) to find 6(t),-we get:

o(t) = f0t27rf(r)dr =2n fot(RfT + f)dt = 2m (thz—z + fat) + ¢po = TRit? + 2nfut+ Py  (B.1B)

where @, issthe phase angle at s = 0.

T|||e synchrophasor phase angle ¢(t) = nR; 2+ 2n(fy — fo) t + @ so the synchrophasor is:

X(f) — %ej(ﬂth2+2ﬂ(fa—fo)f +o) (B 1 9)

The synchrophasor has an initial phase angle ¢ at time ¢ = 0 which increases parabolically at
the rate TR 2+ 2n(f, — fo)t from t = 0. The frequency f(t) = f, + R ¢ is a linear ramp.

This example shows the derivation of reference parameter values for the dynamic performance
system frequency ramp test in 6.5.
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B.4 Reconstruction of the power system sinusoidal signal from the
synchrophasor

The original sinusoidal signal exclusive of the interference D(t) (which is preserved by the
synchrophasor) can be reconstructed using the parameters of the synchrophasor. Given the
real and imaginary values X,.(z) and X,(z) (rectangular coordinates) as defined in Equation (5)

and Equation (6) respectively, the sinusoidal signal is expressed as follows:

vl =Y (D ecosl2aftt btV = 2 X (Decos(2xf ) — /2 X(sin(2mf-£) (B.20)
v/ mx\=/ L JU L i 71 v \%v7 \ JUY/ v I\ \ JU™7

uging the trig identity cos(a + b) = cos(a)cos(b) — sin(a)sin(b).

Discrete time measurands can be determined as the value of the continuous time)rieasurands
by setting t = nT where n is an integer and T is the measurement reporting period in units pf
sgconds.
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Annex C
(informative)

PMU evaluation and testing

1 General

Annex C covers several topics of interest to those evaluating the accuracy of PMUs. Annex C

b

There are many ways of implementing PMU tests in accordance\With this document. |If

in
A
S{
in

Cc

The total vector error (TVE) is a measure of the difference between the synchrophaspr

es
de

T
(ofe
es
ar
b
C4
urn
to

rellation of magnitude errors and phase errors to the TVE metric. A detailed discussion of\RMU

ror.

ssessment Program (ICAP) has published a synchrophasor” measurement test sui

tal vector error metric.

e

ponse to steps in magnitude and phase will help evaluators understand the recommendé¢d
thod for performing step tests. Steady-state harmonic distortion test input signals afe
ecified by equations, but a table showing the phase relation, in terms of-symmetridal
mponents (positive, negative and zero sequence) is shown. Annex C closes with'a discussion
rate of change of frequency (ROCOF) limits and why some tests specify no limits for ROCQF

e

plemented correctly, all methods are expected to yield the same pésults. The IEEE ConformFy
nt

ecification (TSS) [10] that specifies test methodology to be.us€d for conformity assessme|
accordance with the ICAP certification program.

2 TVE measurement evaluation

timates from a PMU and the reference.wvalue determined by evaluating the formulas
scribing the measurand.

E combines magnitude and angle efror into a single quantity. This allowable error criterigpn
mbines all error sources, including\time synchronization, phasor angle, and phasor magnitude
timation errors. TVE is defined/by Equation (9). In the qualification tests, the reference valug¢s

e determined mathematically from the specified test signals with the expectation that they wjill

faithfully produced and.applied to the PMU by the test equipment. Test equipment can be
librated to determine (ify'their reference values meet the specified criteria of 10:1 test
certainty ratio (TUR): Figure C.1 shows how magnitude and phase errors combine into the
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TVE is the magnitude
of the error

Figure C.1 — Total vector error (TVE)

=1

Figure C1, Xis the reference synchrophasor, representedby real and imaginary components
and X . X is the PMU synchrophasor estimate with real and imaginary components X and

Y

This document establishes a criterion of 1 % for the value of the TVE for most performange
tepsts in this document. The 1 % criterion can“be visualized as a small circle drawn on the eid

off the phasor. The maximum magnitude erfor is 1 % when the error in phase is zero, and the
mpximum error in angle is just under.0y573° when the magnitude error is 0. Provided the
olpserved samples do not lie outside the'circle, the measurement is compliant. Figure C.2 shows
thee circle, with size greatly exaggerated for clarity.

