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FOREWORD

he International Electrotechnical Commission (IEC) is a worldwide organization for standardizatiermncomp
| national electrotechnical committees (IEC National Committees). The object of IEC_is (to prd

ising
mote

ternational co-operation on all questions concerning standardization in the electrical and electronic fields. To

is end and in addition to other activities, IEC publishes International Standards, Technical Specifica
bchnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter~referred to as
Liblication(s)”). Their preparation is entrusted to technical committees; any IEC National*€ommittee inter
the subject dealt with may participate in this preparatory work. Internationali/~governmental and
vernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates cl
th the International Organization for Standardization (ISO) in accordance.with conditions determing
jreement between the two organizations.

he formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interna
nsensus of opinion on the relevant subjects since each technical/committee has representation froj
terested IEC National Committees.

C Publications have the form of recommendations for international use and are accepted by IEC Na
pbmmittees in that sense. While all reasonable efforts are made to ensure that the technical content o
Liblications is accurate, IEC cannot be held responsible <for ‘the way in which they are used or fo
isinterpretation by any end user.

order to promote international uniformity, IEC Natiohal Committees undertake to apply IEC Publica

trensparently to the maximum extent possible in their’ national and regional publications. Any diverg

etween any |IEC Publication and the correspondinginational or regional publication shall be clearly indica
e latter.

C itself does not provide any attestation oficonformity. Independent certification bodies provide confd
sessment services and, in some areas,acctess to IEC marks of conformity. IEC is not responsible fo
brvices carried out by independent certification bodies.

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

b liability shall attach to IEC or (its*directors, employees, servants or agents including individual expert
embers of its technical committees and IEC National Committees for any personal injury, property damg|
her damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
penses arising out of {the* publication, use of, or reliance upon, this IEC Publication or any othe
Liblications.

tention is drawn to the Normative references cited in this publication. Use of the referenced publicatig
dispensable foritheTorrect application of this publication.

tention is dfawn to the possibility that some of the elements of this IEC Publication may be the subjg
htent rightS.\EC shall not be held responsible for identifying any or all such patent rights.

main task of IEC technical committees is to prepare International Standards. Howev

ions,
“IEC
bsted
non-
psely
d by

ional
m all

ional
f IEC
any

tions
ence
ed in

rmity

I any

5 and
ge or
and
IEC

ns is

ct of

br, a
cted

example "state of the art".

, for

IEC TR 61869-100, which is a technical report, has been prepared by IEC technical
committee 38: Instrument transformers.

The

text of this technical report is based on the following documents:
Enquiry draft Report on voting
38/469/DTR 38/475A/RVC

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

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

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

e reconfirmed,

. ithdrawn,
. placed by a revised edition, or

° mended.

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

IMPIORTANT - The 'colour inside’ logo on the cover page of this publication indicates
thal it contains colours which are considered to be useful for the corfect
understanding of its contents. Users should therefore print{this document using a
colour printer.
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INTRODUCTION

Since the publication of IEC 60044-6:19921, Requirements for protective current transformers
for transient performance, the area of application of this kind of current transformers has been
extended. As a consequence, the theoretical background for the dimensioning according to
electrical requirements has become much more complex. For IEC 61869-2 to remain as user-
friendly as possible, the explanation of the background information has been transferred to
this part of IEC 61869.

1 withdrawn and replaced by IEC 61869-2:2012.
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INSTRUMENT TRANSFORMERS -

Part 100: Guidance for application of current
transformers in power system protection

1 Scope

This| part of IEC 61869 is applicable to inductive protective current transformers meeting the
requirements of the IEC 61869-2 standard.

It may help relay manufacturers, CT manufacturers and project engineers to understand [how
a CJI responds to simplified or standardized short circuit signals. Therefore, it supplies
advdnced information to comprehend the definition of inductive current transformers as|well
as their requirements.

The|document aims to provide information for the casual user as<well as for the specialist.
Whdre necessary, the level of abstraction is mentioned in the document. It also discusseg the
question about the responsibilities in the design process for current transformers.

2 Normative references

The[following documents are referred to in the text in such a way that some or all of heir
content constitutes requirements of this document. For dated references, only the edjtion
cited applies. For undated references, the latest edition of the referenced document (including
any pmendments) applies.

IEC 160255 (all parts), Measuring relays-and protection equipment
IEC 60909-0:2016, Short circuit\eurrents in three-phase a.c. systems — Calculation of currgnts
IEC61869-1:2007, Instrument transformers — General requirements

IEC [61869-2:2012, Instrument transformers — Additional requirements for current transformers

3 [ferms and-definitions and abbreviations

3.1 Térms and definitions

F I ftlos ol R 4 ol ol o £t H H IE 4000 laYaYatel d
or e PUTpuUSTS Ul TS UUCLUITTITTIL, UTT 1TSS aiftu ucTiinimivuiie yivelr I 1TV U TO0UI=T.2UUT an

IEC 61869-2:2012 and the following apply.

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

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

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

3.11

rated primary short circuit current

1

psc

r.m.s. value of the a.c. component of a transient primary short-circuit current on which the

accuracy performance of a current transformer is based
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[SOURCE: IEC 61869-2:2012, 3.3.206]

3.1.2
rated short-time thermal current

Iy,

maximum value of the primary current which a transformer will withstand for a specified short

time

without suffering harmful effects, the secondary winding being short-circuited

[SOURCE: IEC 60050-321:1986, 321-02-22; IEC 61869-2:2012, 3.3.203]

3.1.
initinl symmetrical short circuit current
th
Iy
r.m.$. value of the a.c. symmetrical component of a prospective (available)-short-ci
current, applicable at the instant of short circuit if the impedance remains at zero-time vald
[SOURCE: IEC 60909-0:2001, 1.3.5]
Note [1 to entry:  While 7, is a basic parameter of a plant and of its componentsi\Z = is an accuracy require
and has a determining influence on the saturation behaviour of a current transfermer. The protection syster
ensufe tripping at a current /7, which is usually lower than /,,. Depending on the protection requirement, a ¢
transformer may saturate much before reaching 7”,. Therefore, in certain cases, 1psc may be much lower than
3.1.4
primary current
IP
current flowing through the primary winding of a current transformer
3.1.%
secondary current
Ig
current flowing through the secondary\winding of a current transformer
3.1.6
angular frequency
(0]

angular frequency of theyprimary current

3.1.1
time
t

time

y

3.1.
pha! teof-t I I L ;

¢

Fcuit
e

ment,
h will
rrent

phase angle of the system short circuit impedance

3.1.9
fault inception angle

4

inception angle of the primary short circuit, being 180° at voltage maximum (see Figure 1)
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OO" 1802 270° ne [eTad 180° i}l

Key

3.1.
min
’m

lowe

3.1.
alte
0

ince

3.2

This

primary voltage

fault inception angle

Figure 1 — Definition of the fault inception angle ¥

0
mum fault inception angle

st value of fault inception angle y to be considered in the désign of a current transformer

1
'native definition of fault inception angle

btion angle of the primary short circuit, defined as y — ¢

Index of abbreviations

table comprises Table 3.7 of IEC 61869-2:2012, complemented with the terms

definitions given in 3.1.1 to 3.1.11.

and

AIS Air-Insulated Switchgear

ALF Accuracy limit factor

CT Current Transformer

CVT]| Capacitive-Voltage Transformer

E, rated.equivalent limiting secondary e.m.f.

INE: gsecondary limiting e.m.f. for class P and PR protective current transformers
Egg secondary limiting e.m.f. for measuring current transformers
Ey rated knee point e.m.f.

f frequency

F mechanical load

F. factor of construction

IR rated frequency

Frel relative leakage rate

FS instrument security factor

GIS Gas-Insulated Switchgear

Iy Initial symmetrical short circuit current

I peak value of the exciting secondary current at £

al

[cth

rated continuous thermal current
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Tayn rated dynamic current
I exciting current
IpL rated instrument limit primary current
Iy primary current
Tor rated primary current
Iose rated primary short circuit current
I secondary current
I, rated secondary current

IT Instrument Transformer
m rated short-time thermal current
ig instantaneous error current

actual transformation ratio

r rated transformation ratio
KR remanence factor
K rated symmetrical short circuit current factor
Kiqg transient dimensioning factor
Ky transient factor
Ky dimensioning factor
Ly non-linear inductance of a current transformer
Ly, linearized magnetizing inductance of a-current transformer
L1,U42,L3 | designation of the phases in the glectrical three-phase system
ng number of secondary turns
Ry, rated resistive burden
R secondary winding resistance
Ry secondary loop resistance
S, rated output
t time
t’ duratiop~ofthe first fault
t”’ duration of the second fault
t'a specified time to accuracy limit in the first fault
£ specified time to accuracy limit in the second fault
tir fault repetition time
T, specified primary time constant
Ty secondary loop time constant
Un highest voltage for equipment
Usys highest voltage for system
VT Voltage Transformer
Ag phase displacement

ratio error

composite error

peak value of instananeous error
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éac peak value of alternating error component
[0) phase angle of the system short circuit impedance
fault inception angle
’m minimum fault inception angle
alternative definition of fault inception angle
v secondary linked magnetic flux in the current transformer core
Wy remanent flux
Vsat saturation flux
) angular frequency

4 Responsibilities in the current transformer design process

4.1 History

The|IEC 60044-6 standard “Instrument transformers — Part 6:"Requirements for protegtive
current transformers for transient performance"” was introduced in 1992 (at that time¢ as
IEC 44-6). It was the first standard that considered the transient performance of proteg¢tive
CT.

In the well-known P-class, the usually indispensableyover-dimensioning due to the primary DC
component has to be “hidden” in the accuracy limit factor or in the burden.

The|definition of the new classes TPX, TPY,@nd TPZ was strongly “cycle-oriented”, defining
all necessary parameters of a C-O and“of a C-O-C-O cycle. These classes allowed| the
shifting of responsibility for the calculation of the over-dimensioning due to the primary DC
component (represented by the “transient factor” K;4, nowadays called “transient dimensioning
factor”) to the CT manufacturer.

The|transient performance classes never became widely accepted by different reasons:

Their specification by duty cycles (and time to accuracy limit if necessary) is much more
gomplex than the-gonventional classes 5P and 10P, which were originally foreseen for
glectromechanical-relays.
.
q

[he duty cycle definition does no longer reflect the actual criteria for defining| the
verdimensiening factors.

Nowadays; it is common practice that the relay developers stipulate the reqyired
overndimensioning of the protection current transformers, taking into account the wave form of
the primary signal as well as their own protection requirements.

When IEC 60044-6 was integrated in IEC 61869-2, it was taken into account that the cycle
definition plays a declining role, as the aspects explained above have to be considered.
Therefore, the definition of transient performance was extended by allowing the direct
definition of the transient dimensioning factor K;4 instead of the cycle parameters. This new
way of specification is easy and similar to that of the well-known P-classes. One intention of
this technical report is to explain such possible alternative specifications for several critical
applications.

4.2 Subdivision of the current transformer design process

In modern digital relays, the decision-making time has decreased continuously as a result of
increasing sampling rates and by refining the protection algorithms. As a consequence, the
required saturation-free time of the current transformers has been reduced correspondingly.
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This leads to smaller CT cores, what is in line with the development of modern compact gas-
insulated switchgears. Furthermore, some of the algorithms apply Fourier and r.m.s. filtering
of the dynamic CT current signal. As a consequence, the relays react more ‘smoothly’ to high
currents with possible saturation. For these reasons, the required CT performance and final
core size cannot be expressed solely by the initial saturation time and one simple analytical

form

ula.

Therefore, it is recommended that the relay developers first use analytical formulae for an
initial consideration. In a second step, they may test their algorithms with a simulation model
of the CT core and publish the requirements in terms of simple parameters (e.g. over-
dimensioning factor, transient dimensioning factor, etc.) for significant worst case fault
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The
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not part of this technical report.

In a

arios in the protection relay manual (or other documents). During the project engines
e, the published requirements are applied to concrete cases and the herebyvern
5 parameters are communicated to the CT manufacturer.

backward compatibility to IEC 60044-6, the transient factor Ki; — analytically calcul

parameters such as time to accuracy limit ¢, duty cycle, etc. — may ®¢ applied dir
ransient dimensioning factor K.y without further protection relay test. This way is
mmended, but may be chosen in situations where the design\responsibility is
gated entirely to the relay manufacturer.

procedures used to determine the transient dimensioning factor Ky on the basi
pction rules can be considered to be the specific know=how of relay specialists, and

complementary manner, this report highlights thé\path from the cycle definition, which

has
for

much more complex than in IEC 60044-6. But the intention is that they are only applied
few | protection relay developers who thén provide the project engineers and the

certain significance, to the definition of a transient dimensioning factor. The analy
ulae in this technical report are extendedc.and diversified. As a consequence, they

ring
ified

ated
pctly
not
not

s of
are

still
tical
look
by a
CT
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manufacturers with design parameters which permit a simpler CT sizing procedure tq
appljed.

5 PBasic theoretical equations for transient designing

5.1 Electrical circuit

5.1. General

As pan introduction, Figure 2 presents a simplified interaction chain between the fain

com
and

ponents of the protection circuit: network currents are measured by current transform
the values are transmitted to the protection devices.

ers,
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Network Lo, Ty CT
é - Ual, Ts
Distorted current / Requirements for sizing:
signal after 7, )
Selective operation 9 aly - Ku(t'a))
! - tests

trip = yes/no
(trip =y ) SKy

Protection relay development:

Frotection
device

(Several
algorithms)

primary short circuit current

transient dimensioning factor
transient factor

specified primary time constant

secondary loop time constant
specified time to accuracy limit in the first fault

rated equivalent limiting secondary voltage

Figure 2 — Components of protection circuit

- R

NOTHE

ind out worst case scenarios.ifitypical_networks for short circuit currents with 7, 7.
pefine needed K g and start'with analytical calculation of Ki(1', 1%, ', 1, Ty, T).

hardware). If necessary, correct K .. and K; and include safety factors.
Publish results in(protection relay manual for the significant worst case scenario(s).
low the transient factor Ki; (from protection point of view) becomes the tran

afety margins M: Ky = K * M.
\fter the. tests, Ky does not need to have correlations with the original K if tests g
ifferent behaviour.

Protection relay manufacturers normally perform tests with complete protection IEDs (software

erify first results by {tests: Numerical CT simulation (software) and protection felay

sient

imensioning factor K4 (for CT sizing and construction point of view), where K4 incliides

how

and

hardware) to decide and publish the CT requirements as a total transient dimensioning factor K, Depending on
the protection function and the application, this factor considers the minimum necessary time to saturation, the
remanence factor and also others. In these tests, the fault inception angle covers the complete defined range and

is not

limited to only the theoretical worst case. For more information, refer to 8.2.

Project engineering:

— Consider the protection relay manual for CT requirements.

— Find the worst case scenarios in the projected network with short circuit currents with 7,
Tp. Find out if these worst case scenarios are considered in the manual.

— Calculate the rated primary currents /., K .., burdens Ry, etc. and specify the needed CT
parameters, applying the K4 from protection relay manual.

— The CT manufacturer applies the specified parameters without considering ¢, %, ' #;,
T,, etc.
p’
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Backward compatibility to IEC 60044-6:

Alternatively, Kis (1, %), ', 1, T, Tg) can be calculated and applied directly as Ky without
tests, where the responsibility lies with the involved project parties.

— Calculate rated primary currents Tors
parameters (class, 'y, t%3p, 1 fg, Tp)-
— The CT manufacturer may calculate Kiy = Ky as a function of 1%y, 1%, ', tf, T},.

Ko burdens Ry, etc., and specify the needed CT

The more detailed electrical circuit (Figure 3), which has to be considered for current
transformer designing, contains

— the primary network represented by the equivalent short circuit diagram;
— the current transformer (CT);

— the protection device as burden.

I - — k,-
=y Uy, .. “l
~) ut)=+/2 -T-sm(&)r) ‘
T 3
i é Short circuit

Time constant of dic! component Tp _ Lp Xp

CT

of primary short'eircuit current: 0 O
Key
iy primary current
i, [excitation\current
iy secondary current
kr rated transformation ratio
L nonlinear inductance of the current transformer
L, inductance of the primary circuit
Rb rated resistive burden
Rct secondary winding resistance
Rp resistive part of the impedance of the primary circuit
u primary voltage
U, phase-to-phase operating voltage
Tp specified primary time constant
Xp inductive part of the impedance of the primary circuit

(2] angular frequency

Figure 3 — Entire electrical circuit
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The primary equivalent short circuit diagram represents the whole primary circuit according to
IEC 60909-0:2001 and introduces the primary short circuit current ip(t), composed of an AC
component and a DC component, which is declining exponentially with a primary time
constant T, (see Figure 4). For simplification, only the far-from-generator short circuit is
treated here.

AN2ox -]

pscC. ﬁv

\WW / \\/ \/;

1 rated primary short circuit current

Key

i primary current

e base of natural logarithm
t time
T specified primary time constant

P factor for the calculation of the’peak short circuit current according to IEC 60909-0:2001.
It attains its maximum value « = 2 if T, tends towards «.

Figure 4 — Primary short circuit current

In 1EC 61869-2, the standard value for Iy, is defined as 2,5 Iy,. This value does| not
corrgspond, strictly to the worst-case value of V2 - « Ipsc, Which is 2,83 - [ .

EXANPLE At 50 Hz, the factor x = 2,5/ V2 = 1,77 corresponds to an Xp /Rp value of 11 and a Tp value of 35 ms
only.

5.1.2 Current transformer

The current transformer is represented by the current ratio k., the non-linear inductance L,
with magnetizing curve and winding resistance R.

Figure 5 shows the time dependent magnetizing curve of a typical CT core as flux y(z) in the
non-linear inductance L versus magnetizing current i, (¢) (see Figure 3) gained by
measurement with an indirect test (primary side with open terminals, excitation and
measurement from secondary terminals). If a voltage of rated frequency (e.g. 50 Hz) is
applied, the grey curves are the result for steady-state excitations with different magnitudes. If
the excitation is performed with DC voltage (see DC method in IEC 61869-2) starting with a
demagnetised CT core, the red curve is the result. If the excitation with DC voltage starts with
positive remanence, the blue initial curve is the result (see also Figure 51). The main
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difference between the DC and the AC curve is mainly caused by higher eddy currents in the
AC case.