0,573°

1%

7|//

Figure C.2 — The 1 % TVE criterion shown on the end of a phasor

C.3 Phase-magnitude relation in TVE and timing

TVE combines magnitude and phase errors. TVE can be determined directly from magnitude
and phase error by the formula:

TVE = /2(1 + ME)(1 — cos(PE)) + ME? (C.1)
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where ME is magnitude error (in pu):

e J& () + X, (n) =X, (n) + X, (n)’ 2

JX, () + X, (n)’

PE is phase error (in deg or rad):

Fi
Fi
[oF:
fo

r TVE.

PE = atan(X,, X;) — atan(X,, X;) (©

gure C.3 shows the variation in TVE as a function of magnitude for various phasejerrors and
gure C.4 shows the variation in TVE as a function of phase for various magnitude)etrors. Ea
rameter has the same parabolic influence on the other only differing in the intercept valug
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Figure C.3:~ TVE as a function of magnitude for various phase errors
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Figure C.4 — TVE as a function of phase for various, magnitude errors

Phase angle is determined by the relation of the power system signal to a time synchroniz¢d
reLerence at nominal system frequency. If the reference is displaced by a certain time interval,
thie angle of the power system signal will be displaced by that same time interval, creating an
effror in the estimated phase angle. Thus timing errots translate directly to phase errors. The
TYE is computed relative to measurement magnitdde‘and phase at the power system frequendy.
Copnsequently, timing errors will result in different TVE depending on system frequency. O
cycle is 20 ms at 50 Hz and 16,67 ms at 60 Hz. One degree of phase angle at 50 Hz is 55,6 %
and 46,3 pys at 60 Hz. A timing error that will cause a 1 % TVE error at 50 Hz is + 31,7 ys a

at|60 Hz is = 26 us (with 0 magnitude error).

e
s
d

C{4 Evaluation of response to stepped input signals

The PMU response and delay times are small compared to the PMU reporting intervals. The
specified response time (P class in Table 8) is less than 3 reporting intervals, and delay timel|is
leps than a quarter of a‘reporting interval. It is unlikely that reported data points will fall on the
specified measurement points, so determining those points with a single step test may be

interval. This technique controls the relatlon between the step time t in the umt step function
f,(¢) and one of the reporting times. 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 general

reporting time, T is the reporting interval, and » is the number of tests to be performed, one test
is performed with a f,(z,). The next test is performed with a f,(¢,+T/n), and the next with a

f,(tr+2T/n), and so on until the nth test is performed with a f,(z,+(n-1)T/n). The resulting

measurement points are interleaved by aligning all of the steps at the same point and combining
the measurements with their corresponding offsets from the step. This gives an equivalent
measurement step response with a time resolution of T/n. In general, an accurate measurement
of the PMU response time, the delay time, and the overshoot percentage can be made with n =
10 (however for low reporting rates where the test result may be indeterminate, higher numbers
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for interleaving — such as n = 20 — should be used). To determine the boundaries for these
measurements, linear interpolation should be used between two F /n measurements. Overshoot

and undershoot are measured on either side of a waveform transition. In the case of the
synchrophasor step tests, the waveform is the sequence of phasor magnitudes or phases
reported by the PMU under test and the transition is a step change in magnitude or phase
respectively.

A
1,15 T T T T T T T T T
Overshoot
Step input
1,10 } o0~ |
3 atr=0 T /e
o s
2 Delay time —p| 41—
[0]
S % of fi
2 1,05 50 % of final value |
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£
<
1,0 <1 1
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A
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Z 4% Response time 7
® —> [—
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-02,~01 0 01 02 03 04 05 06 07 08
Time
Figure C.5 — Example of step change measurements using a magnitude step atz=10
In| Figure C/5 reported values are represented by the dots along the waveform on top of|a
v@rtical liney“The continuous response line will be determined by the equivalent time sampling
d¢scribediabove. The response delay time is the time that the measurement equals 50 % of the
step,change in magnitude or phase. The response time is the difference between the times that

thp interpolated measurement leaves the specified accuracy limit and the time it returns to and
remains within that mit.

Figure C.5 illustrates response time, delay time, and overshoot measurements. Response time
is determined from the error measurement (here TVE, but FE and RFE are done similarly).
Delay and overshoot are determined by the curve of the parameter being stepped. The
maximum overshoot may be over or under the final value (corresponding to positive and
negative steps), and the delay time may be positive or negative (since the response is based
on the estimated phasor/frequency/ROCOF value, the time of 50 % response may vary a little
from the time of the actual step input).
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C.5 Harmonic distortion test signal phasing

Input signals for steady-state tests are specified mathematically in 6.3. Three phases of input
signals are shown in positive sequence. For the out-of-band interfering signals test, the
interfering signal is also specified to be positive sequence. However, for the harmonic distortion
test, the harmonic signals are not always positive sequence.

For harmonic distortion tests, a balanced three-phase system is used and the harmonic
sequence will cycle from positive to negative to zero depending on the harmonic number being

|n actad 1n ~Athar vwnrAe A thhs fin Ao ANt ]l vy il Af Al Nhaa~ Ar~cona oA EA T +I-\e
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pgsitive going direction, the injected harmonic signal should also be crossing zero in the paositiye
direction. In this case, the second harmonic will be negative sequence, the third harmanic will
be zero sequence, and the fourth harmonic will be positive sequence. The cycle repeats with
thie fifth harmonic being negative sequence and so on, as shown in Table C.1.

Table C.1 — Harmonic phase sequence in a balanced three-phase system

Harmonic 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Sequence + - 0 + - 0 + - 0 + = 0 + - 0
Harmonic 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Sequence + - 0 + - 0 + - 0 + - 0 + - 0
Hrmonic 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
Sequence + - 0 + - 0 + - 0 + - 0 + - 0
Harmonic 46 47 48 49 50

Sequence + - 0 + -

C|6 ROCOF limits

Cl6.1 General

interfering signal (OOB) tests.;The requirements for applications that use ROCOF measuremeht
ane not well enough developed at the time of this document’s publication to ensure that useful
limits for ROCOF in these tests can be established without unjustified constraint on the phaspr
onl frequency measurement. To best serve the user community, this document focuses ¢n
phasor and frequency measurement, the use of which is well established and widely used.
Hpwever, for sinusoidal interfering signals such as those prescribed for the OOB and harmonigs
tepts, the limittoen FE also implies a limit on RFE. This relationship is explored in Clause C.6.

Limits for RFE for M class were not established for the harmonic distortion and out-of-ba]vd

IfIno filtering is applied to the frequency and ROCOF measurements, the limit on frequengy
efror (EE) implies limit on ROCOF (RFE), which is:

IRFE| = |[FE| x 21 x |fi1t = fol (C.4)

where
fint is the frequency of an interfering signal or its alias;

Jfo is the nominal system frequency.

For example, for the 2"d harmonic of fo = 50 Hz (100 Hz), the difference (100 - 50) is 50 Hz,
and the resulting implied limit is 7,85 Hz/s. In other words, a PMU which is at the FE limit with
exactly 0,025 Hz frequency error due to the 100 Hz harmonic will produce a ROCOF error (RFE)
of 7,85 Hz/s.
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As another example, consider the 20t harmonic of f = 60 Hz which is 1 200 Hz. If it is sampled

at 960 sps as in Annex D, the harmonic will be aliased to 240 Hz (= 1 200 — 960), and the
difference here (240 — 60) is 180 Hz. The resulting implied RFE limit is 28,3 Hz/s for an FE of
0,025 Hz due to this harmonic (180 x 2 x 0,025).