Such measurements show the magnetizing curve:

e with a steep linear part which is limited by magnetic saturation,
e with ascending and descending curves which are shifted because of hysteresis.

The result is an ambiguous curve, which depends on frequency and antecedence.

w(t)

ac: ——— d.c. (after demagnetisation)

—— d.c. (maximum remanence)

Key
7 magnetic flux initheg“current transformer core
i magnetizing/current

t time

Figure 5 — Non-linear flux of L,

Such a non-linear physical behaviour is very difficult to describe, so simplifications are
necessary. Therefore, at first the hysteresis is neglected and the magnetizing characteristic is
simplified to an origin curve with its saturation (dotted line in Figure 6).

In a second step, this curve can be typically represented by a simplified model with one single
constant inductance L, as the slope of the linear part of the magnetizing curve (Figure 6), so
the saturation is neglected too (solid red line in Figure 6).
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.

im(®)

.’

Key

v magnetic flux in the current transformer core
i, [magnetizing current

L., [inearized inductance

t time

Figure 6 — Linearized magnetizingsinductance of a current transformer

Withh such a simplified linear analyticalitheory, the magnetic behaviour is only descrjbed
correctly

— fpr CT demagnetised cores (ho remanence), or gapped cores where remanencge is
gignificantly reduced,

— Up to the time of the first.saturation or up to the accuracy limit 7',.
Two|simplification steps:are therefore needed:

— neglecting the hysteresis phenomena,
— neglecting{saturation.

5.2 | Transient behaviour

5.2. General

As an example, in Figure 7, the short circuit behaviour is simulated with a non-linear model,
considering the following configuration:

Current transformer: 500/1 A, 2,5VA, 5P20, R4=2Q
real burden = rated burden

Short circuit: Ipsc =10 kA = 20 x [pr, T

b =50 ms
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Key
1p primary current
is dem secondary current in an initially demagnetized core
i mag secondary current in an initially magnetized core
kr rated transformation ratio
t time
'3l debn  Maximum possible ¢’ value in an initially demagnetized core
U al mg maximum possible ¢’ value in an initially magnetized core
v magnetic flux in the current transformer core
Vdem magnetic flux in an initially demagnetized core
Ymag magnetic flux in an initially magnetized(core
Figure 7 — Simulated.short circuit behaviour with non-linear model
The|simulation in Figure 7 is'performed in phase L1 with a maximum DC component and |with
an AC component [, of 20*times the rated primary current Iy This CT core with protegtion
clasg 5P20 is correctly\dimensioned for the symmetrical steady state case, when thel DC
component has declined. Saturation occurs, however, shortly after fault inception due tq the
DC |component, regardless of whether the core is demagnetised or not. Therefore| the
trangient performance CT classes TPX, TPY, TPZ with an additional transient dimensioning
factgr K4 weré/ereated.
The|simulation starts with a demagnetized CT core (blue lines) as well as with a saturpted
corel (90% remanence, red lines). The Ieft image shows the magnetic flux w(t) VﬂrSUS
mag i onIy

alternate between the posmve and negative limits due to saturation. Starting without
remanence (demagnetised case), the first saturation is reached at 1’ 4o, = 6,5 ms. With
remanence, the first saturation is reached much earlier at ¢’ 54 = 3 ms. in some cases, this
could lead to maltrips by some protection relays, e.g. d|fferent|a? protection function. In other
cases, e.g. overcurrent protection, it does not result in a maltrip. It may however result in a
slower reaction of the protection system.

Negative effects for certain protection functions due to remanence can be avoided easily by
application of gapped CT cores. In this case, hysteresis is neglected for simplification
purposes (first simplification step).

From the point of view of protection functions, the requirement for the signal quality of the CT
secondary current is given by the time to accuracy limit #’;. This value is defined as the
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minimum saturation-free time interval, beginning at the first fault inception. Within this time
span, the magnetic flux shall be in the linear range of the magnetizing curve, and the
protection function shall decide whether to trip or not. The time after the first saturation is then
out of the scope in this consideration. With the required time ¢’,, the transient factor K;; and
the transient dimensioning factor K,y are calculated and/or determined by testing with the
protection relay respectively (see Clause 9). Therefore, for such purposes, only the linear
range of the magnetizing curve is interested. The physical problem can be further reduced
and simplified to a linear one by neglecting the saturation too (second simplification step).
With the constant inductance L in the linear problem, the differential Equation (1) can be

solved with acceptable mathematical complexity.

5.2. Fault inception angle

In the simulation of Figure 7 with a single phase and demagnetised core, a switching-angdle is
chogen to achieve the highest DC component. Under this understanding, a time-to”accuracy
limit|z’;, of approximately 6,5 ms is obtained.

It shiall be kept in mind that this ¢’;, value is valid for one phase only. Incases of multi-phase
shont circuits, other phases shall also be considered. The .above simulation |was
complemented correspondingly, applying the same preconditions.

In Figure 8, the DC component of phase L1 is at its highest value, while the DC componept of
other phases L2, L3 is considerably lower. Despite this factj«one can observe that saturItion
iled

’

occyrs earlier in phase L2 (¢, = 5 ms) than in phase 'L1. Therefore, further det
congiderations of the variation of the fault inception or switching angle are necessary.
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Key
i current
ip primary current
iy secondary current
kr rated transformation ratio
t time
Figure 8 — Three-phase short circuit behaviour
5.2.3 Differential equation
Bas¢d on the two simplifications above, with the constant inductance L in the linear physical
problem, the linear differential equation of the first order is formulated for the magnetizing
current i, and the primary current ip(t) (see Figure 3):
di, (1) . . .
Tsm—t+lm(t)=lp(t) in(0)=0 (1)
The magnm‘ir hehaviour can then be described hy the :mnlyfir‘nl formula for the Qnr‘nnf‘iary

linked flux:

w(t)= Ly i (t) (2)

The flux contains a transient part (due to the DC component of the primary short circuit
current), and a steady state AC part. Figure 9 presents these parts in a simplified form.
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wit) = | steady state | + |transient | represented W ee X Ky (,I)
part part by: transient
factor

Magnitude of symmetrical
steady state flux:

!(:f :‘/E' Kssc']sr'(RctJer)

L A
Key
I, rated secondary current
Ky transient factor
K .. | rated symmetrical short circuit current factor
R, rated resistive burden
R secondary winding resistance
t time
7 secondary linked flux

V| peak value of the secondary linked flux in the current transformer cére,at symmetrical short circuit condition

@ angular frequency

Figure 9 — Composition of flux

The|transient part with two time constants T cand Tg is represented by the time-depengdent
trangient factor Kit(7). This factor scales up the magnitude . from the peak value of the¢ AC

component to the peak value of the transient curve.

As if will be shown below, Ki(r) is expressed by several formulae and represents only the
magnetic linear theory. For transient performance, the physical requirement for the|CT,
resullting from the protection algorithms, can be expressed by the single parameter ¢’ (time to
accyracy limit). ¢';, again is used to calculate K, which defines the flux limit, up to which the
CT gore shall not saturate.

For fthe algorithms of“modern protection devices, it is not sufficient just to provide thg CT
requirements as thé enly parameters, such as ¢',. In some cases, this value is not constapt. It
can |be a functionvof further parameters, e.g. the magnitude of the fault current, its inception
angle y (detertmining the DC component, decaying with the primary time constant T,) and the
protection settings. Therefore it is recommended to test the protection relays with different CT
sizep and<significant worst-case conditions with a numerical non-linear CT model Jalso
contpining hysteresis. The analytically calculated transient factor Ki; and the additional nelay
testg lead to the final transient dimensioning factor K,y of the CT, which leads to the rated
equivalent limiting secondary e.m.f. E; according to the definition in IEC 61869-2:2012,
3.4.237:

Eq = Kgse X Kig X (Rey +Rp) x I g (3)

In this regard, K.y differs from the definition in the previous standard: IEC 60044-6: The
formulae in IEC 61869-2:2012 consider also very small time to accuracy limit values ¢, as
well as the worst-case fault inception angles resulting from the requirements of modern
protection relays.

They provide a basis for the relay tests, which should be performed by protection
manufacturers in order to provide simpler CT requirements in the relay manuals. These
simpler requirements have to be applied by end users in projects and CT designing. In this
regard, the technical responsibility for CT requirements is shifted somewhat away from the
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end users toward the relay manufacturers and thus the requirements become simpler for the
end user.

The protection device as the burden of the CT measures low operational currents as well as
higher overcurrents at the highest desirable accuracy. The input signal of the protection
device is the CT secondary current, which should correspond to the primary current. In
modern protection devices, multiple measuring and protection algorithms are implemented,
which require different accuracy classes and transient performances from the CT, where a
compromise has to be found between CT size, maximum accuracy and the best performance.

6 uty cycles

6.1 Duty cycle C - O
6.1. General

The| following equations refer to a C—- O duty cycle. The general (expression for| the
instgntaneous value of a primary short circuit current may be defined as:

i (t)= V2 Tose [e_t/Tp cos(y —p)—cos(wt +y — (0)} (4)

with|the equivalent voltage source of the primary short circuit

u(t) = —UpayCos (@t £P) (5)
whefe
Ipsc is the r.m.s. value of primary symmetrical short circuit cufrent
Iose = K Ly ;
o L, isithe primary time constant;
P R)
Y is the switching angle or fault inception angle (see 3.1.9);

X
= arctanR—pzarctan(a) Tp) is the phase angle of the system short circuit impedance.
P

For [simplification purposes, the fault inception angle and system short circuit impedance
angle.‘ean be summed up into one single angle 6, which makes the calculation easigr to
understand:

0=7-p ©)
i, (1) :\/Elpsc[e_[/Tp COS(Q)—COS(a)t+9):| (7)

The angles 6 and y both describe the possibility of varying the fault inception angle and
therefore can be applied alternatively, but according to their definition.

Figure 10 shows two typical primary short circuit currents:

a) The red one occurs with a fault inception angle of y = 90° which leads to the highest peak
current and the highest peak of secondary linked flux for long ¢, (Figure 11).
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b) The blue one occurs with y = 140° which leads to a lower asymmetry. These cases are
important for short ¢’;, because, during the first half cycle, the current and flux are
temporarily higher than in the case of y= 90°.

f=950Hz, T, = 40 ms

isc,a.c. (7= 90°) ise (7= 90%)

-
-
-

| /

I.sc, d.c. (j’ = 140)
Key
ya frequency
Tp specified primary time constant
y fault inception angle
sc instantaneous value of a primary short circuit current
isc. d4. DC component of the instantaneous value of a primary<short circuit current
t time

Figure 10 — Short circuit current-for two different fault inception angles
7
T T T r T ;

Key
t time
y fault inception angle
78 secondary linked flux

¥max highest possible flux value at a given time point, considering all fault inception angles y in a defined range

Figure 11 — y,,,, as the curve of the highest flux values
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It is easier to evaluate and plot the formulae in the calculations described in 6.1.2 and 6.1.3
with a software tool. For the more complex formulae, the programming code is given in
Annex A.

6.1.2

Fault inception angle

Table 1 shows the four significant cases of short circuit current inception angles (here
described for positive current polarity only. The negative polarity occurs by inversion of the
values at the origin point; all angles increased by 180°.

Table 1—F iqnifi f st - . . I

Cage no. Meaning 0 condition equivalent examplé
y condition foryp =7p°
(Figure 1)2)
1 maximum DC component 0=0° y=¢ y=70°
2 maximum peak of short circuit current: 0=90°-¢ y = 90° y =90°
i=N2x1
. psc .
fault inception at voltage zero crossing
3 no DC component 6 =90° H=90°+ ¢ y = 160°
4 fault inception at voltage maximum 6=180°-¢ y = 180° y = 180°
Case 4 is the one with the highest initial flux increase;{and therefore the worst-case for jvery

small values of ¢’

Figu
circy
betw

een the different cases.

in(0) 1 §2:1.)

re 12 shows the current curves for these 4°cases. The phase angle ¢ of the system s
it impedance has been chosen extremely low, in order to point out the differe

hort
hces

Key
i
1

psc
t

V

primary current
rated primary short circuit current
time

fault inception angle

Figure 12 — Primary current curves for the 4 cases for 50 Hz and ¢ = 70°
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Figure 13 shows these four cases in a polar diagram.

*m IS the lowest value of y to be considered in the designing of the current transformer. The
possible limiting of the range of the current inception angle is discussed in 6.1.4.

case2: y=90°

positive current . . .
polarity current inception at voltage zero - crossing;

leads to maximum primary current

V=Vm
lowest angle to be considered
in cte of reduced

asyfnmetry requiremen t

f casel: y=o
leads to maximum d.c.component

cas¢ 3: y=90°+¢
no djc. component

currént inception at voltage maximum; ) polarity

worgt case for very small values of ¢'al ‘

7///////4/ main angle range of interest éééééééééé reduced angle range, equivalent with

reduced asymmetry

Key
?m [lowest fault inception angle to be considered in.case of a reduced asymmetry requirement
o [specified time to accuracy limit in the first faylt

y fault inception angle

0 phase angle of the system short circuit.impedance

Figure 13 — Four-significant cases of short circuit currents
with impact-on magnetic saturation of current transformers

6.1.3  Transient factor Ki; and transient dimensioning factor K4
6.1.3.1 General

The|transientidimensioning factor K4 is the final parameter for the core designing and is
givep on the.rating plate. It can be calculated as different functions of the transient factgr Kis
as gjvensinithe equations below and later shown in Figure 14.

In 6-t3thedeterminatiomofthe—transtent—dimensioningfactor &g isdiscussed—under the
condition that every fault inception angle y may occur. In some special cases, a reduced
range of fault inception angle (expressed by y,,) may lead to a reduced factor K,y (see 6.1.4).

6.1.3.2 Equations for K

The transient factor Ki; given in this section is derived from the differential equation for the
equivalent circuit (Figure 3) with the constant inductance L of the current transformer core,
with an ohmic burden and without consideration of hysteresis, losses and remanence. With
the exact solution i (¢) of the differential equation, the transient factor K(¢) is gained from the
magnetic flux ratio
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'//(t) — Lct ig (t)

Ki()=——=—"—— (8)
l//SC l//SC
where
Voo is the peak value of the AC component of the flux during short circuit;
L, is the linearized inductance (see Figure 6).

Similarly to the magnetic flux. K also depends on time and. finally. on the time to accuracy
limit| £’,, as required by the protection system. When calculating using the linear inductivity,
the golution is only valid up to the first saturation of the current transformer.

Strigtly speaking, the time to accuracy limit ¢’ is the only physical parameter~which acts as
an interface between the protection relay and the current transformer and is'decisive for the
propger and stable operation of the relay. In many cases, t’, is assuméd)to be consfant,
independent of other physical parameters. But, in some cases, due to complex algorithms|and
functions, the protection system may require a ¢’, which is not constant and which depgnds
on different parameters of the short circuit current. Therefore, the “transient dimensioning
factgr K,y can also be tested and defined directly by the manufacturer of the protection sygtem
accqrding to the physical basics described in this technical neport. For logical reasons] the
perfect function of the protection is then the protection manufacturer’s responsibility.

Thelactual transient K; containing the AC component is

cos(8) T, e(t/Ts—l/Tp)
/T | X
-, w Ty sin(6) (Tp —TS)— T, cos(8) (1+w T Tp) o
Ky()=w T, + 0?12 ©)
_ T sin(w 1+06)+cos(w ¢ +6)
11 w2 Ts2

A simplified formula for K;; exists as follows:
I T —
Ky (1) 5P cos(e)[e /T —e_t/T‘5)+sin(8)e_t/T‘5 —sin(wt +6)
T, - T, (10)

value of Equation (10) is lower than

For pxtremely low parameters of 7, 7., and
the na nof Earintinn AY n
one-ef-Equation{9)

With 6 = 0 (equivalent to y = ¢), Equation (10) leads to the well-known formula in the former
IEC 60044-6, which is given here for backward compatibility (with index “dc”):

wi Ty ( /T,  — i
th,do(f)=th(9=0°)=ﬁ(e P_e t/TS)—sm(a)t) (11)
p s

When calculating the transient factor necessary for designing purposes, Equation (9) is
modified by assuming the worst case condition sin(wt) = —1. The result is the envelope curve
Kz, for peak values of the transient factor.
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I (t/T.—t/T.) 1
cos(@)T. e N P
-t/T. P
e s _ 5
T _Ts_ w T, sin(6) (Tp —TS)— T cos(H)(1+a) T, ij
K. (t)=wT +
tfp() ° 1+a)2 TS2
1+w T,
+
1+ w? TS2

A si||nplified formula is given in Equation (13):

With

The
(16)

The

B —e_t/TSj +sin(6’)e_t/Ts +1

wT.T —t/
K (t) = - s; cos(H)(e

p s

¢ =0, we get the formula for Ky in IEC 60044-6, now indicated as Ky 4c (14):
I, T —t/T; -
thp,dc(t):ﬁ(e P_e l‘/Tsj+1

maximum values occur at the time 7 =t a5y (15)@Nd 7 = 1155 4o max

T, T,-T,
——cos(o) + 5 sin(8)
t _ bl 3 T,
tfp.max T, - T, cos(8)
T,T, T

p

tﬁ: - | n—-
p,dc,max

T,-T, T

corresponding values Ki, max and Kig, gc max @re given in Equations (17) and (18) as

T
T T, - T, T.—T
P cos(8)+—> 2" sin(@) | ° °
T, +Ts T wT,
Kitpmax =| @ T,c08(0) + = sin(@) |- < +1
N S 7 L =7 J
TP
T, \Ts—T;
thp,dc,max :a)Tp (T_pJ > P
S

(12)

(13)

(14)

(15)

(16)

(17)

(18)

In Figure 14, curve Ky may is plotted as “overall transient factor”, that means as transient
factor regarding all specified current inception angles. It is defined as the w,,(¢) curve
(Figure 11) divided by the peak value of the steady-state flux .. (Figure 9). The behaviour

of the upper envelope Ky, of the curve Ki; ;nax l€ads to the definition of three time ranges
described in 6.1.3.3 to 6.1.3.5.
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thp,max """"""""" Ky
Klfp
th,max th,u!max
ranaec-1 range 2 ranqge 3
i 7
1 tf max T tfp max
Key
Kt yrlax overall transient factor
thp envelope of the curve th’wmax(t)
Kitp max highest value of the curve thp(t)
Kit md K value where the curve Kt ymax (¢) touches its envelope thp(t) for the firsttime
Ky resulting transient factor, depending on the required saturation free time
t time
! ma time point, where the curve Kt ymax (¢) touches its envelope thp(t) for the first time
Ligp mdx time point of the highest occurring thp value
Figure 14 — Relevant time ranges for calculation of transient factor
6.1.3.3 Range 1: 0 =7, < #4 nax

It mgx IS the time, where the Ki(7) curve tolUches the envelope curve Ki,(¢) for the first

(see| Figure 14).

At this point in time, the following cendition is fulfilled:

Sin (@t max +7— )=—1

This|equation is equiyvalent to

whefle

_3n/2-y+

ttf,max -

time

(19)

=arctan (wT}).

In Figure 15, # nax is plotted versus the primary time constant 7|, for several fault inception
angles 7. fmay is practically constant for higher values of 7, what occurs in common

practice.


https://iecnorm.com/api/?name=6b4361a8b9f7e7c7edecc15df9c5e97d

For

Yma

This
t=t
corr

-32 - IEC TR 61869-100:2017 © IEC 2017

L max [MS]
20- y=o
18- y =45°
1s-f ¥ =90°
144~
7 =135

12-
m_r ¥ =180°

g-

6

. ; , [ S W—— o

o

time point, where the curve Ky, .. (1)

specified primary time constant

fault inception angle

(z5) at time ¢7,,.

psponding fault inception angle yi ymay:

[

i, ymax = arctan ~

€

t/T .
wig-e 'S [a) Tcos(w t) - sin(w t)]

20 40 60 80 100 120 140 160 180 200

touches its envelope K"p(t) for the first time
Figure 15 — Occurrence of the first flux peak depending on T,, at 50 Hz
every t’,, there exists a certain worst-case angle 6(¢’,;), which leads to the highest

angle can be found by calculating the extreme value of Ki; in Equations (9) or (10
al» With 0 as the dependent variable. This defines the angle 6y max and

flux

for
the

(20)

C et ot |
/71 =1/ 1
Yo LTp(‘HwZTSz)e( s p/—TS(1+a}2TSTjJ

T.-T Y

p S

7tf,lpmax = ‘gtf,wmax +¢

_e'Ts [cos(a)t)+(u Tgsin(w t)]

(21)

The normal arctan function only provides results for —n/2 < § < /2. Results for angles
|0] > n/2 (see Figure 16, Figure 17, Figure 18) can be found with an arctan function which
considers all four quadrants. In many mathematical software packages, such a function is
known as 0 = arctan2(x,y), where x and y are coordinates.
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Introducing this angle in Equation (9) or Equation (10), we obtain the highest dimensioning

factor for the current transformer for the specified time to accuracy limit ¢,

th,meax = th (t'al ’ etf,meax)

In Figure 16, the angle etf,wmax is plotted against the primary time constant T,, for several
values of ', and for two extreme cases of 7, whereby the relation between T and the phase

displacement A¢ is given by

3438
Ts[s]= .
27-50[Hz]- Ap[min]
gtf,wmax [l
180
160
140

120

100

- T T
.

80

A =18 min

Ap =
Lal
2ms
3 ms
5ms
8 ms
10 ms
12ms
15 ms

6 min

o

0O 10 20 30 40 50 60 70 80 .90~100 110 120 130 140 150 160 170 180 190 200

Tp [ms]
Key
Tp specified primary time constant
' specified time to accuracy limit in the first fault
Aoy phase displacemerit
Htf’wmax worst-case fault inception angle (alternative definition), which leads to the highest flux at time ¢’

In Figure 475 it ymax is replaced by yi; ymax, see Equation (21).

The lappropriate values of K¢ are given in Figure 18

Figure 16 — Worst-case angle 0y ymax as function of 7, and ¢’

tpnax
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180
1607;;"
1404 e Ap =18 min
Ap= 6min
120 )
Lal
o0 A4+——  — — 2ms
"""" —— 3ms
80 5ms
[ 8 ms
60 10-ms
i 12 ms
401 15 ms
20+
0 T T T T T T T T T T T T T T T T T T T
D 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170180 190 200
Tp [ms]
Key
Tp specified primary time constant
' specified time to accuracy limit in the first fault
Vi, pmhx worst-case fault inception angle which leads to the highest flux at time ¢’
Ap phase displacement
Figure 17 — Worst-case fault inceptio;angle %¢ ymax as function of 7, and ¢’
th,tpmax
6
st | AN
------- A =18 |min
Ap = 6min
47 )
Lal
— 2ms
3 —— 3ms
5ms
) 8 ms
24 sy 10 ms
12ms
TS5 ms
14

0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Tp [ms]
Key
th,Lumax overall transient factor, see Figure 14
Tp specified primary time constant
' specified time to accuracy limit in the first fault
Agp phase displacement

Figure 18 — Kyt ymax Calculated with worst-case fault inception angle 6,
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In Figure 18, some curves intersect at a very low primary time constant 7,, but some of those
curve values are actually not part of time range 1, they belong to time range 2. This effect is
corrected and eliminated in Figure 20.

For a better understanding, Kit ymax @nd i ymax are plotted in a polar diagram (Figure 19),
similar to the one in Figure 13, with T, as parameter.

90
120 : 60

Key

tf,pn
ytf,wm

al

Due

function Kit ymax = Kif(rir,yimax(? 'a1)) is shown in Figure 20 as curves for different 1

secd
conf

Due

applfcation. Therefore, Figure 20, shows the function Ki; ,may versus the primary

cons

The
the 3

\

Yif, ¥max

4 > Sms
th,‘anax 8 ms
' (~ " 10 ms
= 12 ms
15 ms

270

. overall transient factor, see Figure 14

X worst-case fault inception angle which leads to the highest flux at time ¢’ ,

specified time to accuracy limit in the fifst fault

Figure 19 — Polar'diagram with Ky ymax and 74 ymax

to the complexity and the  potential mistakes that can be made in daily application

ndary time constants 7, plotted against the primary time constant Ty for ¢
gurations of secondary time constant and frequency.

to the compleXity of the relationships, potential mistakes can be made in the

tant 7,,,(a@s*an array of curves with the array parameter ¢’,.

sub-figures a) to i) cover 3 frequency values and, for each frequency value, 3 value

the
and
iven

Haily
time

s of

econdary time constant 7.
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Kif ymax Ap =3° (Ts =61 ms), =50 Hz
6
t'al
% 14 ms
13 ms
12 ms
4 11 ms

10 ms

9 ms

6 ms

5ms

4 ms

3 ms

% 8 ms
2/[ 7 ms
T
N —
N\
\.
N\

2ms

0 10 20 30 40 50 60 70 80 90 100 110120 130 140 150 160170 180 190 200

th,lpmax

T, [ms]
a) T, =61ms at50 Hz

MG =1,5° (Ts = 122 ms), =50 Hz

t'al

14 ms
13 ms

12 ms

11 ms

10 ms

9 ms

8 ms

7 ms

6 ms

5ms

4 ms

3ms

2ms

0 10 20 30 40 50 60 70 80 90 100110120 130140 150 160170 180190 200

T, [ms]

b) 7T, = 122 ms at 50 Hz
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Kt ymax Dp=0,1°(Ts=1,8s), f=50Hz

6

t,al
14 ms

5 13 ms
12 ms
4. 11 ms
/_/_/_, 10 ms
3 9ms
8 ms
2/, 7-ms
6 ms

N——"

1 Ne—— x 5ms
\ 4 ms
t 3ms

O T T T T T T T T T T T T T T T : T T T 2ms
0 10 20 30 40 50 60 70 80 90 100110120 130140450160 170 180 190 200

T, [ms]
c) T,=1,8s at50Hz

Kif ymax Ay =3° (Ts =50 ms), /=60 Hz

7ms
6 ms

5ms

4 ms

3ms
2 ms

0 10 20 30 40 50 60 70 80 90 100110120 130140 150 160170 180 190 200

T, [ms]

d) 7, =50 ms at 60 Hz
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th,tlJmaX Ap =1,5° (Ts =100 ms), f=60 Hz

fal

11 ms
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47 9 ms

//_’_’_’_’— 8 ms

7 ms

= -

5ms

4 ms

3 ms
2ms

/(g/\

0 10 20 30 40 50 60 70 80 90 100110120 130 140 ¥506-160170 180 190 200
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e) T,=100 ms at,60/Hz

th,meax Ap=0,1°(Ts=1,5s), f=60Hz

t ,al
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10 ms

9ms
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4 ms

3ms
2 ms

0 T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100110120 130140 150 160170 180 190 200
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f) 7,=1,5s at 60 Hz
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th,lpmax

Dp = 3° (Ts = 182 ms), f= 16,7 Hz
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Kif ymax Ny =0,1° (Ts=5,5ms), /=167 Hz
6
t'al
5 42 ms
39 ms
36 ms
4+ 33 ms
30 ms
3 2/ ms
24ms
2+ 21 ms
:\\ 18 ms
: 15 ms
14 -
E ! 12 ms
T rom 9 ms
0 T T T T T T T T T T T T T T T T T T 6 ms

0 10 20 30 40 50 60 70 80 90 100110120 1301407150160 170 180 190 200

T, [ms]

i) T,=5,5s at 16,7 Hz

frequency

overall transient factor, see Figure 14, in range 1 identical with K
specified primary time constant

secondary loop time constant

specified time to accuracy limit.injthe first fault

phase displacement

Figure-20 — Determination of Ky in time range 1

blly, the normalized slope of the total primary current curve at time =0 is betwe
imum DC component) and 1 (no DC component). A very small T,, together wi

ative DC component leads to a slope higher than 1 (see F|gure 21;), and therefon

first few m|II|seconds
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Key

6.1.1
ttfp,n

The
by E

The

N
-1t ] ] ] ] ] ] ] ] ] ]
0 2 4 6 8 10 12 14 16 18  ¢[ms]

AC component of the ip curve
DC component of the ip curve
primary current

sinus curve, as reference

time

8.4 Range 2: ttf max S, S ftp,max
ax 1S given in Equation (15), # 4« invEquation (19).

worst-case angle 6 tfp,ymax forthe peak curve thp(t,e) according to Equation (13) is g
quation (23).

W (T ~T,)

a = arctan 7T, —t/Tp)

tfp, wmax

2 .2 2
Tp(1+a) Ts)e —TS(1+a) TSTp)

appropriate maximum value Ky, \,may is calculated as follows:

0 )

igure 21 — Primary current curves for 50Hz, T, =1 ms, y,nax = 166° for 7, =2 mg

_ '
- thp (t .~ tfp,wmax

thp,lpmax

6.1.3.5 Range 3: #p max S 'al

iven

(23)

(24)

In the third time range, Ki; assumes the constant value Kif, may given in Equation (17). It is
defined as the maximum value of the Ky, curve.

6.1.3.6 Consolidation and explanation of borderline cases

NOTE Subclause 6.1.3.6 provides supplementary information. It is intended for readers who are highly interested
in the theoretical understanding of the matter, and who like to delve into the mathematical background of Ki¢
determination.

For /= 50 Hz, Ty, = 50 ms and 7, = 61 ms, Figure 22 shows the worst-case fault inception
angles:
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for the Ky curve: Vtf, ymax
for the thp CUrve:, Ytfp ymax

7tf,ymax 1S derived from the real transient factor Ki; and therefore also contains the sinusoidal
AC component, but for CT designing it is only valid for time range 1 until the time #; 4.

Vtfp,ymax 1S derived from the envelope Kz, and doesn’t contain any AC component. It is only
valid for time range 2 between # 1,5y and tisp max-

Time range 3 continues with the maximum value Kig, may for times higher than #, ay.

Thetefore, the calculation of worst-case fault inception angles for ¢ > i, may is irrelevant.

VAN
180
170
160

LA B

0,01

Tr [ rrrrrrrgprrrrrr

002 003 -004 0,05

T{rTrrryprrrryprrrrrrorr

006 007 008 009 0,0
t[s]

Key
t
ttf,ma

ltfp,me

14
ytf,me

Vtfp,

X

ax

ttf,max = 14,8 ms

time
end of time range 1
end of time range 2

faultinception angle

ttfp’max = 54,8 ms

warst-case fault inception angle which leads to the highest flux at time ¢ = ¢’ in time range 1

worst-case fault inception angle which leads to the highest flux at time ¢ = ¢’_, in time range 2

Figure 22 — worst-case fault inception angles for 50Hz, 7,, = 50 ms and 7 = 61 ms

Figure 23 shows the Ki; and Ky, curves again for /= 50 Hz, 7|, = 50 ms and T = 61 ms:

Ki;, based on the worst-case fault inception angle yy ynax as a function of time, and
Kisp,, based on the worst-case fault inception angle yi, ymax as a function of time,
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thp,max (V = 900)

7
6
5 -
4
3_/.’) Kis (th,lpmax)
2- H
194 /
o+
L B S B I LI B e e e o e e i e L e e e e e i e e e e e e
001 [ 002 003 004 005 |006 007 008~ 009 0,10
_ _ t[s]
ttf’max - 14,8 ms ttfp,max - 54,8 ms
Key
1t mas end of time range 1
tigp mdx end of time range 2
Vi, pmhx worst-case fault inception angle which leads tothe highest flux at time ¢’,, in time range 1
Vtfp,wrhax worst-case fault inception angle which leadsyto the highest flux at time ¢’ in time range 2

Kﬁp(y fpwmax) Ktfp value, resulting from Vtfp,wmax
Kie(744 me,ax) K, value, resulting from 74, ymax
Kitp max highest point of the curve thp(t)

Figure 23 — transient factor for different time ranges

In this example, it is important-to show that generally Vtf,ymax is a very steep function
depgnds highly on the timetin time range 1, whereas y, ;mayx is @ flat function of time in
rande 2, and assumes typical values between 100° and %

the end of time range'2 for #, a4, When the flux reaches the maximum value (the
inception angle y (=,90° corresponds to the primary current with the highest peak,
Figufre 10; Figure'11 and Figure 13).

Therefore, in_IEC 61869-2, in range 2, y = 90° is generally used for simplification purpo
whefe the deviation from the exact formula is not significant. For more detailed and €
calcllations, it is recommended to use the exact formulae in Equations (12), (23) and (24)

BS it
time

0°. The latter one is always 9(° at

fault
see

ses,
xact

For better illustration, Figure 24 shows the diagram similar to Figure 20 (graphical K
determination in time range 1) for 6 = 3° (Tg = 61 ms, class TPZ), but for all three time ranges

(range 1 in blue, range 2 in green, range 3 in red).
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Ki
124 thp,max
104
Ch Kis (¢’ = 14 to 60 ms)
E_
“/ﬁ — Ky (t'a= 210 14 ms)
2_
b Parameter: ¢’y
.
|:|_
— T T T T T T
1] 2040 0 g0 100 120 140 160 180 200
Ty [ms]
Key
Ky transient factor
Kitp max highest point of the curve K;; end of time range 2
' specified time to accuracy limit in the first fault
T, primary time constant
Figure 24 — Ky in all time ranges for 75 = 61.ms at 50 Hz with ¢’,; as parameter
The|following diagram is presented only to explain some curiosities of the transient curves in

Figure 20. Figure 25 zooms in for the very lgw range of T, where the curves for ¢’; = 1
and |, = 14 ms start at higher T, in time*range 1. The green curve (time range 2

al

14 ms augments the correspondingblue one in time range 1.

B ms
for

Kl
3P
_thp,max
3B
3ly Kit (t’a= 13 to 14 ms)
' range 2
3B
2k — K (t’a=13t0 14 ms)
' range 1
2B
2B
244 / TParameter: tal
B e e NN IR E B e e
4 B ] 10 12 14 16
T, [ms]
Key
Ky transient factor
Kitp max highest point of the curve K;; end of time range 2
' specified time to accuracy limit in the first fault
T primary time constant

Figure 25 — Zoom of Figure 24
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Figure 25 also shows that for very low 7, and certain ', the factors Ki; and Kiz, seem to be
undefined.

i(1) | N2-hsd

e \ 7\ 7\

,lfia.c. \ ,( \\ f

\ / \

-1 ,U - NS s
LI NN B B B B S B S BN B BN BN O S S NN BN BN S S SN B B S B B B
0,000 0,010 0,020 0,030 0,040 0,0%0
t[8]
Key
i current
ip primary current
ipSC rated primary short circuit current
i, .. JAC component of the i, curve
iy |PC component of the ip curve
t time

Figure 26 — Primary current for a short primary time constant

Suclh an excgeptional case is shown in Figure 27 for T, = 2 ms (primary current in Figure|26),
where time-range 2 doesn’t exist, because the maximum Kig, may Of the envelope Kif, ogeurs
before the) maximum of Ki; at time #; 5« This envelope and its maximum have no physical
releyance in such cases. For t'y 2 t;; ax the maximum Ki; .4 Of Kis is relevant for fime
range 3.
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thp, max (V = 900)

e T
0,00 0,01 0,02
ftf, max = 12,8 ms t[s]
lifp, max = 7,6 ms

T T T | T T T T T T T

Key
transient factor

t end of time range 1

tf,ma

tfp. mdx end of time range 2

>

tfp, max K value at end of time range 2

tf.mal K value at end of time range 1

x >

tf,yrlax overall transient factor

>

envelope of the curve th,wmax(t)

time

~

Figure 27 — K values for a short primary time constant

Configurations<with very low primary time constants T, occur mainly in low voltage netwgrks,
whefe the_current transformers for overcurrent protection are not dimensioned with trangient
dimgnsigning factors, i.e. the primary time constant 7, is not considered.