This derivation relates the limits of FE and RFE based on the assumption that no filtering is
applied to the ROCOF computation. Filtering will create additional delay in ROCOF which: (1)
misaligns the measurement, or (2) requires delaying reporting the measurement set, or (3)
requires separate ROCOF reporting. For the reasons cited above, this document supports a

tir aalianad masciiramant ot vaith o lov oo filtarina 1o nAat ~ooy
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Frequency and ROCOF are required to comply with the measurement limits only over the'same
range of frequencies specified for phasors. However, most frequency and* ROCQF
measurements will operate successfully over a much wider range. Vendors are encouraged fo
extend their measurement reporting over the widest practical range.

Cl6.2 Derivation

Interfering sinusoidal signals (single frequency, low amplitude sinusoids) can be representId
ag a combination of (equal) angle and amplitude modulation of the basic cosine from which the
phasor is computed.

NQTE Amplitude modulation produces sum and difference sidebands jr, phase, and narrowband angle modulatipn
prpduces sum and difference sidebands, one in phase and one out of phase. When both modulations are present|at
the same frequency and amplitude, the anti-phase component cancels‘one in phase so only a single sideband is I4ft.
THis is the same spectrum as additive single frequency produces

The interfering sinusoidal signal can be represented-as:

X = Ag [1+A); cos(mt)] x cos [wgt+A, cos(wt)] (C.p)

where
w| is the interfering signal frequengy;
wy) is the nominal system frequency.

A|, is the single frequeney interfering signal amplitude. Anti-phase cancellation requires A | =
A|;- The amplitude modulation has no effect on the frequency and is ignored. Frequency is the
dgrivative of the cosine argument (see 4.4) so the frequency of this modulated signal is:

f(t) = 1/21 [0 — WA, sin(ot)] = fy — fi A, sin(ot) (C.B)

The peak-deviation of frequency from nominal (fy) is

AF = fuy4, (C.7)

where AF is in the same units as fy, i.e. if fyy is in Hz, so is AF. Differentiating the frequency to
obtain ROCOF (see Equation (8)) gives:

ROCOF(t) = = fjy A5 211 fjy cos(mt) (C.8)

Substituting Equation (C.7) to get the maximum ROCOF error:

ROCOF =27 xAF x fy (C.9)
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In this derivation, the modulating frequency £, is the difference between the system frequency
Jo and the (aliased) interfering signal f;;. And, since the ROCOF here is an undesired result of
an interfering signal (i.e., ROCOF should be zero), RFE = ROCOF.

C.7 PMU reporting latency

PMU reporting latency may be thought of as the maximum time interval from when the
measurement is made unt|I the measurement is sent from the PMU Itis evaluated by comparlng

lepve the output port (see 5.2. 5 and 6.7). It may be drffrcult to measure the t|me the repc rt
lepves the PMU output port, but it can be measured indirectly by measuring the message-arrival
time on the input port on a system connected directly to the output port of the PMU under test.
The port-to-port transition time of this setup is very small, and well within the 2 ms Uncertainty
allowed for this test.

In| typical PMU implementations, the clock which is creating reports is disciplined to UTC, but
thie clock driving the reporting communications system is often not disciplined. The effect of this
is|that the measurement latency will likely drift over time. For this reason;-measurement latengy
is[required to be measured until the maximum value has been determined.

Example measurement latency

0,0295
0,029

0,0285

Latency (s)

0,028

0,0275

0,027
0,00 50,00 100,00 150,00 200,00 250,00 300,00

Time (s)

Figure C.6— PMU reporting latency example (actual PMU measurement)

Figure C.6 is~a plot of a PMU reporting latency measurement over a 300 s time interval. The
measuremehnts are made at a 30/s rate. The wide black lines show the short term variations afe
about 0,75 ms peak-to-peak; however there is also an overall positive drift that resets about
e ery 1+30 s. The local maxrmum observed just before reset is the value to use for the reporting
3 3 ikdly
that the drift will have a negatlve trend and the maximum WI|| be just after reset. ThIS document
requires an observation interval of at least 20 min to determine if the measurement latency has
reached a local maximum or the latency is trending upward or downward. If no local maximum
is reached during the first 20 min, and the latency is trending upward and downward, subclause
6.7 of this document requires that testing continue until a local maximum has been reached.
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Annex D
(informative)

Reference signal processing models

1 General

Annex D presents the reference signal processing models used to develop and verify

C

not imply being the only (or recommended) method for estimating synchrophasors. Its purpo

to establish common ground for understanding performance requirements and confirmi
eir achievability.

ause D.2 includes a reference model for the general synchrophasor derivation."This model
e same for the algorithms presented in Clauses D.5 and D.7.