6.1.3.7 Example

A hypothetical differential protection relay requires ¢, = 5ms (quarter cycle) for stable and
selective operation. The fault inception angle which leads to the highest flux at 5 ms for

Ts =10 s and a wide range of 7, is yy ymax = 150° (Figure 17).

Figure 28 shows three general possible short circuit currents where T, = 20 ms has been
chosen low in this example in order to make some differences clear.

e For times shorter than approximately 9,5 ms, the highest peak current for y =90° is
slightly higher than the one for maximum DC component.

e The highest peak current for yy yynax = 150° is lower than that for the other two, but the
instantaneous current is higher for times shorter than 6 ms in this example. The magnetic
flux of a current transformer excited by such a primary current as the latter will rise higher
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during the first milliseconds but remains later at a lower level. For current transformers
which have to be dimensioned for short ', values, Equation (10) should be used. The
required transient dimensioning factor is

Ky = Ky (13 =5MS, 7yt ymax = 150°) =11

For £, = 5 ms, this value is

— much higher than K 4. = 0,4, which would be obtained by considering the curve
leading to the highest DC component;

— much lower than I( B =2 4 which is too caonservative for this short time range and
would lead to cores that would be too large.
ip(t) 1 (V2 Ipsc)
2 \
1757 ip,y:90° ()
ip,d.c,
1 | N\
0,54 ~
ip,y:150°
0 T T T T
0 0,005 0,01 0,025 0,03
t[s]
-0,54
-1
Key
i current
ipsc rated primary short circuit current
ipd.c. primary current resulting from a current inception angle leading to the highest DC component
ip,=0¢° primary current_resulting from a current inception angle of 90°
iw=1 o- Primary current resulting from a current inception angle of 150°
t time
Figure 28 — Short circuit currents for various fault inception angles

Additionally, Figure 29 shows a fictive transient factor Kif,ymax(7tf,ymax(?)) Where, for every
time step ¢, the worst-case fault inception angle y; wmax has been considered (see Figure 30).
The resulting curve is the envelope for all pOSSIb|e curves K(7',), each calculated for one
specific time to accuracy limit ',
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rcuit
flux

7
— Kitde
61 -—--- Klfp,dc ﬂﬂﬂﬂﬂﬂﬂﬂﬂ
51| = Kity=150° /‘,,_~-""‘~ . //
— = — = Kpy=150° PRt o
4. th,\ymax
37 -~
T
24 - "’//
e >
s ,
4 /
0" : :
0 0,005 0,01 0,015 0,02 0,025 0,03
t[s]
Key
Ki dc transient factor for highest d.c. component
K ,=150° transient factor for fault inception angle 150°
Ktfp d envelope curve of transient factor for highest d.c. component
Ktfp 1500 envelope curve of transient factor for fault inception angle 150°
Kt yrlax overall transient factor
t time
Figure 29 — Transient factors for various fault inception angles (example)
The|curve Ki ymax IS higher than Kis, 4. at 14.ms in this case, because the short ci
current with the highest peak ip with fault inception‘at y = 90° leads to the absolute highest
and |not, as often stated, the current with the highest DC component.
190- ' BN
1401 - Vit Wmax [°]
90 "~ _“__.—'
NS T e -
- )
S / Qtf,ll—'max [°]
405~ \"“‘-.
= ~. et T
[~ ~ e e e
-10 T T T r
a) n’nnt: nyn»! Oyn'!l: nygz nynz: n’g'z
t[s]
Key
Ttf,pmax worst-case fault inception angle which leads to the highest flux at time ¢’_, in time range 1
Oy wmax worst-case fault inception angle (alternative definition) which leads to the highest flux at time ¢’ in time
' range 1
t time

Figure 30 — Worst-case fault inception angles for each time step (example for 50 Hz)

This effect is more dominant for an example with 16,67 Hz, where Kifp,dc is even negative
during the first milliseconds (Figure 31).
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i(£) 1 (N2- Ipsc) [per unit]

1,5
id.c,d.cA
o H\\ ip,d.c
O —~
\\\ y /} “\ / \\ // ‘\\
w \ \
"‘-_._ / \\ f / “ \\
0,5 %“ \ \ /
y / S \ \
/,’ "‘--\_‘___h ‘\ //
N e S o TP/ Lo \
o 3 I’ 1\
I3
\ A \‘\ / //
-0,54 Id.c.y=150° \\ / / \\
Y / \
o NS
11 ‘. \_
ipy=150°
-1,5 T T T T
0 0,02 0,04 0,06 0,08 0,1
t[s]
Key
i current
psc rated primary short circuit current
ipd.c primary current resulting from a current inception angle leading to the highest DC component
igc dle DC component of the ip 4.c curve
ip =140 primary current resulting from a current inception angle of 150°
iy L150c DC component of the Ip, y=150° CUTVe
t time

Figure 31 — Primary current for two different fault inception angles
(example for 16,67 Hz)

Figure 32 shows the fictive_transient factor Ki ymax(7ir,ymax(?)) Where, for every time st
the worst-case fault inception angle Vi, wmax has been considered (see Figure 33).

Ky
3,51 % X
tf,ymax e
e RS
3N K Lt AT b P
tfp,dc '.'_'_ — 7-,9-'" ., o’ e
P h Kip,y =150° /
2,5- \, pe Ty e
N I _?a'_/_,.__f'Tg--,—,‘/ —————————— A ‘,: ————————— 7———7“/—f—-
/," % / \\ ) . //
151 7 S/ L h e
4 S / % /
7 ¢ J \ = e
14 ; / .
é'f! //I AN ;
0.5 o p Kifac AN Kiry=150°
0 "‘L e T T T
0 0,02 0,04 0,06 0,08 0,1
t[s]
Key
Ky transient factor
K do transient factor for highest d.c. component
K transient factor for fault inception angle 150°

tf,y=150°
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thp’dc envelope curve of transient factor for highest d.c. component
Kt =150° envelope curve of transient factor for fault inception angle 150°
th’wmax overall transient factor
t time
Figure 32 — Transient factors for various fault inception angles
(example for 16,67 Hz)
DO -
150 B s
“/ Vtf,ymax [ ]
1001 e ' N
‘-\_"‘.\ . -
50- o DR C o
Ot Wmax [°] ‘"‘n.__ e T
Mo L/ =
.\"\ a;
-~ L
0 T T = T == T 1
0 0,02 0,04 0,06 0,08 0,1
t[s]
Key
Vi, pmhx worst-case fault inception angle which leads tocthehighest flux at time ¢’ in time range 1
6tf,wmax worst-case fault inception angle (alternative definition) which leads to the highest flux at time ¢’ ir] time
range 1
t time
Figure 33 — Worst-case fault inception angles for every time step
(example for 16,67 Hz)
6.1.4 Reduction of asymmetry by definition of the minimum current inception angIe
From experience in high\voltage systems, it is known that many faults are insulation faults
and|occur before and)close to the voltage maximum, whereas faults with full offset| are
relafively seldom, AsJ)stated by Warrington in [1]2: “Over 95 % of faults occur within 40° bgfore
voltage maximum\(Figure 34).
In Bquationy(d), this angle corresponds to the angle y = 140° to 180° with y, = 140] as
minimum_)current inception angle. The corresponding angle y = 320° to 360° occurs for
mirrpring to the opposite polarity (see Figure 13).

2 N

umbers in square brackets refer to the Bibliography.
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1,5 Fo %
2 054 40° 40° 40°
g 0 T T T
= 90 180 270 360 450 540 630
T -0,51 0 90 180 270
1] %
1,5 A
y []
Key
u primary voltage
Usys highest voltage for system
t time
¥ fault inception angle
Figure 34 — Fault occurrence accordingto-Warrington
But,| the fault inception mechanisms are different in<{networks with different voltage lgvels
(high or medium voltage), overhead lines or cables, or different star point connegtion
(isolpted, resistance, resonant or solidly earthed).

Furt
cong

depg¢ndency of the majority of faults ontinception angle y for the network concerned. A

lusions. Therefore, it is recommended that statistical methods be used to determing

hermore, it is not known which kind of’these networks have led to Mr. Warringfon’s

the
risk

estimation can be made in order to find the compromise between CT size (possibly redliced
by asymmetry) and faulty relay operation due to saturation of the under-dimensioned CT.
Figure 35 (only as exemplary.template) shows a possible accumulation of faults agains{ the
faulff inception angle y for athypothetic utility evaluated over a longer period of time. The angle
ared from 0° to 360° isqreduced to 0° to 180°. For our consideration, it could be reducqd to
90° [o 180°. Faults with:90° (highest peak current, high DC component) do not occur as gften
as faults closer to 0°'and 180° (symmetrical, low or no DC component). The example in Figure
35 ghows a slight fault accumulation for y < 50° (after maximum) and, for y> 140° (bgfore
maxjmum), a significant one.

14 1,p

L 4 L 4

% 1
£107 + 052
;S: 8 . + 0 \Df
g0 los =
2 4 . s
¢ P ¢ o o . . -1

& L 4 * *
0 I I I I T T T T -1,5
0 20 40 60 80 100 120 140 160 180
y []

Key

primary voltage
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Figure 35 — estimated distribution of faults over several years
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A possibly reduced range of fault inception angle (y, 2 90°) leads to reduced asymmetry and

may

According to IEC 61869-2:2012, 2B.1.1,

mini
pOSS
The

ince
eval

Suclh evaluation depends on the type and operation of the network (overhead lines or ca

clim
operf
tran
curr

NOTE

espe
trans
the in

In su
closif
shou

It is
The

lead to a reduced factor K4 in some special cases.

m
ible asymmetry of the short circuit current: 90° <

simplest way to define the degree of asymmetry is by using the physical basis] the
btion angle y. If desired, this restriction has to be assessed by the customer who sh
late the probability of asymmetrical faults in his network by using statistical meth

bte, etc.). If the factor K,y can be reduced by using y,, > 90°, a ‘possibly unsele
ation of the protection system has to be considered. This could oCcur because of cu
sformer saturation caused by a possibly unexpected high-‘@symmetrical short ci
ent.

These days, controlled switching of transmission lines is employed to reduce switching overvolt
ially during fast re-energizing. Based on this technique, which has been utilized for many m
mission lines, both energizing and re-energizing instants areontrolled in a way that make the current
stantaneous phase to ground voltages close to zero.

Ch cases, the determination of fault inception angle based on statistical method (especially where cont

g method is employed as a new approach) is not recommended and maximum decaying DC of fault ¢
d take into account, as necessary.

efore, as a recommendation, it should not be applied in time range 1. Figure 36 sH

the {ransient factor Ki(y,t') for 5 =2'ms to 16 ms. (Compare with Figure 13 and Figure

In tH
occl

is example, for each time f\,{represented by one of the curves, the highest Ki;
rs at the worst case fault ingeption angle yi; ymax(?al)-

it is possible to define and calculate Kiq with a

ault
uld
ds.
les,
ctive
rent
rcuit

hges,
bdern
hen

olled
rrent

recommended that reduced asymmetry should be used as restrictively as possjible.

ows
19.)
alue

As an example for a longer time 7, =16 ms, the worst case fault inception angle
Vif,phax= 90° with the cukve maximum Ki may = 4,5.
S | T,=20ms
| Ts=10s
| tal
— 2ms
! — 3ms
5ms
—— 7ms
| — 8 ms
I 10 ms
11 ms
/_,_,—F—"‘—Jli 13 ms
——————————————— |
10 20 30 40 50 60 70 80 90 100 110 120 130 940 150 160 170 180
v [°] ¥m
Key
Kt max y=90° maximum value of the K 1=g0° (#) curve

th,max y=140°

maximum value of the szMoo (¢) curve
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K value at a given ¢’ value and at a given current inception angle
specified primary time constant

secondary loop time constant

time

fault inception angle

minimum fault inception angle

Figure 36 — Transient factor K calculated with various fault inception angles y

For lower times ¢, the worst case fault inception angle v, ..., Shifts to higher values and the

absglute curve maximum declines to lower values. According to Figure 13 and Figure A9
full angle range is 90° <y ymax < 180°.

the

By reducing the fault inception angle range to 140° < Vtf, pmax < 180° (7, = 1402);the reddiced
range of asymmetry leads to a reduction of K to a maximum of 3,3 for ¢ ;= 13 ms.

mea
dc G
syst

For

s that all higher values of Ki; > 3,3 are expected to occur with low probability only
omponent), and the smaller core size should not lead to maloperation of the prote
M.

sl = 0 ms to 7 ms, K has maximums for y,, > 140°, that means in the angle range w

faults occur with high probability. For these ¢’;; values and angle range, the reduction o

(and

6.2
6.2.

The
accd
factg

For
may
and
aftel
the 3

core size) to the 140° value does not provide any advantage.

Duty cycleC-0O0-C-0
General

designing for transient auto-reclosure duty cycles has to be done for each ¢
rding to the equations given above, whiere the magnetic flux and therefore the tran

hon-gapped cores having a high“secondary time constant (typically TPX cores), the
the saturation level. As .worst case approximation, the flux is assumed to be cong

', what will be fulfilled-for short #, values and a flux far from saturation. This means
econd energization always leads to a higher flux value than the one at ¢ (Figure 37).

Kigc0-c0) = Kig(t') + Ky (1)

This
(low
tion

here
f Ky

ycle
sient

r decays exponentially with a secondary time constant 7 during the fault repetition time.

flux

decay to the remanence level{see Figure 53), depending on the fault repetition time #,

tant
that

(25)
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NOTE

zero

For
decl

(Fig

0,2 0,3 0,4 t[s

time
duration of the first fault
specified time to accuracy limit in the second fault

secondary linked flux

Figure 37 — Flux course in @ C-0-C-O cycle of a non-gapped core

n the first energization.

cores having a low secondary time constant (typically TPY and TPZ cores), the
nes exponentially with‘\the secondary time constant T during the fault repetition tin
ire 38). In this case, no analytical formula exists for the time argument ¢ in the tern

the first fault, and seyeral case differentiations may be necessary.

6.2.1

Usu
shal

p Case A:\“No saturation occurs until ¢’

be applied:

The practicality of Equation (25) is also limited, because it can hardly be ensured that the flux stafts at

flux
e lg
n for

blly, thelhighest flux occurs in the second energization. In this case, the following forqula

oy (T oy )/ T, "
Kigc-0-c-0) = Ki(t')-e (tita)/Ts +Kg(ta)

(26)

Even with a ', lower than ¢’, the K,y of the first fault shall be calculated for #’, because the flux

may

increase until this point in time.

The term K,y () means the K4 value of a C-O duty cycle, whereby the highest flux value
within the time interval from 0 up to time ¢ shall be considered.

In Equation (26), the complete K4 determining procedure has to be carried out twice, for both
times ¢ and 1"
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0 0,1 0,2 0,3 0,4 t [s]

time
duration of the first fault
specified time to accuracy limit in the first fault

secondary linked flux

Figure 38 — Typical flux curye in a C-O-C-O cycle of a gapped core,
with higher flux'in the second energization

ome cases, it is possible that the maximum flux value occurs during the first
ire 39). It means that the flux values of both the C-O and the C-O-C-O cycle have t
rmined, and the higher yalue has to be considered:

' o (te )T, "
Kig(c-6-cZomax =Max{Ky(r', ), Ky(r')-e (fr+ta) /T + Kig(ta )}

fault
D be

(27)
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6.2.3

In this case, the core saturation’limits the flux before the second energization (Figure 40)

CT (
the

The

point in time 7 ¥+ . In this time interval, no saturation is allowed in the intervals

- 0
- 0

"
Lai

L t'

—_—
0

"0.1 0,2 03 0,4_tTS]

time
duration of the first fault
specified time to accuracy limit in the first fault

secondary linked flux

Figure 39 — Flux curve in.a“C-0-C-O cycle of a gapped core,
with higher flux in the first energization

8 Case B: Saturation occurs between 7', and 7

esigner can even utilize-core saturation to keep the flux as low as possible. No formu
lauses above considers this situation.

highest flux yalue y,.,, is determined by “scanning” the flux curve from time 0 up td

etweenQ/and "’ ,;
etween ¢ + ¢, and ¢ '+ £ + 17 ).

The
la in

the

Kiq

S then aecterminea DYy daividing the nignest TIuX V’peak witnin tne two above menti

intervals by the peak value of the AC flux component of the short circuit current:

4
K _ peak
td,(C-O-C-O)max sat — ~

SC

where

Vsc

See

_ \/EKssc (Ret +Ry) - Ise
®

also Figure 9.

ned

(28)
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saturation
} ta t | . _ N 1l a
0 0,1 0,2 0,3 0,4 t[s]
time

duration of the first fault

specified time to accuracy limit in the first fault

specified time to accuracy limit in the second fault

secondary linked flux

re 41 shows such an example. The curve y,; would apply to a much bigger core
rdingly, to a much higher K,y value than necessary. The curve y, considers saturatio
an gcknowledged case (because saturation does not occur within the 7, and ¢, zones),

Figure 40 — Flux curve in a C-0:C-0O cycle with saturation allowed

es the choice of a reasonabple K,y value possible.

Aand,
n as
and
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flux if no saturation would occur
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saturation flux

Figure(41'— Core saturation used to reduce the peak flux value

Summary

view is given in Figure 42 and Table 2. Due to the consideration of the tran

rder tondecide which equation(s) shall be used for designing current transformerg
sient” performance depending on the required time to accuracy limit 7, a ger

for
eral
bient

e to

perf

4l ry + F N H + + £ 4 b7 o 1 +l 4 £ o YR
TTTarnToT, e U arrsicT it UutiieTTsToTm Ty Tattul l\td CalT T TOwWTT  UTallt 1T 1TUT a STIioTtc drl

accuracy limit 7).
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7 Determination of the transient dimensioning factor K,y by numerical
calculation

7.1

General

The calculation method in Clause 7 covers only the cases where the cycle parameters are
given, or where a definite course of the primary current is given. On this understanding, Kiq

can

In |Wwwummwmd in
ordgr to provide simple calculation tools, but with the disadvantage of delivering| too

cons

In tH
and

0 (0

req

7.2

The

be calculated.

ervative results in some cases.

is clause, a numerical approach for the K, factor is introduced. It is easy to’unders
to replicate, even for non-specialists. The advantages of this calculation method are:

xtraordinary cases are covered which are based on saturation ©r-reduced rang
urrent inception angle, or even on properties of the duty cycle which are not covere
FC 61869-2 (e.g. damped primary oscillations);

ignals.

irements and algorithms.

Basic circuit

calculation below is based on the circuit diagram in Figure 43:

—O P>

R ig(1)

fand

QD
O
< S

iving the non-specialist the sense how a current transformer responds to various ihput

It dJ)es not replace the K4 determination of relay mapufacturers based on their spqcific

@)
Q

secondary e.m.f.
magnetizing current
magnetizing current
primary current
secondary current

rated transformation ratio

non-linear inductance
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R, rated resistive burden
R, secondary winding resistance
t time

Figure 43 — Basic circuit diagram for numerical calculation of K,

With R, = R, + R, , the following system of equations can be set up:

() — lp(t) FEAAY

i) I LA (29)
u(t) =R, i (¢) (30)
w(t) = ju(r) dt (31)

0

For the linear part, represented by L, of the magnetizing curve.

i) =2 2)

m

With Ty = L,/Rg, Equations (29) to (32) resultiin

w0 5] 0 - (53)

S

7.3 | Algorithm

With the following algerithm, the values of the following terms can easily be calculated forlany
waveform of primary edrrent:

— (density of thessecondary linked flux in the iron core;
— gecondaty)current;

— factor Kiy.

Equ tion (33) can he converted into o difference o
SHOR—( +—cah-o AerHeg—Hto—a—agiHereh

calculated as follows:

guation—and-theflux—in-thecore—cah be

V k-1

R, .
Yy =V + (k_ Loy — )- At (34)

r S

When saturation occurs, the actual 7 value has to be modified. Experience has shown that it
is sufficient to lower the T value by a factor of 1 000 at a pre-defined value of flux . For
all values of y (1) > ysqat, Equation (35) is applied.
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RS . Vsa +(l// — _l//sa)'looo
V=Vt (k_lp(k—1) —( t w 1)T t ) At (35)
Wsat 18 derived from
V2 - E
Vsat = o fal (36)
r

7.4 | Calculation method

The|calculation method is programmed in Visual Basic®, applying an Excel® sheét. In the
following, the essential procedures are listed. They may easily be transferred to qther
programme languages.

The|calculation scheme is built as follows:

sub énter_values
assigning values to the variables.

sub data_conditioning
preparing the start conditions.

funciion current
galculation the actual primary current value for‘the specified point in time, for spedified
values of Ty and y.

sub Calc_Ip_co, sub Calc_Ip_coco
galculating curves of the primary shott circuit currentfor various current inception angles,
whereby angle steps of 10° are sufficient.

sub Calc_psi
dalculating the appropriate flux curves for current inception angles y in the interval
hetween y,, and 180°.

sub Calc_psimax
gelecting the highest*flux values for every time point, taking all calculated flux curves|into
gonsideration.

sub Calc_psimax tal
finding theyhighest flux value (psimax_t) for every time point, considering the time intgrval
from =0xUp to the actual time point. Only the relevant time intervals are considered.

sub Cal¢Ktd

catcutating

— Kig, as ratio between the highest psimax_t value and the peak value of its AC
component;

— epsilon_peak for TPY-cores (according to Equation (37)).

sub co_cycle
main routine for calculation a C-O cycle.

sub coco_cycle
main routine for calculation a C-O-C-0O cycle.

The time step dr has to be chosen < 10~4 s at 50 Hz. At other frequencies, the time interval d¢
has to be modified; it shall be inversely proportional to the frequency.


http://www.dict.cc/englisch-deutsch/inversely.html
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The value of E, shall be stated in order to recognize the saturation level. If saturation is
reached within the relevant time interval(s), a K;q value of 99 999 is returned.

Further explanations are given directly in the description of the procedures.

The

programme code is listed in Annex B.

In the appropriate Excel® sheets (Figure 44 to Figure 49), the cells B2 to B13 are input
values. The output values are presented in cells B16 and B17. The values in rows E, F and G
are generated by the programme, as a database for the graphic representation.

7.5 | Reference examples
The|following examples are created to provide the user with the possibility ofc¢hecking his
own|calculation scheme.
In Fligure 44, the maximum possible range of current inception angles,\y)shall be covgred.
Thetefore, the minimum fault inception angle y,, is chosen as ¢ = arctan(o7,). This angle
affe¢ts the maximum DC component.
A B c D E F G H Yy J K L
1 o N y_
2 Ipgc 20000 A secondary linked secondary linked )
3 f 50 Hz Flux: flux: (
4 |1 01s ¢
5 E4l 1200 V t highest flux [Vs] relevant flux [Vs]_}_
6 mg 2000 Turns ] ] %
7 |is 0,52 5 0,0001 0,000437199 D,DDM%?}B_BI
2 RY 9,842 Ohm 0,0002 0,001310646 0,00{310646
9 |t'g 0,05 s 0,0003
10+ 01s o000a | ¥ IVS] ——highest flux [Vs]
11 |ty s 0,0005 |6,0
12 4 s 0,0006 —relevant flux [Vs]
13 |yn) 28,2 deg. 0,0007 | ¢
14 0,0008 |77
15 0,0009
16 Kid 12,0 0,001 |40
17 = peak 7,3% 0,001
18 0,0012) [3,0
19 . 00013
20 _4.\0,0014 |5
21 Run CO-Cycle () » 0,0015 ’
22 ¢ 0,0016
23 N\ 0,007 | 1O
24 ) 0,0018
25 Run COCO-Gycle 0,0019 0,0 T T T T 1
26 0,002 0,0 0,1 0,2 0,3 0,4 0,5 t[s]
27 C 0,0021 0,098837061 0,098837061
R . nnna7? nINRN1AR719 nInNRN1A719
Key

v
t

secondary linked flux

time

All symbols used the spreadsheet are listed in the index of abbreviations 3.2.

Figure 44 — K,y calculation for C-O cycle
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A B C D B F G H 1 L

1
2 Ipsc 20000 A secondary linked secondary linked
3 f 50 Hz flux: flux:
4 |Tp 01ls
5 Eal 2200 vV t highest flux [Vs] relevant flux [Vs]
6 |ns 2000 Turns 0 0 0
7 |ts 0,74 5 0,0001 0,000437199 0,000437199
8 Rs 9,842 Ohm 0,0002 0,001310671 0,001310671
9 t'al 0,05 s 0,0003

. w[Vs] .
10 |t 0,1s 0,0004 =—highest flux [Vs]
11 |tfr 03s 0,0005 |12,0
12 t"al 0,03 5 0,0006 =—relevant flux [Vs]
13 \ym B F-rtee- G067

L g 10,0
14 0,0008 P
15 01,0009
16 Kid 20,3 0,001 'y
17 £ peak 8,8% 0,0011
18 00012 | 6,0 1™ ———]
19 0,0013 ’J
20 0,0014 a0
21 Run CO-Cycle 0,0015 !
22 0,0016
23 0,0017 2’ 0
24 0,0018
25 Run COCO-Cycle 0,0019 0,0 T T f T 1
26 0,002 0,0 0,1 0,2 03 0,4 0,5 t[s]
27 0,0021 — O,098875006  O,098875006 >
2% n.nno7 0_1N]NAENZNG 0_1N]NAN2NG )
Key
v secondary linked flux
t time

All syymbols used the spreadsheet are listed in the index.of'abbreviations 3.2.

Figure 45 — Ky calculation for C-O-C-O cycle
without core saturation in the first cycle
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A B C D E F G H I ] K L
1
2 Ipsc 20000 A secondary linked secondary linked
3 f 50 Hz flux: flux:
4 Tp 01ls
5 Eal 1500 V t highest flux [Vs] relevant flux [Vs]
6 ns 2000 Turns 0 0 0
7 1s 0,582 s 0,0001 0,000418453 0,000418453
8 Rs 9,42 Ohm 0,0002 0,001254457 0,001254457
9 tal 0,05 s 0,0003
10 01s ooo0a | W IVel ——highest flux [Vs]
11 |tfr 0,3s 0,0005 |80
12 |t"al 0,025 s 0,0006 —relevant flux [Vs]
13 [ym 232 deg 00007 | 7,0
14 0,0008 N\ ,JED‘:
15 o,0009 |60 N I
16 Ktfl 15,0 0,001 510
17 = feak B8,2% 0,0011 ’J
18 0,0012 |4,0
19 0,0013 I
20 0,001 |3,0
21 Run CO-Cycle 0,0015 ’J
g 2,0
2 0,0016 I
23 0,0017 |10
24 0,0018
25 Run COCO-Cycle 0,0019 0,0 T T T T 1
26 0,002 0,0 0,1 0,2 03 0,4 0,5 tl[s]
27 0,0021 0,09461219 0,09461219 /.,
79 n nnad n1N2ANNI 22 n1N2ANNI 22
Key

v  |secondary linked flux

t time

All syy/mbols used the spreadsheet are listed in the index of'abbreviations 3.2.

Figure 46 — K4 calculation for C-O-C-O cycle
considering coresaturation in the first cycle
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A B C D E F G H 1 J K L
1
2 Ipsc 20000 A secondary linked secondary linked
3 f 50 Hz flux: flux:
4 Tp 01s
5 Eal 1500 Vv t highest flux [Vs] relevant flux [Vs]
6 |ns 2000 Turns 0 0 0
7 |ts 0,582 s 0,0001 0,000418453 0,000418453
8 Rs 9,42 Ohm 0,0002 0,001254457 0,001254457
9 tal 0,055 0,0003
10| 01s oooa | ¥ [VS] ——highest flux [Vs]
11 |tfr 03s 0,0005 |80
12 t"al 0,04 5 0,0006 =—relevant flux [Vs]
13 |yIT Ao o;o007 55
5 00t NN A
15 0,009 |00 '\

: Q
16 | Ktfl 14,0 0001 |5q AP !V (@)
17 | deak 7,7% o011 | N \ \ ﬂ Q‘ v
18 0,0012 |4,0 — — f Q
19 0,0013 ’V o] . ,'\
20 00014 |30 )
21 Run CO-Cycle 0,0015 O
2,0 O

22 0,0016 Id
23 0,0017 1’0 Q\)
24 0,0018 Q~
25 o,0013 | 0,0 L

Run COCO-Cycle 4 4 ! ! N ! !
26 0,002 0,0 0,1 0,2 .03 0,4 0,5 t[s]
27 0,0021 0,094715113 0,094715113
2R n.nn22 N.1N3571954 N.IN3571954 s\&
Key < o)
v sg¢condary linked flux QQ
t time \\
All syy/mbols used the spreadsheet are listed in the inde)@sf\abbreviations 3.2

Figure 47 — K,y calculation f%&\)-c-o cycle with reduced asymmetry
¥
xO
O

C)\
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W00~ O W

= e e e
5 6RERES

17
18
19
20
21
22
23
24

26
27

20

Key

All syy/mbols used the spreadsheet are listed in the index of.abbreviations 3.2.

In

car

A B C D E F G H I ] K L
ITpsc 20000 A secondary linked secondary linked
I 50 Hz flux: flux:
Tp 01s
Eal 550 V t highest flux [Vs] relevant flux [Vs]
ns 2000 Turns o o o
Is 0,582 s 0,0001 0,000418453 0,000418453
Rs 9,42 Ohm 0,0002 0,001254457 0,001254457
t'al 0,007 s 0,0003
" w[Vs] .
t 01s 0,0004 =——highest flux [Vs]
tfr 03s 0,0005 |30
"al 0,007 s 0,0006 —relevant flux [Vs]

" Sl aarat)
rm B -y g

75

0,0008

0,0009 ﬂWV\

Kt 55 0,001 |20

£ peak 3,0% 0,0011 \
0,0012 |1,5

0,0013
0,0014 1,0
Run CO-Cycle 0,0015
0,0016
0,0017
0,0018
o,0019 | 0,0 T T T T 1

0,002 0,0 0,1 0,2 03 0,4 0,5 t[s]

0,5

Run COCO-Cycle

0,0021 0,09461215 0,05461219

n nnaa N 1N2ANN1 02 N 1N2A4NN102

secondary linked flux

time

Figure 48 — Ky calculation for,C-0-C-O cycle with short ', and 7’

Figure 49, the behaviour of a TRX core is calculated. The result has to be asse
ully by the following reasons;

emanence is not considéred. To obtain reasonable results regarding remanence,
xact course of the remangence curve of the core material ought to be incorporated.

the case of saturation during the first fault, there is a rather rapid drop of the fIU
manence level during #,.. The available flux interval after the first fault will always
ast the flux difference between saturation level and the remanence level.

he secondary'time constant 7 has been chosen high enough, preventing the flux

vel within a reasonable time interval.

ssed

the

X to
e at

rom

ecaying-daring the fault repetition time. In practice, the flux may decay to the remangnce

vel of non-gapped cores after reaching full saturation.

he, model does not cover the current practice to consider the flux drop to remanTnce
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A B o D E F G H 1 K L
1
2 Ipsc 20000 A secondary linked secondary linked
3 |f 50 Hz flux: flux:
4 |Tp 0,1s
5 Eal 3200 Vv t highest flux [Vs] relevant flux [Vs]
6 ms 2000 Turns ] ] ]
7 |ts 100 s 0,0001 0,000418453 0,000418453
8 Rs 9,42 Ohm 0,0002 0,001254529 0,001254529
9 t'al 0,05 s 0,0003
10 ¢ 0,1s 00002 | ¥ [VS] ——highest flux [Vs]
11 |tfr 0,3s 0,0005 |16,0
12 "l 0,05 s 0,0006 ——relevant flux [Vs]
13 pm S5-9ter: fo067—+4-0
14 0,0008
15 0,0009 12,0 /j
16 K 32,7 0,001
17 ¢ peak 0,1% 0,0011 10,0
18 0,0012 | 8,0 =
19 0,0013 /\,
20 o0014 | 6,0 i
21 Run CO-Cycle 0,0015 40 ’J
2 0,0016 | ' J
23 0,0017 | 20
24 0,0018
25 |Run coco-cycle 0,001 | 0,0 ' ! ' ' !
26 0,002 0,0 0,1 0,2 03 0,4 0,5 t[s]
27 0,0021 0,094720751 0,094720751
9 nnn272 N 1N2572A4Q28 N 1N252A4Q28
Key

78 secondary linked flux

t time

All syy/mbols used the spreadsheet are listed in the index of\abbreviations 3.2.

8 [ore saturation and remanence

8.1 | Saturation definition forcommon practice

8.1. General

Varipus proposals for_the definition of the saturation flux have been made in the past. In

following, three approeaches are discussed.

8.1.2 Definjtion of the saturation flux in the preceding standard IEC 60044-1 3

In IEC 60044-1:1996/AMD1:2000, 2.3.6, the saturation flux was defined as: “that peak V
of the flux which would exist in a core in the transition from the non-saturated to the

Figure 49 — K,y calculation for'C-0-C-O cycle for a non-gapped core

the

alue
fully

saturated condition and deemed (0 be that point on the B-H characteristic for the

concerned at which a 10 % increase in B causes H to be increased by 50 %”.

core

This definition gained no acceptance because the saturation value was too low, and led to
misunderstandings and contradictions. According this previous definition, the remanence
factor, which is defined as remanence flux divided by saturation flux, could achieve values

higher than 100 %. See Figure 50.

3 Withdrawn and replaced by IEC 61869-2:2012.
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nence factor values higher than 100 % are physically absurd.

it)

secondary current (while primary circuit open)

remanent flux

saturation flux according to the preceding standard IEC 60044-1
saturation flux according to the standard IEC 61869-2

Figure 50 — Comparison of the saturation definitions
according to IEC 60044-1 and according to IEC 61869-2

brtheless, to confirm the remanence_gondition of a gapped core (< 10 %), the result of
1od will provide a result on the safédside. Figure 51 shows exemplarily the flux course
9

apped core in the case of a_demagnetized core (red curves) and of magnetised
curve, remanence in the same”direction as magnetization).

can note that the calgulation of the remanence factor K, (with lower case in
ding to the old standard IEC 60044-6 with the knee point method (50 % current
ing in 10 % flux.rise) leads to the factor K. =119 % (Figure 51). It is clear

efore thedefinition of the saturation flux has been changed in the standard IEC 618
leads always to remanence factor values Kr (with capital index) lower than 100 %. Iy

of Figure 51, the remanence factor K is 90 % according to the new definition.

this
of a
core

dex)
rise
that

59-2.
the
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w[Vs]
27 2,44
Wr
1+ 2’2_
04 2,04

saturation

accordino to
e

Key

v

¥,

: 1,84 f previous definition

1,6
T I T T T T I T T T T I T T L L] L I L] | L | I L] L | ' L) L]
-1 0 1 inlA] 0,0 0,2 0,4 im[A]
curve starting
a.c. curves = initial curve at maximum K=, s = 119%
remanence

Excitation current
secondary linked flux

remanent flux

e of

the
din

v, [saturation flux according to the preceding standard IEC 60044*1
K, [saturation flux according to the preceding standard IEC 60044-1

kFigure 51 — Remanence factor K, according to the previous definition IEC 60044-
8.1.3 Definition of the saturation flux:in IEC 61869-2
In 1EC 61869-2:2012, 3.4.210, the saturation flux is defined as the “maximum valu
secqndary linked flux in a current\transformer, which corresponds to the magnetic saturation
of the core material” with, the following note: “The most suitable procedure for
determination of the saturation flux ¥y, is given with the DC saturation method describsg
2B.4.3
This| definition is net.as mathematically strict as the previous one; on the other hand,

mors¢
real
hori3

b suitable forpractical use. The examples in Figure 52 and Figure 53 show a print-out
laboratorytest. It demonstrates how saturation is given by the evident value of
rontal line,

it is
of a
the
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Key
w(t) | magnetic flux in the current transformer core
i(t) | magnetizing current

t time

Figure 52 — Determination of saturation and remahence
flux using the DC method for a gapped,core

Key
w(t) | magnetic flux in the current transformer core
i(t) | magnetizing current

t fime

Figure 53 — Determination of saturation and remanence
flux using DC method for a non-gapped core

8.1.4 Approach “5 % — Factor 5”

For non-gapped cores, the following simplified saturation definition was proposed in the
maintenance team MT40. “The peak value of the flux which exists in a core as close as
possible below the fully saturated condition”. It is deemed to be the point on the flux-current
characteristic of the concerned core at which 5 % decrease in flux causes the current to be
reduced by factor 5.”