DCOF estimates are aligned with the time stamp.

ause D.4 describes the estimation of the positive sequence phasor from the three singl

phase phasor estimates and how to estimate frequency and ROCOF from the positive sequeng

phasors.

C

de

fil

C

eq
arf

D

Fi

fré
mrltiplication with\_the nominal frequency carrier. Other implementations using frequen
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auses D.5, D.6 and D.7 describe the P class and4M class reference models, including filt

ering and decimation.

ause D.9 describes trade-offs that PMU @esigners need to consider which affect the noig
munity, reporting latency, and timexalignment of the phasor, frequency, and ROC(
timates. Clause D.9 also discusses.the accuracy and noise immunity of phasor, frequend
d ROCOF estimates in relation to-the response time of the PMU.

2 Basic synchrophasor estimation model

bquency samplings.synchronized to an absolute time reference, followed by compl¢

cked samplingy-frequency tracked carrier or nonlinear estimation methods are also possib
d are perniitted by this document. Depending on the algorithm and windowing, the outp
bm this cenversion may be at the original sample rate or lower.

ause D.3 discusses time compensation of the PMU output so the . phasor, frequency, and

tails. Clause D.8 discusses a method of reducing)the PMU data rate (reporting rate) usingg

gure D.1 shows typical processing steps performed within the PMU. It assumes fixgd
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Figure D.1 — Single phase section of the PMU phasor signal processing model

G|ven a set of samples of a single phase of the power signal {x;}, thelsynchrophasor estimate
X(i) at the ith sample time is:

N/2

. 2 »
X(0) =% D Xay X W) X XP(=3(i + k) Aty ) (D.f1)
G k=-N/2
N/2
G= Dk (D.R)
k=-N[2
where
G is the gain;

wp is the angular frequency21f, where f; is the nominal power system frequengy
(50 Hz or 60 Hz);

N is the FIR filter order (number of filter taps is equal to N + 1);
A is the sampling interval (1/Sampling Frequency);
X; is the sample_of the waveform at time ¢ = i A¢, where the time 7 = 0 coincides with a 1|s

rollover;
M) is thedlow pass filter coefficients (depending on P or M class filtering).

Equation. (D.1) represents the complex demodulation and low pass filtering shown (in
Figure D.1. exp(—j(i+k)Atwm,) is Euler’'s equation and includes multiplication of the input by t
quadrature-oscittator{sine t— D . ow-pass-fitterir (k))
can be applied individually to the real and imaginary outputs of the complex demodulator as
shown in Figure D.1.

adtraturc o0 ato aitd O C OWT i gtie 1o S JVIVAAS TC TOWTPaS C v

D.3 Timestamp compensation for low-pass filter group delay

The timestamp of the PMU output represents the phasor equivalent, frequency, and ROCOF of
the power system signal at the time it is applied to the PMU input. All of these estimates shall
be compensated for PMU processing delays including analog input filtering, sampling, and
estimation group delay. If the sample time tags are compensated for all input delays, the time
tag of the sample in the middle of the estimation window can be used for the phasor estimation
(output) time tag as long as the filtering coefficients are symmetrical across the filtering window.
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This method of group delay compensation is used with both the P class and the M class
algorithms presented in Annex D.

The filter coefficients for P class and M class low-pass filters are listed below in Clauses D.6
and D.7. Filter order for FIR filters is determined by the number of elements in the filter; the
order is one less than the number of elements (taps) of the filter. For example, a 1 cycle Fourier
filter using 16 samples/cycle is a N = 16 — 1 = 15th order filter. Examples provided in Annex D
use even order filters (odd number of taps). Resulting filter group delay is an integer multiple
of the sampling frequency: G4 = N/2 x At.