Measurements were made to verify the suitability of this method (Table 3). The hereby
obtained values remain about 0 % to 3 % below the saturation flux obtained according to
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IEC 61869-2. Please take note that the saturation behaviour is given by the physical
designing. With given ratio and class, different physical solutions may be possible.

Table 3 — Comparison of saturation point definitions

Ratio Class Method Method Ratio Remark
IEC 61869-2 “5 %-Factor 5”
y/sat DC yjsat 5 %-factor 5 yjsat 5 %-factor 5 / y/sat DC
Vs Vs
800 /1A 5VA 0,2S FS5 | 0,1198 0,1182 98,7 %
100p/5A | 75VA0,5FS5 | 0,2802 0,2790 99,6 %
160p/5A | 45VA 0,5FS10 | 0,2930 0,2916 99,5 %
400|/ 5 A 30VA 5P20 0,6196 0,6144 99,2 % 1
25Q0/1A | 30VA 5P20 2,8782 2,8357 98,5 %
1200/1A | 60VA 5P30 8,6527 8,3687 96,7 %
24Q0/1A | 120VA 5P30 17,265 16,719 96,8 %
2400/1A | 120VA 5P30 17,266 16,725 96,9 % 2
10Q0/5A | 50VA 5PR20 2,0406 2,0466 100,3%
300[/ 1 A 15VA 10P20 1,7139 1,6623 97,0.% 1
10Q0/1A | 15VA 10P20 1,8829 1,8436 97,9 %
20q0/1A | 30VA 10P30 9,0819 8,8258 97,2 %
20Q0/1A | 30VA 10P30 9,0823 8,8265 97,2 % 2
10Q0/5A | PX 2,7781 2,6940 97,0 % 1
10Q0/5A | PX 2,7768 2,6883 96,8 % 2
3000/1A | PX 4,5348 4,4591 98,3%
3000/1A | PX 4,5004 4,4594 99,1 % 2
25Q0/1A | PX 14,556 14,167 97,3 %
30q0/1A | PX 29,85 27,49 92,1 %
1 Real maximum value not deteeted, max read value used.
2 Bame test object as line.above (reproducibility check).
8.2 | Gapped-cores versus non-gapped cores
Nowadays, the majority of applications still work well with the conventional classes. Howgver,
seve@ral protection applications where remanence appears can be handled much more egsily
and |safely with gapped cores and reasonable core sizes.

Practically, the maximum remanence factor of non-gapped cores is typically in the range of
60 % to 95 %, and it depends on the applied magnetic core material and its alloy constituents.
Many references for protective current transformers classify non-gapped cores with a
remanence factor K of 75 % to 80 % as “high remanence cores”. This implies that
remanence factors higher than 80 % are impossible. But nowadays several core materials
with a remanence factor up to 95 % have been found.

For instance, during some refurbishment projects, the remanence level of old CT cores
(manufactured between 1930 and 1940) was measured (Table 3 “old CT cores”). CT cores
manufactured until 1980 showed similar results. In contrast to this result, CT cores
manufactured after about 1990 (this year is a rough indication only, the change is more
smooth in a longer time span) show remanence factors up to 95 % (Table 3 “new CT cores”).
This does not mean that nowadays only such “newer, very high remanence type materials”
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are applied, but they are part of a set of several different materials which have been
developed further through the last decades and have been optimized for certain criteria. The
high remanence is an unwanted result within such an optimization process. Therefore, as the
worst case, one has to consider such high remanence as the possible maximum.

Table 4 — Measured remanence factors

Old CT cores (1930 to 1990) New CT cores since 1995
Maximum remanence? 75 % to 77 % 88 % to 95 %
Actual remanence® 70 % to 75 % 85 % to 87 %

aximum possible remanence limited by hysteresis curve.

Ctual residual remanence measured after de-energization, commissioning or other tests (maximium "v3
thin some test series where lower values and values close to zero are found too).

lues

Whse
rem

magnetizing curve at the beginning of the fault inception. In the calcutation of the reqy
saturation e.m.f., the relay manufacturers consider this reduction ofthe flux range due to
remanence with an additional overdimensioning factor X,.

The
Eal
with

It is
max

casgs is unknown.

Gen
syst

remanence can bean-additional time delay, which is normally not of importance. As long

CT

failure to operate. Lack of security (unwanted operation of protection for faults outside
bcted zqne) is never accepted and therefore the remanence shall be considered for these
casgs.

prot

Examples:

F K - Kig - Kssc  Lsr '(Rct "‘Rb):Ktot Ksse L '(Rct +Rbr)

n non-gapped cores for protection purposes are dimensioned considering the influeng
nence, the high starting point of flux reduces the operationalyflux range of

required voltage £ is then

Kiot = Kp - Kig.

obvious that the overdimensioning factor for remanence K, is highly dependent on
mum possible remanence facter K of the magnetic core material, which in most prag

erally, remanence is not considered for dependability cases (cases when a prote
em shall operate~for an internal power system fault). The possible consequence

loes not saturate for AC current (K, = 1) the remanence behaviour will never cau

e of
the
ired
high

the
tical

ction
s of
As a
5e a
the

e For the case in Figure 51 — Remanence factor Kr according to the previous defin

IEC 60044-1

e with Kg =90 %, the overdimensioning factor K, is 10.

20, which is considerable high and its usage would lead to unfeasible large CTs.

e If the highest remanence factor Ky is assumed to be lower than 80 %,

overdimensioning factor K|, is only 5.

ition

In the worst cases, Kg equals to 95 %. This leads to an overdimensioning factor K}, =

the

Therefore, when current transformers have to be chosen to suit a new protection scheme, the

follo

wing two ways can be applied:
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Anti

higher than 1 s (T; may be specified additionally with a lower value for special purposes).

tran
simi
clas
the

pargmeters of class TPZ and classes PR, PXR and TPY with specified low T shall be ge
individually on the relay function/algorithm:

Summarizing, it is proposed to use gapped cores as a rule for any new protection applica

(of

equi

WitHin high impedance protection schemes, there is neither necessity to use gapped ¢
(because saturation due*to remanence is stabilised by the stabilising resistor) nor to uss
overndimensioning factor K, (for more details on high impedance protection scheme
11.5.6).

8.3

Remanpenee persists until the core is demagnetised.

When existing non-gapped current transformers shall suit the new protection scheme,
the usage of such a factor K|, is possible for CT cores with maximum remanence
factors lower than 80 %. The overdimensioning factor K|, against remanence scales the
range of the linear part of the magnetizing curve to the part between maximum
remanence and saturation.

For new projects where new CT core materials can lead to maximum remanence
factors higher than 80 %, gapped cores are recommended if the relay function or
algorithm is sensitive to distorted signals due to remanence. In general, at least
differential protection functions are predestined to such issues but the final decision

shall be found by protection relay tests.
limited to 10 %, the effective and remaining linear range of the magnetizing cur

then reduced to minimum 90 %. The overdimensioning factor against remanend
then

S N B
1-Kgr _ 1-01

Kp

During protection relay tests, project engineering, CT core sizing and construction
consideration of safety factors is the usual procedure. If the{Safety factors in tota
deemed too narrow, the factor K}, = 1,11 may be applied-

remanence classes PR, PXR and TPY normally haveva secondary time constan
bient performance of a simple anti-remanence cldass (without specification of T) is

5es do not result in any disadvantages concerning the transient performance comparg
similar non-gapped core with the same saturation voltage E, or knee point E,.

alent non-gapped cores:

Possible causes of remanence

Y is
e is
e is

the
are

t T
The
very

ar to that of non-gapped core classes. Therefore the application of anti-remangnce

dto
The
ared

tion

ow impedance type). Gappedycores do not have the drawback of an unpredictable
remtlnence level. Typically, they ‘ean be dimensioned with a size less or equal to tha

t of

pres
the
see

Demagnetizing only occurs when high primary currents with suitable polarity lead to a high
burden voltage. Causes for remanence in CTs are:

a) from the CT primary side:

e interruption of fault currents, particularly fault currents with DC component;

e geomagnetic induced currents (GIC) with very low frequency (quasi DC) induced

the phase-earth loops of overhead lines due to solar flares;

e varying loads with fluctuating DC components (e.g. arc furnaces).

into

Figure 54 shows the fault records (three phases L1, L2, L3 ) of an arc furnace
transformer. The filtered DC component iy, of i(f) shows the pulsating shape and
leads very easily to core saturation and remanence.
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NOTE The DC component on the primary side is not completely transformed to the CT secondary side, so the
fault record does not show the full DC component which may cause saturation problems here.
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Figure 54 — CT secondary currents as fault records of arc furnace transformer

b) From the CT secondary side, when working with DC currents (e.g. when using batteries):

carrying out polarity tests with DC pulses;

testing of secondary wiring continuity (“beeper”);

measurement of secondary resistance.

In the second fault of auto reclosure C-O-C-O duty cycle, a CT core may be in
remanence condition, caused by the first duty cycle. This effect can be reproduced by
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transient simulations with a magnetic hysteresis model (see traces indicated by “sim’
in Figure 56).

single phase faults and CT secondary currents in a 4-wire cable (Figure 55) connecting
the CTs with the protection device:

Phase L1 saturates earlier than without remanence. The voltage drop across the
neutral wire magnetises the CT cores of the healthy phases from the secondary side.
As CT core L3 has remanence of Kg = — 95 %, it saturates due to the additional neutral
voltage drop and leads to secondary currents through the protection device while no
primary current is present. In phase L2, the remanence is much lower; therefore the
neutral voltage drop is too low and has no effect.

It is recommended to apply 6-wire cables (one return wire for each phase) for fong
distances in order to avoid such coupling effects between the phases.

secondary winding resistance

resistive burden

line resistance between secondary terminal and terminal of the protection relay
resistance of neutral line between*secondary terminal and terminal of the protection relay

primary fault current in phase k1

Figure 55 — 4-wire connection
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Figure 56 — CT secondary currents as fault records in the second fault of auto reclosure
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9 Practical recommendations

9.1

Accuracy hazard in case various PR class definitions for the same core

Care has to be taken if a PR class is converted to another PR class, for example:

May a current transformer with the class designation

be used with the class designation

5 VA 5PR 80
50 VAS5PR 10 ?

In spite of similar E,, values, the errors at rated primary current and at the error accuracy limit

con

ition may no longer meet the specified limits. Table 5 provides a practical example

with

critiq

al values in red colour.

Table 5 — Various PR class definitions for the same core

(cgsgo Error at rated
Ip I Class | ALF | R 0,8) Zy Ry tZ, | E, 1, current

A A Q VA Q Q v A % Min
400 1 5 80 2 5 5 6,71 | 537 Limits: 4 1 60
measured: 0,751 -0,49 28
400 1 5 10 2 50 50 | 51,61 | 516 Limits; 0,5 1 60
measured: 0,709 -4,38 187

9.2 | Limitation of the phase displacement Ap:and of the secondary loop time cons

T by the transient dimensioning factor K4 for TPY cores
The [following relationship is often used as*a\basis of the designing of TPY cores. It can e

be shown that for TPY cores, the K,y value and the maximum phase displacement Agp ca

be ¢

Equ

hosen independently.

htion (37) , originally stated\jn TEC 61869-2:2012, Table 206, and Equation (38), origi

stated IEC 61869-2:2012, 7.3.202, can be combined by eliminating T, leading to

Equ

ption (39).

Kig

f=— . 100%
w[1/s]-Ty[s]

3438
Ap[min] - w[1/s]

Ts[S]:

fant

Bsily
nnot

nally

(37)

(38)

A@ is expressed in minutes.

With ¢ < 10%, we obtain

5= K B0lmin] 44 o,
3 438

Kiq - Ap [min] < 343,8

(39)

Therefore, a higher K,y may make it necessary to limit the permissible phase displacement,
since:
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. 343,8
Ap[min] < ——
@[min] I

td

As a consequence, for K;y = 10, for example,

— the maximum allowed phase angle is 34 min,
— and the appropriate minimum allowed value for T at 50 Hz is 322 ms.

10 Relations between the various types of classes

10.1 Overview
Thrge different approaches are available for the definition of protective current transformers.

In practice, each of the three definitions may result in the same physical implementation [see
Table 204 of IEC 61869-2:2012).

10.2] Calculation of e.m.f. at limiting conditions
Althpugh the definitions of the three approaches are quite different, an e.m.f. at limfiting

conditions related to rated frequency is defined for all of them”(Table 6), and they can be
compared with each other (Table 7).

Table 6 — e.m.f. definitions

P, PR Enm=/ ALE I - (Rey + Zp)
PX, PXR B = Kx Iy (R +Ry)
TPX, TPY, TPZ Eq = Kssc " Kig - Isr - (Rot + Rp)

Table 7.— Conversion of e.m.f. values

P, PR PX, PXR TPX, TPY, TPZ
P, AR Epfp = F-Eyg Enr = Ey
PX,[PXR Ec~ Eng /F Ey~ Ey/F
TPX, TPY, TPZ Ey~ Epf E,~ F-E

The [facter ¥ depends on the properties of the iron core material.

P RN 1 £
ractacarvarges—tange—rom

— between 1,2 and 1,3 for non-gapped cores;
— around 1,1 for gapped cores.
For all classes, a dimensioning factor (ALF, K,, Ky, Kiq) exists which can be understood as

the ratio of the e.m.f. at limiting conditions to the e.m.f. at rated burden and rated current.
They can be compared with each other as well (Table 8).
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Table 8 — Conversion of dimensioning factors

P, PR PX, PXR TPX, TPY, TPZ
PX, PXR Ky~ ALF | F Ky~ Kssc - Kig /F
TPX, TPY, TPZ Kgse - Kig = ALF Kege - Kig Ky - F

10.3—Catettati 4 iting{ tizing) attimiti it

All three approaches contain a limiting current condition, but they cannot be easily cemp
as their definitions are quite different (Table 9) and are related to various voltage levels.

Table 9 — Definitions of limiting current

ared

5P,| 5PR Ig =1Ig-ALF - 5% Composite-error

10P| 10PR Ig = lIg -ALF -10% Commposite error

PX,|PXR 16 — Speciﬂed value r.m.s. value

TPX, TPY - Peak value
Iy = Isr"/E'Kssc'g

TPZ - Peak value of AC component
lalac = Isr '\/E'Kssc Lac

10.4 Examples

Given: Class TPY:

Ry,

a) Find: Class PR:

Explanation:

+ The burdens.are comparable:
5 VA at’1°A means 5 Q with power factor 0,8.

The«wector sum of this burden and of the winding resistance is lower than in the
case with the 5 Q burden at unity power factor.

+ \A4LF is considered to be Kggc x Kiqg

5Q,TPY 20 x 5,5, R4 < 2,8 &”T; = 900 ms, 1 200/1 A

This CT is probably better than 5VA class 10 PR 110

TPY

NOTE
transformer is not built.

b) Find: Class PXR:

N Isr '(Rct +Rb)'Kssc 'th

1A-78Q-20-55

= =780V

11

~ 0,35 A

E, =
K F
I ~ Ek _ 780 Vv
© " (Ry+Ry) o Ts 78Q-314.09s
NOTE

10 PR 110 may suggest an extremely high short circuit current of 1 320 kA, for which the current

Class PXR may require a higher interturn test voltage, for which the current transformer is not built.



https://iecnorm.com/api/?name=6b4361a8b9f7e7c7edecc15df9c5e97d

-82 - IEC TR 61869-100:2017 © IEC 2017

10.5 Minimum requirements for class specification
This subclause describes a summary of the minimum requirements for class specification,

based on IEC 61869-2:2012,5.6.202. Table 10 shows the minimum requirements for all
protection classes.

Table 10 — Minimum requirements for class specification

Class Required Example for specification
designation

P accuracy class with accuracy limit factor (4LF) 5P 20
Rated output (S,) 10 VA

PR accuracy class with accuracy limit factor (4LF) 5 PR 20
Rated output (S,) 10 VA

PX,|PXR Rated knee point e.m.f. E =230V
upper limit of exciting current I, < 0,2A
upper limit of resistance of secondary winding R..'S\2.8 O

(N

alternatively:

dimensioning factor K, =40
upper limit of exciting current I,<02A
rated burden R,£3Q
TPX, rated symmetrical short circuit current factor Kgge =20
$E; for duty cycle C-O: ¢ Cycle 100 ms
or or

for duty cycle C-O-C-O: ¢, 1, t;, £ Cycle (40-100)-300-40 m§

al’ al
specified primary time constant Tp= 100 ms
rated resistive burden R,=2Q

alternatively:

rated symmetrical short circuit current factor Kgge =20
Rated value of/transient dimensioning factor Ky =20
rated resistive.burden R,=2Q
for TPY cores only: T, =500 ms

rated value of secondary loop time constant 2

Practically, for..modern protection that requires relatively short time to saturation , the secondary {ime
Constant does™hardly affect the K., value. Even if the required time to saturation should be 20 ms to 4( ms
a relatively Jong time), the difference of K, between TPX and TPY is small. These are the cases where|the
elay specialist will define a worst-case value of K, without defining Tg, and the choice of Ty is left to thg CT

manufagturer. A limitation of 7y is given in 9.2.

d’

NOTE  When defining a TPY core using the alternative definition, TEC 61869-2 requires that, besides K, the
secondary time constant Ty be stated. This is principally necessary, because the required over-dimensioning of
the CT is dependent on how quickly the flux will decay due to the secondary time constant.