D|4 Positive sequence, frequency, and ROCOF

O Single
Va (t) Single phase o/o"’ phase
A (1) —P h
phasor section of 7o+ phasors
& o-p Positive
y | sequence
phasor
: Positive sequence I g
Vb (1) —» Single pha_se phasor (PSP) | Dﬁnvatlve IOf --.—o/o——> Frequency
phasor section calculation phase angle P
i O
©
£
(&)
[}
Single ph Derivative of _o/ o
K ingle phase i
V() —> phasor section frequency O+ ROCOF

NQTE All processing shown is at the ADC sampling rate; reporting rate is produced by resampling at the systgm
output (decimator stage).

Figure D.2 —Complete PMU signal processing model

The normal positive sequience voltage phasor in Figure D.2 is calculated using the symmetrigal
cgmponent transformation. Frequency is then calculated from the rate of change of phase angrl:e
ofl the positive sequence [9]. Since phase angle changes relative to the difference between the
agtual frequencyand the nominal frequency, this approach yields the offset from nominal. This
frequency estimation method uses phase angles estimated internally at the waveform sample
rate of the RMU (not the decimated phase angles reported by the PMU). To estimate t:I:e
frequency;two phase angles, one before and one after the estimation point (i), are used. The
frequeney-eéstimation algorithm for the frequency at the ith phase estimate is shown in Equatign

(0.3):

AF () =[0G +1) - 0(i - )] [[47 x 41] (D.3)

where

a(i) is the angle of the ith positive sequence estimate X(7);
A(i+1) is the angle of the phasor estimate following the ith estimate;
d(i-1) is the angle of the previous estimate.

Using the same angle estimates, the ROCOF estimate is computed as shown in Equation (D.4):

DF(i)=[0(i+1)+6(i-1)-26(i)]/[27 x At*] (D.4)
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The ith frequency estimate is exactly aligned with the ith phasor estimate by waiting for the next
internal phasor estimate 8(i + 1) and then computing frequency using one angle ahead and one
angle behind the it phasor. When the ith phasor, frequency, and ROCOF are reported together,
the report shall be delayed until the next internal phasor is available. This delay is one internal
sample period (Af), which is small. Many other frequency and ROCOF estimation methods such
as 2"d order fit or weighted least squares will also meet the requirements of this document, but
all methods will require trade-offs which are discussed in Clause D.9. Simple finite difference
equations like these are commonly used but are also very sensitive to noise.

D

w
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5 P Class reference model for phasor

The P Class phasor estimation algorithm presented here uses fixed length two cycle triangul

bighted FIR filter which is not changed for different PMU reporting rates. This referen
gorithm  implementation uses a sample rate of 16 samples/cycleyy which

T

is algorithm can be implemented using the ftriangular window coefficients shown

Figure D.3 (with filter order N being equalto N =2 x (16 — 1) = 30) or in twa_stages with a on
cycle Fourier conversion followed by uniform averaging over one cycle (¢ascaded boxcar filt
approach). As long as the sample times are compensated for input delays, the timestamp at t

fr
cq
eq

D

e
cgntre of the window produces an estimate whose phase follows“the actual power syste];m

per cycle)

These filter coefficients are plotted in Figure D.3.

x 16 = 960 samples/s for a 60 Hz system or 50 x 16 = 800 samples/s for a 50 Hz system.

ar
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is
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guency and does not need further phase or delay correction,”It does require magnitude
rrection for off nominal frequency which is applied to the final\phasor based on the frequengy
timate.
6 P class filter details
The P class filter coefficients W are defined as:
W) = (1—L|k|) (D.B)
N+2

nere

= —N/2: NI2 (integer values only)

is the filter order (M= (16 — 1) x 2 = 30 for sampling frequency example with 16 sampl¢s
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Figure D.3 — P class filter coefficient example (N 52'x° (16 — 1) = 30)

The P class filter is effective at the nominal frequency for allkbut out-of-band rejection. For off
ngminal frequency, the period of estimation does not mateh the actual period of the sign
Phase estimation is accurate because the signal is centered on the estimate. However, the
egtimate magnitude rolls off and needs compensation.,/The harmonic rejection is excellent when
the conversion matches the system frequency. When it does not, such as under off-nominjal
frequency, harmonics are not fully suppressed, wWhich causes some problems with frequengy
and ROCOF estimation.