10.6 Replacing a non-gapped core by a gapped core

In many situations, a non-gapped core could be replaced by an equivalent gapped core (P by
PR, PX by PXR, TPX by TPY), provided that the air gap is small enough. An air gap of totally
1/1 000 of the core circumference can be sufficient to reduce the remanence factor to a value
below 10 %. In any case, the influence of the magnetizing current in the non-saturated range
shall be reconsidered. Table 11 shows the remanence properties and the DC behaviour of all
protection classes.
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Table 11 — Effect of gapped and non-gapped cores

Remanence Anti-remanence High DC damping
P, PX, TPX X
TPY, PR, PXR X
TPZ X X

11 Protection functions and correct CT specification

11.1

In th
and
desq
as {
desi
CT

prot
do n
for (

The

in ANSI Standard C37-2 (so-called “ANSI codes”) 2], and uses a numbering systen

variq
func
Fun
subd

For
CT ¢

In's
prot

As
dime

additionally be subject to relay tests with saturated CT models as described in Clause 5,

Clay

11.2

11.2

General

is sublause, a basic overview and general guidelines are given for the choice\of CT d
the designing of the CT cores with respect to several protection,functions.

T designing can be applied in relation to several typical protection functions.

e are two methods for indicating protection relay functions in common use. One is ¢

us functions. The functions are supplementédvby letters where amplification of

lauses, the ANSI codes are stated in brackets.

more details regarding the proper definition of worst case scenarios in the network
esigning, further standards of the\}[EC 60255 series shall be considered [4], [5] to [6].

pecific projects, the CT sizing shall be according to CT requirements described in
pction relay manuals.

hn improvement tel\the old standard IEC 60044, the correct choice of the trang
nsioning factor( Ky shall not only be based on mathematical formulae, but

se 6.

General application recommendations

lass
The

ription is not intended to be fully comprehensive and the data used in therexamples, guch
he choice of CT class, consideration of worst case scenarios an@-calculation of
gning parameters, are general and only for the purpose of illustrating the examples.
requirements for the CT core designing that are used in the eXamples for the van
pction functions. These are arbitrary and independent of concrete brands or products
ot claim to be exhaustive. The main purpose of the examples is to show how the form

CT
The
ious
and
ulae

iven
for
the

fion is required. The other is given in IEC 60617 [3], and uses graphical symbols.
ttion descriptions are given in the above mentioned standards. In this subclause and its

and

the

ient
shall
and

1 Protection functions and appropriate classes

Table 12 shows the minimum requirements for current transformers with reference to their
protection function. (ANSI codes for protection functions in parentheses).
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Table 12 — Application recommendations

Protection function Recommended CT class Remark
Overcurrent, phase/earth ALF > maximum current
. . setting of definite stages
— non-directional (50/51/50N/51N) 10P ALF > 20 (for inverse
— directional (67/67N) 10P (eventually 5P) stage) considering the
real fault currents
Distance (21/21N) 5P, PX
5PR, TPY, (TPZ), PXR to avoid remanence, TPZ
for high T,
SenLitive earth fault window type CT class: If phase CTs as
) . protection class. are
- ngn-directional applied in resjdual
- isolated, high-ohmic class 3 (Holmgreen) CT”
connection,\sensitive
- gompensated class 1 settingshmay be delaygd
. . in order to avoid maltr|ps
— difectional class 1 dué-Ao-/CT saturation.
Diffgrential 5PR, TPY, (TPZ), PXR TPZ for high Tp
— ur}it transformer (87T)
— transmission transformer (87T)
— ayxiliary or MV transformer (87T)
— ggnerator transformer (87G)
— bys bar (87B)
— lirle (87L)
- N
- Ho 5P normally sufficient
— hipgh impedance PX
Evely low impedance protection function with same classes and data
CTq connected in parallel 5PR, TPY, TPZ
High-impedance PX
In special cases of highiimpedance differential protection schemes, even low fault currents
are flesired to be detected with high sensitivity. Therefore anti-remanence core classes $uch
as %PR, 10PR, TRY or PXR are not suitable for such applications. In other proteg¢tion
schgmes applying.tow impedance protection, there are no drawbacks of using anti-remang¢nce
corg| classes,.because they don’t have a significant damping or filtering effect to the] DC
component ofthe current.
However, when applying class TPZ with desired damping or filtering effect to the| DC
component, the refay suitabitity (Tegarding used aigorithms) has to be carefully considered.

Actually, only their sensitivity concerning the evaluation of the DC component is important.
Typically in modern relays, the fundamental component of the signal is filtered out and
evaluated, while the DC component is suppressed anyway. Therefore, in differential
protection schemes, different CT core classes within the same protection zone (TPZ and non-
gapped cores as extreme case) don’t normally show practical drawbacks if the differential
protection relay uses Fourier filtering.

The damping effect of class TPZ to the DC component in the CT secondary current has
significant consequences in cases when low fault or overcurrents with high primary time
constant 7, occur (e.g. low transformer inrush currents, sympathetic transformer inrush, low
fault current contribution in power stations). It may lead to CT saturation even at very low
current levels.
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Such scenarios are very hard to stabilize in differential protection relays. Unwanted trips at
external faults related to class TPZ occurred in the past, when unfiltered CT secondary
currents were compared dynamically, in digital terms “sample by sample”. If the DC
components of different CT secondary currents are suppressed with different degree (e.g. due
to different CT classes or core sizes), a differential current appears on the CT secondary side
even when no internal fault is present on the primary side. Such scenarios shall be focused by
the protection relay manufacturers.

11.2.2 Correct CT designing in the past and today

The equations usually applied for core size dimension according to Table 6 are:

Eq =Ky - Kese Lo '(Rct +Rb)
or
EpLp = ALF - I -(Ret + Zp ) =12 to 13- By,

(usimg a practical estimation factor, see Table 7),where some of the)input parameters shall be
spegified by the customer according toTable 10.

For the classes P, PR, TPX, TPY and TPZ, R is not specified because this is an intgrnal
pargmeter for construction purposes.

In tHe past (more than 20 to 40 years ago), the netwerks had generally lower time constants
T,, [and electromechanical protection devices<had high burdens (10 VA or more)| As
erec romechanical protection devices needed ‘aomechanical torque for operation, the usual
rated current of 5 A was a suitable value. Therefore, the conversion of the burden valug as
impgdance or resistance multiplied by the square of the rated current led to high values, $uch
as 30 VA. The mechanical torque was.gained from the input current via an input cufrent
transformer using the inductive part 6fdts impedance. Therefore, a specified power factor of
cos¢g = 0,8 for the burden for classes 5P, 10P and measurement classes resulted. Thys it
appegars that the power factor 0,8 has a historical background.

Due|to the longer operation times, when the DC component has already declined, only the
symmetrical AC companent of the short circuit current was relevant for pick-up. Core
saturation was a known-phenomenon but not considered to be an important problem in most
casgs. If two or threerelays were connected in series to the CT core, the total rated burdgn of
30 VA was sufficient’in most cases. As, in most cases, the maximum pick-up setting wag not
higher than 20x7,,, the typical CT core was a 30 VA 5P20 for many applications. This|was
the fime whén“classes 5P and 10P were only specified for the AC component of the ghort
circyit current.

Nowadays. higher voltage levels are used. generators are constructed for higher power|and
the losses are lower due to optimization and cooling. Therefore, primary time constants can
be higher and have an important influence on the core saturation. This may disturb the
selectivity of modern protection devices. They measure and operate within one cycle or
shorter. Depending on the purpose and the protection relay age, the factor K,y avoids the
saturation due to the DC component for

¢ the time to accuracy limit 7', with typical K,y = 2 to 20 (fast operation and trip);

o the full duration of the short circuit current flow. (no saturation allowed, ¢, = ¢, relay shall
be stable for currents flowing for longer time, as tripping is performed by other relays);

In this case, high factors of K,y = 10 to 50 result, also because older protection relays had
only simple or no stabilizing functions against saturation.

With such high transient factors K.y, the cores became larger, which was practicable in
outdoor current transformers. Nowadays, gas insulated equipment (GIS) provides only limited
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space for current transformers. For very short £, values for the protection devices, smaller
transient dimensioning factors result, and the CT cores can be built smaller.

As electronic protection devices (next generation after electromechanical ones) measure the
CT secondary current only as a signal and no longer need any torque, their burden is much
lower and mainly resistive, so the transient performance classes TPX, TPY, TPZ are specified
for a resistive burden in [QQ] (cos¢ = 1). Without the torque needed, the rated current of 1 A is
sufficient and even the value of 0,1 A is now in discussion and is already used in special
applications.

Aty

E

al

Each of these specified parameters is chosen strictly according to the applicatior.

But,

applications with the traditional model which used the high burdens “of electromecha

rela

In many applications, the high rated burden compensates the low ALF. The resulting phy
Eq

tob

burdened”, the accuracy may be worse than in the €ase of CT cores with an operati
burden similar to the rated burden. This may be important when using differential protec

and

The

todaly (low burden, K4 > 1 or K4 < 1) is obvious.

Nowladays, in refurbishment projects,\itis still common practice to keep the old CT cores
confject them to new, modern protection devices. In such cases, the compliance of]

exis

The

is th

4 Kig - Keso I (Rt + Ry) With Ry low, K., Kiq high (e.9. Ry = 2,5 Q, Kiy = 5, Kgge- 5 20).

nical reauirement for TPX _TDY TD7Z7 (0¢c axvamnlas of maodaern nrataction relave) could
tear—FequHemeitto A+ 14 1a5-6xa Fote-cHoH S o

be

TrpProY-o oo rery ot

as classes 5P, 10P are well known from the past, they are still used in the majori

s and the overcurrent factor 4ALF, which only considered the A€y component.

b changed, but when using CT cores with high rated burden which are extremely “un

may be considered when old relays with higher‘burden are replaced by digital relays.

difference between the parameter datacof the past (high rated burden, no Ki4) an

ing old CTs with the requirements of the new, modern relays shall be checked.
required TPX, TPY or TPZ core with
Eq =Ky - Kgse Lo '(Rct +Rb)

En realized)by a class 5P or 10P core. Its suitability is verified according to Table 8 by

Kig Kese ® ALF'

y of
hical

sical

emains more or less the same. Superficially, it seems, that'this philosophy does not need

der-
onal
tion,

d of

and
the

From the physical point of view (similar accuracy limiting voltage with similar transient
performance), this formula shows the similarity between the classes 5P/10P, and TPX/TPY
(classes TPZ and TPY with low Tg need special consideration).

Example:

500/1 A, 5P60, 5 VA, Ry = 2 Q

is similar to

500/1 A, TPX or TPY, Ry =5 Q, Ry =2 Q, Kgq = 20, Ky = 3.

If the operational burden R’, is different to the rated burden R, the following conversion can
be applied in order to calculate the operational accuracy limit factor ALF’:
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E,=ALF-I,-(Ry+R,)=ALF -1, -(Ry +R,)
R, + R,

ALF = ALF ,
R, +R»

Ry, high and ALF low (e.g. 30 VA 5P20).

But, in this calculation, the winding resistance R is needed. If this parameter is unknown,
several estimations can be used but may be wrong.

This
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1.3

11.3
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Figu
netw

practice is not in line with IEC 61869-2, because it may lead to maladapted, wrg
acterized cores with high rated burden, where the class is not fulfilled for .very
ational burdens.

reason why such a conversion is still very often used is a historical one;”and it is
mmended that it be used for new substations with new CT cores.

definitions (S, and ALF, as well as K4, Ks5c and Ry, ) are applicable: R is not neede
ification, it will be chosen by the manufacturer.

Overcurrent protection: ANSI code: (50/51/50N/51N/67/67N); IEC symbol: I>
1 Exposition

rcurrent (OC) relays are typically used in radial<and industrial systems. In their sim
, OC relays measure the current and compare™it with the threshold (pickup) setting o
. The relay operates either instantaneously orafter a time delay for all currents above
hold. Selectivity can be achieved by time orcurrent grading or by a combination of bq

bical application often used in medium, and high voltage grids in Central Europe is givI]n in

re 57 as an example. The single-line diagram shown at the bottom represents a si

ar

ork. The lines connecting 4 substations are each protected with an OC relay. Since th
dial system, there is only on€ source in substation A. The operating curves for|

appropriate OC relays are displayed at the top. The relay at substation C is set at the sho
posgible operating time or time delay. The operating time of the relays is gradually increased

fro

C to A. The interval .between the operating times of each relay shall be long enoug

ordegr to achieve correct co-ordination. This ensures that the breaker near the fault can
and |clear this fault (before the upstream (backup) relays can operate. It is necessar
compine a time delay OC (TOC) with an instantaneous OC (IOC) to avoid long fault clez
timep. This is theicase if the fault is close to the source. The IOC curves are displaye
dotted lines.

ngly
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Time TOC TOC TOC
A
Relay A oG
Relay B oG
[aled
Relay C
______________________________________________________ = Reach
Fault
\ | CB (52) | CE (52) | CB |52}
1 [ [T,
6; | L | L] | L toad
A I B I> o I> D
(G0VET) SVET) B051)
Key
A,B,¢,D substations
10C instantaneous overcurrent protection
TOC time delayed overcurrent protection
CB circuit breaker
1> overcurrent protection relay

Figure 57 — Application of instantaneous/time-delay
overcurrent relay (ANSI codes 50/51) with definite time characteristic

The|(non-dotted) operational curve shown in the above example is defined as the Deffinite
Timg¢ Characteristic. Another very. @ommon time characteristic is the Inverse Time
Characteristic. Both are shown in Figure 58.

!

|

1

\

i \

Time o Time| \
Definite Inverse
Time Time

N\
Q
Current —» Current —»

Figure 58 — Time-delay overcurrent relay, time characteristics

The influence of current transformer saturation on OC protection basically depends on the
measurement principle used (e.g. r.m.s., peak value, etc.) and the time characteristic chosen.
Of course, this influence is also dependent on the relay technology used (electromechanical,
static or numerical). In general, CT saturation may cause delayed relay operation. This is
easy to see for the inverse curve (see Figure 58). With a high DC component, saturation can
temporarily cause secondary currents below the pickup value. If time delay OC or
instantaneous OC is used, an extended operation time can be the consequence.


https://iecnorm.com/api/?name=6b4361a8b9f7e7c7edecc15df9c5e97d

IEC TR 61869-100:2017 © IEC 2017 -89 —

It is well known that CT saturation can cause appreciable errors in both phase and amplitude.
The former may lead to wrong directional decisions with the result of unselective tripping in
the worst-case.

11.3.2 Recommendation

For overcurrent protection typical ALF or Kggc 2 20 can be recommended. This value
represents a typical maximum current of an inverse curve, which is often used in time-delayed
overcurrent protection. Besides that, ALF or Kggc shall be higher than the maximum
prospective and feasible setting used for overcurrent protection (here typically referred to the
high current stage protection setting 7>>).

11.3.3 Example
5001 CT; Ipsc = 40 kA; I>> = 30-[pr =15 kA; R, = 3,5 Q, see Figure 59.

Therefore, a CT with the protection class 5P30 5 VA can be recommended.

I .. =40KkA

e

Ior =500 A
I, =1A
Key
1IDr rated primary current
1IDSC rated primary short circuit current
I, rated secondary eurrent
R secondary winding resistance
R resistive burden

Figure 59 — CT specification example, time overcurrent

11.4| Distance protection: ANSI codes: 21/21N, IEC code: Z<

11.4.1 Exposition

A distance relay measures voltage and current at the relay location. On the basis of these
electrical values, the relay determines the impedance between the relay and the fault location.
Since the impedance per kilometre of a transmission line is nearly constant, the measured
impedance is proportional to the distance to the fault. The relay compares the apparent
impedance determined with the reach point impedance which was defined by the customer. If
the determined impedance is less than the reach point impedance, an internal fault is
detected and a trip command is issued to the breaker either instantaneously or after a
predefined time delay. Due to errors in current and voltage transformers, inaccuracies in line
impedance data and errors in relay settings and measurement, Zone 1 shall not cover the
entire line. Otherwise, there is a risk of overreaching the protected line, which can by no
means be accepted. Therefore, a second, time-delayed Zone 2 is needed to protect the line
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between the end of Zone 1 and the remote bus. A third zone can be used for remote backup
protection.

Figure 60 illustrates the above-mentioned principle. The simple radial network already used in
11.2.2 is shown. The equipment is protected using distance protection, i.e. a protection
system that calculates the impedance (Z) of the faulted loops using the measurement of
voltage and current transformers. With this kind of protection, selectivity will be achieved
using time-distance grading. This grading can be displayed in a time-distance diagram, as
shown at the top. The principle of time-distance grading can be explained by using a fault
scenario. For the fault shown on the line between C and D, relay R and Rg and possibly Rp
would detect the fault. Relay R~ determines that the fault is in its Zone 1 and would
instgntaneously issue a trip command to its associated circuit breaker. Relay Rg would “see”
that|the fault is in its time delayed Zone 3. Therefore the fault will be cleared by the distance
relay and the breaker in C. The backup relay Rg will be reset before it can trip its breaker.

time

= distajce

/F—Q—\\\ » Load

e N
CB(52)
; X J
N )
|
: I
\.‘1 L _ | Z"-‘-: .
\_‘ (21/21M} -’
Key
A,B,¢,D. V' substations
CB circuit breaker
Z< distance protection relay

Figure 60 — Distance protection, principle (time distance diagram)

It is common practice to use a R/X diagram to visualize the coverage of a distance protection
relay. Considering the system above, Figure 61 shows the zones of operation (steps) for the
distance relay Ry
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—
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£ - -= =
[ -

R

Key

A,B,4,.D substations

R line resistance
X line reactance

Figure 61 — Distance protection, principle (R/X diagram)

Depgnding on the technology, manufacturer and vapplication, the influence of cufrent
trangformer saturation on distance protection nis very complex. Generally the operating
characteristic used is an important point; on the other hand, it is a question of the measuring
pring¢iple implemented, which may dependen the relay technology used. For exanple,
elecfromechanical relays tend by nature toca reduction of range as the current measured is
too low in the case of CT saturation. Solid-state relays behave similarly to electromechanical
relays if circle characteristics are applied. The impact on computerized relays is manifold|and
depg¢nds mainly on the impedance\measuring algorithm implemented [7],[8]. Without gping
into [details, there is a certain risk ‘of both failure to operate and unwanted operation in cases
of sgvere CT saturation.