The phasor magnitude will roll off as the*actual signal frequency deviates from f;. The result|is
a[sin(x)/x)2 curve determined by the 2-cycle low pass filter response shown in Figure D.4.

0

Filter responsel_(dB)

AT

0 50 100 150 200 250 300 350 400 450
l Frequency (Hz)

NOTE The example shows: f; = 60Hz, fsampling =16 x 60 = 960Hz, N = 2 x (16-1) = 30.

Figure D.4 — P class filter response as a function of frequency

Over a limited frequency range, this deviation can be compensated by dividing the phasor
magnitude by the P class filter response at the measured frequency. With this algorithm, the
phase angle measurement is accurately computed at all frequencies using the estimate
centered in the window. The magnitude is compensated by dividing the magnitude with a sine
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at the actual signal frequency. The two cycle triangular window produces a faster roll-off than
a standard one cycle rectangular window, so the frequency deviation is spread with an
additional factor of 1,625 to increase compensation (the factor was derived experimentally) as
shown in the following formula:

X (@) (D.6)
Sin[ﬂ (fo+1,625AF(i)))

X()=

2f0

where
AF (i) is the deviation of frequency from nominal computed at point i.

Formula (D.6), Formula (D.3), and Formula (D.4) are used for synchrophasor, frequency, and
RPCOF estimation respectively in the P class model.

D{7 M class reference model for phasor

The principal difference between P class and M class is that the M €lass has a requirement fpr
filtering to significantly attenuate signals that are above the Nyqudist frequency for the givin

regporting rate. This filtering will result in longer reporting delays but will also reduce the
lidelihood of aliasing and will improve the frequency estimate' in the presence of noise and
interfering signals, particularly as determined by the steady-state out-of-band interfering signgls
test. Because of the required filtering, the M class can produce somewhat higher accuracy,|a
fact that is reflected in the requirements.

The M class requirements for passband and stopband filtering are shown in Figure D.5. The

figure is based on the M class requirements given in Table 2 and Table 4, with corner frequengy

specifications linked to the PMU reporting rate. This mask is used as the mask for designing

the reference filter. A finite impulse response (FIR) filter implementation was used to achieye

linear phase response. The referencelfilter coefficients were obtained by using well known

sin(x)
X

"Hrick wall" filter design methodelogy based on "sinc" function multiplied with [a

Hamming window. The filter order (length) is adjusted to meet frequency response requiremenis.
This model assumes correct-implementation of the front end scaling, anti-aliasing filter, A{D
cqnverter and adequate sampling rate which was set to 960 Hz in this example.
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Figure D.5 — Reference algorithmfilter frequency
response mask specification-for M Class
For Figure D.5, the filter response shall remain.otiside the shaded areas.
Equation D.7 produces a vector of filter coefficients:
2F
sin| 27 x B fr «k
W) = samping k) (D.J)
2F,
2rx— I xk
Fsampling
where
k =— N/27N/2;
N is‘the filter order from Table D.1;
Fg§ is the low pass filter reference frequency from Table D.1;
Feampling 1S the sampling frequency of the system (960 samples/second for the 60 Hz
reference model);
h(k) is the hamming function;

w(0) =1 (note when k = 0, W = 0/0 is indeterminate and shall be replaced by 1).
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NQTE Fg = 60 fps, Fsampling =960 Hz, N = 164.

Figure D.6 — M class filter coefficient example
Table D.1 shows input parameters to generate the filter coéfficients used to verify limits in this
dgcument. It is given for information purposes only, ahd*does not imply being the only (pr
recommended) filter.

Table D.1 — M class low pass filter parameters

Reporting rate F_ Filter reference frequency Filter order N
F. (Hz)
10 1,779 806
25 4,355 338
50 Hz
50 7,75 142
100 141 66
10 1,78 968
12 2,125 816
15 2,64 662
60 _Hz 20 3,50 502
30 5,02 306
60 8,19 164
120 16,25 70

D.8 Data rate reduction model

The reference model shown in Figure D.1 and Figure D.2 can be used to directly produce any
of the output rates shown in Table 1 (see 5.3.2). If the PMU produces phasors, frequency, and
ROCOF internally at a high rate and reduces the data stream for output, similar filters can be
used to perform further decimation (derive lower rates) for M class outputs as shown in
Figure D.7. This method can be used when multiple rate outputs are required from the same
PMU and in the case of a phasor data concentrator (PDC) application. It is important to observe
that the out-of-band rejection requirements specified in this document for M class apply equally
to lower frequency (decimated) synchrophasor data streams produced by both PMUs and PDCs.
Consequently, decimated output data (lower rates) generated by the PDC are expected to
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remain comparable (have the same dynamic behaviour) as those generated by the PMU. These
same methods can be used for P class, but the additional filtering is not required. P class data
reduction can be accomplished by a simple 1/N resampling (i.e., taking every Nth sample).

L fiII_tZr — 0 O—>RelN
e oo
M fiII_tZr —o/o—> Frequency/N
mb fiII_tZr —O/O—> ROCOF/N

T

Decimation facter N

Figure D.7 — Data rate reduction signal processing model

D|9 Trade-offs in the reference model

9.1 Immunity to off-nominal'‘components, reporting latency and time alignment

bsigners and users of PMUs” need to consider three interrelated factors affecting the
egtimation of phasors, frequéncy and ROCOF. The three factors, shown in Figure D.8, are:

e [ immunity to noise, such as harmonics, interharmonics (out-of-band interfering signals), pr
modulations on_the'input signal;

o | alignment of the"phasor, frequency and ROCOF estimation to the timestamp of the phaspr
estimation;

o | reportingilatency (the time to complete the estimations and transmit from the PMU).
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Figure D.8 — Factors affecting estimation
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The PMU reference model was designed to have relatively short reporting latency and good
time alignment between the phasor, frequency and ROCOF estimates. Good alignment and
short latency comes at the cost of some immunity, as illustrated in Figure D.8. This model is
meant to verify PMU performance limits, be relatively simple to understand and implement, and
leave margin for actual PMUs. It is not intended to illustrate the ideal solution.

D.9.2 Response time and the accuracy of synchrophasors, frequency and ROCOF
measurements

The accuracy of the synchrophasors, frequency, and ROCOF measurements, when non-
fundamental components are present in the signals, is directly affected by the reference filter
gdqin and frequency response. In particular, the frequency components beyond the Nyquist
frequency (half the value of the applied reporting rate) should be attenuated.

Figure D.9 exhibits the gain/frequency response of the reference filter with a repofting rate Fg

6( fps and a data acquisition sampling frequency of 960 Hz. The attenuation level beyond tlLe
Nyquist frequency of 30 Hz is greater than 50 dB.

0 T T T T T T T T T

Filter response (dB)
]
»
o
T
1

-100 - .

-120 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

Figure D.9 — Reference filter magnitude frequency response with Fs = 60 fps

Le e
added 29 harmonic component. After the demodulation has taken place when applying the
reference algorithm, the 2"d harmonic component will translate into two frequency components
at 60 Hz and 180 Hz that are above the Nyquist frequency. The impact of the 2"d harmonic on
the synchrophasor, frequency and ROCOF measurement accuracy depends on the attenuation
provided by the reference filter at these two specific components: the higher the attenuation,

the better the measurement accuracy. The same rationale could be applied to any non-
fundamental component.
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The model reference filter has been designed so that it allows a fast response time (66 ms for
a 10° phase step at F; = 60 fps) together with a good accuracy for the synchrophasor

measurement. Better accuracy figures could be obtained for the frequency and ROCOF
measurements by increasing the attenuation level beyond the Nyquist frequency, but that would
be done at the expense of the synchrophasor measurement response time, which would
become slower.
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