Modern relays are equipped with functions that can compensate CT saturation. This jmay
minimise the risk of relay malfunctions.

11.4.2 Recommendations

The [protection relay manufacturer defines and provides the CT designing requirements which
depe¢nd oncsignificant worst-case fault scenarios in the network (fault positions relative tq the
protgcted-line/set zone boundaries). These requirements may be critical for the relay stability
due [to.CT saturation. (If the voltage transformer is a capacitive type (CVT), an additjonal
special consideration has to be made). Such considerations are proposed in IEC 60255-121
[4], where, for instance, four significant fault scenarios are presented in a very detailed
manner and several examples are given. This approach is very interesting, especially from the
distance protection point of view. In the following example, only two fault positions are shown
and only three-phase faults are considered. This basic example can be easily extended to the
more detailed consideration in [IEC 60255-121 [4].

11.4.3 Examples
11.4.3.1 Designing example 1
11.4.3.11 General

Figure 62 shows a CT designing example for distance protection. It shall be kept in mind that
this example shows how to proceed if the time to accuracy limit ', is used as first assumption
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from the protection relay algorithm and as the first input parameter of the whole consideration
in order to continue with protection relay tests in a second step. It shows the way rather for
authors of relay manuals (who define the CT requirements in general and normalized form)
than for project engineers (who apply the general CT requirements from the protection relay
manual and specify the CT parameters for a concrete project). The reader/protection engineer
shall use the simplified method and results as given by the relay manufacturer in the
corresponding manuals (e.g. transient dimensioning factor K,4, rated symmetrical short circuit

current factor K., recommendations how to handle with remanence, etc.).

Um =RV ZZOne1_G’85 ZL
—
@ | o Fa\'L(JIt 1 Fat;{lt 2 |
A | = a0kr A
1t o A oot
T, =50ms L=Y m
J, =50Hz
Key
AB substations
Un highest voltage for equipment
17, Initial symmetrical short circuit current
T, primary time constant
I rated frequency
Z70ne impedance of zone 1
zZ line impedance
! length of line
R’ resistance per length unit
X' inductance per length unijt
Z< distance protection relay
Figure 62 — CT Designing example, distance protection
11.43.1.2 Fault1 (close-in fault)
a) [Data fromnetwork:
« =40 KA (initial symmetrical short-circuit current)
=50 Hz
Tp =50 ms (primary time constant of source impedance, active at the fault location 1)
b) CT data:

Iop = 500 A (chosen according to the rated current of the protected line)
Ipse =1" =40 kA

I, =1A

Kgge =80 = Ipgo /I, = 40 kA /500 A (symmetrical short circuit current factor)
T, =500 ms (class TPY against remanence, assumed value)

'y =15 ms (assumed by relay manufacturer for fault location 1)

This is between time range 1 and 2, at the beginning of time range 2 (see also Figure 22).
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start of time range 3 is at titp, max = 127,7 ms (from Equation (15)).

For this 7', the worst-case fault inception angle y, from Equation (23) that leads to the

max

imum flux and earliest saturation, is

y = 100° (value from the physical point of view) which is calculated from 6 (value used in
mathematical formula) with ¢ = arctan(a)Tp) = arctan(2rx x 50 Hz x 0,05 s) = 86,4°.

y=0+¢ =13,6° + 86,4° = 100°

The

In tH
furth

be values lead to the transient factor Kigp,.

= 5,1 from Equation (12) which could be used either directly as K;y = 5,1 for.relay t
e test results from the relay manufacturer could provide some higher values’ with s
jins for instance Ky = 6 or higher.

er application in the project engineering.

Faster estimation:

As t
calc

NOTE

meas
may
clear

he required ', = 15 ms is not in time range 1, but very close to it in time range 2
ilated Ki; can also be estimated from Figure 18 or Figure 20 by visual extrapolation.

The values given above for ', = 15 ms and 20 ms aréon the safe side for a wide range of currents
ured in the relay. For very high short circuit currents,\modern protection devices with numerical proce|
rip immediately after consideration of only 2 samplés*when the fault location on the line is very surg
This approach ensures a fast trip and less damage to the equipment.

11.4.3.1.3 Fault 2 (Zone 1 fault)

Dat3

R’

of protected line and protection-fequirements:

= 0,1 Q/km (Resistance per length unit)

= 0,4 Q/km (Indugtive reactance per length unit)

=40 km (length)
=110 kV (nominal system voltage)
L1 = 0,85 x Z (K|, = 0,85; protection setting factor)
=20 ms§ (assumed by relay manufacturer for fault location 2)
=14 (security factor for short circuit analysis as per

standard IEC 60909-0:2001 [14].

sts.
fety

is example, Ky = 6 is used and published as CT requirement in‘the relay manual for

the

being
5S0rs
and

Usi

g-the source impedance and the line impedance up to the zone 1 setting, the short ci

cuit

current and its DC time constant T,

Source impedance: Zg

Source resistance: Rg =

p,lim @re calculated.
cUp 11110 kV

T30, 340 kA

=1746Q

Zg

J1+@r s P

=0111Q

Source reactance: Xg =+/Z5 - R3 =1743 Q
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Line resistance: R, =Ky -l -R =085 -40 km-0,1Q/km=34 Q
Line reactance: XL =Kjim -1, ~R{_ =0,85 -40 km-0,4 Q/km=13,6 Q
Short circuit resistance: Rsc =Rg+R_ =35110Q

Short circuit reactance: X =Xg+X =15343 Q

Shoft circuit impedance: Zeo =\ REG + X2 =1574 Q

LUy 1110k
M= 3.z, 3-1574Q

Zon¢ 1 short circuit current: =4438 kA

1 Xg

= =1391 ms
fim 2nfy Rse

Zong 1 primary time constant: T,

With a short circuit current of /g iy = /,
is

psc = 4,5 kA, the symmetrical short circuit current factor

Keso =Ips /Ioy €45KA/500A = 9

With the DC time constant 7p = 14 ms (impedance at the fault location source impedance |plus
line jmpedance), we find the transient dimensioning factor.

For ', = 20 ms, the worst-case fault inception angle is y = 93,6°,

whigh is calculated using

¢ = arctan(wTp) = arctapn(2x-50Hz-0,014 s) = 77,2°
1=0+p=16,4°+77,2°=93,6°

These data lead to

Kigp = 4,4

whefe we_may choose K;y = 5 or some higher value with safety margin as result from felay
testg. Thisresult is published as CT requirement in the relay manual for further applicatign in
the ;rroject engineering.

11.4.3.1.4 Required current transformer

Ior  =500A

I, =1A

class TPY

T = 500 ms (see assumed CT data above)

The values K . and K4 are both higher for fault location 1, so fault case 1 is decisive:

SsC

K.

SsC

=80
Kiqy =6 (from above as published CT requirement in the relay manual)
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The burden connected via the secondary cable (copper, length, cross section, two
conductors)

Qmm?Z 200 m
2

Ry, (CT secondary cable) = 2p.,(75 °C)l‘”i:2~0,02171
Awire m  4mm

=2171Q

and the relay burden of 0,1 VA, (0,1 Qat I, =1 A)

The rated burden is chosen as

Rb = 2,5 Q.

11.4.3.2 Designing example 2 (TPY, C-0O-C-0)

The|CT for the protection relay in the preceding example 1 is now dimensioned for duto-
reclgsure (AR) duty cycle C-O-C-O. The impedance calculation and short(circuit currentq are
the game as above, also for the second fault, when the AR is not successful.

Therequired times to accuracy limit for the relay are the same.

Fault location 1:
51 94 15 ms (assumed by relay manufacturer for calculationiof K;; and relay tests)

Fault location 2:
t's1 4 20 ms (ditto)

For the chosen CT class TPY with T; = 500 ms, only the transient dimensioning factor n¢eds
to b¢ calculated in addition to the preceding.example 1.

The|AR duty cycle C-O-C-O can be assumed for calculation of K;; and relay tests as follows:

'y | =55 ms, which contains ¢4 =15 ms and delay time of circuit breaker.
ty | =400 ms (auto re-closérdead time).
¢’ =15 ms.

The |primary current.is shown in Figure 63.
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Key
t time
1 primary current

Figure 63 — Primary current with C-O-C-0O _duty cycle

In the following, the Ki; value is determined.

Kt
10H
aH
&H
4H
U u
T — 1 T\ T T T 1 T T L T L T J 7 T
0,000 0,100 0,200 0,200 0,400 tls]
Key
Kis transiefit_factor
Kigp envelope of the curve th,wmax(t)
th,wnax overall transient factor
t time
t’ duration of the first fault

al specified time to accuracy limit in the second fault

Figure 64 — Transient factor Ky with its envelope curve K,
In Figure 64, the maximum transient factor Ki; at the end of the first fault is 10,7.

At the end of the second fault, Ki; is 9,7 (This results directly from Equation (26)).

If the CT is dimensioned to the lower value of 9,7, it will saturate during the first fault.

As the required time to accuracy limit 'y, = 15 ms is shorter than ¢ = 55 ms, saturation during
the first fault is allowed. Therefore the transient factor can be reduced down to the saturated
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value K = 9, since saturation does not occur during the second fault until t’;; = 15 ms (see
Figure 65 and Figure 41). In this case, the required Kj; is identical in both faults.

th
10+ fim— ,
[ I ——— En o = — — ———— ————————————————— ——
a4
tf,ymax
E —
K tf,ymax,reduced o
4
24 LAl £
04 [
T T T T T I T T T T I T T T T I T T T T I T T T T
0,000 0,100 0,200 0,300 0,400 [s]
Key
Ky transient factor
th,wnax overall transient factor
Kﬁ’wax’reduced overall transient factor, considering allowed saturation during the first fault
t time
t’ duration of the first fault

specified time to accuracy limit in the first fault

specified time to accuracy limit in the second/fault

Figure 65 — Transient factor Ki; for CT class TPY with saturation in the first fault

If the transient factor is too high due to slow flux decay during the AR fault repetition time| CT
clasp TPZ can be used with Tg = 61 ms.(Figure 66). The Ki; is 7,4 at the end of the first fault
and|4,7 at the end of the second fault. It can therefore be reduced to Ky = 4,7, allowing
satufration during the first fault.

Ky

tf,pmax

§
B- \II III f \\"‘-./K

Ktr,mmax,reduced —=

0,100 0,200 0,200 0,400 11s]

Key

Ky transient factor

th,Lumax overall transient factor

Kﬁ’wmax’reduced overall transient factor, considering allowed saturation during the first fault
t time

t duration of the first fault

specified time to accuracy limit in the first fault

specified time to accuracy limit in the second fault

Figure 66 — Transient factor Ki; for CT class TPZ with saturation in the first fault
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If CT class TPX with 75 =10 s is used, the transient factor is much higher, because it does
not have a considerable flux decay during the fault repetition time due to remanence, so
Equation (25) is applied and no reduction is possible (Figure 67). The required transient factor
K at the end of the second fault is Ky = 16,5.

15 § f
K tf,wmax ."

—71 r r r r 1 T T r r I r T T T 1 Tt Tt T T TOn=r ]
0,000 0,100 0,200 0,300 0,400 1ls]

Key

Ky transient factor
th,wnax overall transient factor
t time

Figure 67 — Transient factor Ky for CT class TPX

A ppssible remanence (magnetized TPX(core) at the beginning of the first fault is| not
congidered here and could lead to much+earlier saturation. For such cases, gapped coreq are
recommended, especially for new projéects, and not only for auto-reclosure.

NOTE However, for existing plants, non-gapped cores can be utilized if tests show their suitability.

11.43.3 Summary

With these calculated values of the transient factor Ky;, a good theoretical basis is founj for
verifying tests with pretection relays, which may lead to a higher safety margin or even to
lowgr values of the(fransient dimensioning factor K4 (if saturation is uncritical).

It is Inot of mueh-use to indicate only a single duty cycle C — O in the specification, it is bgtter
to cover mixed cases with one or a few global factors of K,4. The transient dimensioning factor
Kiq ¢an glso be a discrete set of such factors or a smooth curve for several significant worst
casgs<n the network and for different CT classes with additional recommendations. Such data

a haed 1n thg = man D na-nprole enaineering theseg mble ~Yalll :---

11.5 Differential protection
11.5.1 Exposition

According to the Kirchhoff law, differential protection compares all inflowing and outflowing
currents in the protected zone. Under normal or through-fault conditions, the vector sum of all
currents entering should be ideally zero. In practice, certain phenomena cause a substantial
(false) differential current so the sum is not near zero in healthy conditions. In the case of an
internal fault, the current sum is almost equal to the short circuit current at the fault point. In
this case, a differential relay uses the apparent differential current as a definite indication of
an internal fault. Figure 68 illustrates this principle. The arrows show the current direction.
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—
—

Protected
equipment

¥

b) Internal fault
Key
Al difference between’the secondary currents of the two current transformers

Figure 68 — Differential protection, principle

The| behaviour of the current transformers plays a major role in differential protection.
Normaly,-internal faults should be recognized by all kind of differential relays. The main i$sue
herd is.rather to remain stable in the case of external faults with high through-fault currents.

11.5.2 General recommendations
e Both internal and external faults have to be considered.

o Typically, the external fault is the most critical fault for this kind of protection.
11.5.3 Transformer differential protection (87T)
11.5.3.1 Exposition

The basic principle of differential protection has already been described above. It is well
known that CT saturation can cause significantly incorrect differential currents in the case of
faults. In this application, both internal and external faults have to be considered. As
described above, stability against unwanted operation of the protection shall be ensured for
all kinds of external faults, in particular for long fault-clearing times.
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Of course, internal CT faults can also cause saturation in the worst-case. The most critical

situation (Figure 69) is a fault on the high-voltage side between the CT and the transfor

mer.

For low source impedances, short circuit currents can be very high. On the other hand, the
rated primary current 7. of the CT is relatively low, as its value has to be adapted to the

nominal current of the transformer.

j=———— -0 internal fault

Key

Al differential protection relay

Figure 69 — Transformer differential protection, faults

Numlerical relays provide specific algorithms which detect saturation and thus help pre
malgperation. Many modern relays neéd a time to accuracy limit (¢,) equal to or less th
quarter cycle (5 ms at 50 Hz system_frequency).

.3.2 Recommendations
orrect designing of CT cores considering all aspects of fault occurrencies;
T ratios have to be-adapted to the nominal current of the power transformer;

nti-remanence GT type/class: 5PR, TPY, TPZ , PXR (possibly with K, definition).
11.5.3.3 Example
11.5.3.3.1 General

Figufre 70 shows the circuit diagram of a transformer with differential protection betweer

vent
AN a

pha

to the phase CTs and neutral CT on the LV side. Protection (87N) is applied in order to
compensate the sensitivity loss of (87T) due to vector group adoption where faults very close

to the star-point can be detected with higher sensitivity.
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I 500/1 A

e pv [int,HVl
40 MVA A NER
110 /13 KV C X 2004 (5s) | 20014
2% , Sauil

I7r=210/1776 A

Linr v v

T 2200/1 A
LintLv

13 kV 40 KA (1s) é

maximum through fault current (through the transformer, limited by transformer impedance uy)
on high voltage (HV) side, for external faults on high<or low voltage side (maximum current of

maximum internal fault current on high voltage (HV) side, fed by infeeds and feeders on HV side

maximum internal fault current on low voltage (LV) side, fed by infeeds and feeders on LV side

Key
I 1, rated transformer current
Lie L maximum through fault current on low voltage (LV) side for external faults
Ithr,H
cases)
Iint,H
Tt
NER neutral earthing resistor

11.5.3.3.2 Relay CT requirements
Opefating current range of the reflay:
Kiq flor internal faults:

:Er external faults:
Max} mismatch factof:

11.5.3.3.3 ~\.CT primary currents

The|rated’primary currents of the phase CTs on the HV and LV sides of the transformer
choden’to be at least 120 % of the rated transformer currents of 210 A and 1 7

80 A

Kiq.int 2 0,5 (given in the relay manual)
Kiq.thr 2 3 (given in the relay manual)

YT <Iycr! L ST,

where I, ct Is the rated primary current of

appropriate CT.

Figure 70 — Transformer differential protection

both

the

are
6A

respectively because transformer overload currents can occur. If not otherwise specified, CTs

cannot be overloaded.

The relay current inputs can be overloaded by up to 80 A (1s) when short circuit currents
occur on the CT primary side. If the CT primary current on the transformer HV side is only
120 % x 210 A = 252 A, the maximum short circuit current on the CT secondary side will be
40 kA/252 = 159 A, what is too high. So the minimum CT ratio is &, ,,;, = 40 kA/80 A = 500.
Therefore these CTs are chosen as 500/1 A. ’

On the transformer low voltage side, this problem is not relevant, because the CT primary
current is 120 % x 1 776 A = 2131 A; so we choose 2 200 A.
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Earth fault currents on the transformer LV side are limited to 200 A by a neutral earthing
resistor (NER). Here, the neutral CT 200/1 A could be an option. As required by the relay, the
maximum mismatch factor of the CT primary rated current to the transformer rated current is 7
or 1/7.

1 >1776 A/ 7 =254 A, therefore 300/1 A is chosen.

pr,min

The maximum mismatch factor for the phase CTs is not exceeded.

11.5.3.3.4 CT overcurrents at internal faults

Inteqnal faults (faults within the selective zone) shall be tripped correctly and fast, thergfore
the {ransient dimensioning factor K4 ;,; should be higher than 0,5 as shown in relay(tests|and
givep in the relay manual.

The|symmetrical short circuit current factor Kys. should be higher than /

I 15, (requirement
givep in the relay manual) for HV and LV side.

pse

K.

SSC

for internal fault on HV side:  Kgq jnt >= 40 kKA/500 A = 80

K.

ssc| for internal fault on LV side: K

ssc.int >= 40 kA/2 200 A 18,2

11.5.3.3.5 External faults

Extgrnal faults outside the selective zone shall not bé tripped at least until the fault is clepred
by gther protection relays. The required transient‘dimensioning factor K.y should be grgater
than 3, as defined by relay tests and given incthe relay manual. In general, differential
protection relays are more unstable on externalfdults than on internal faults.

The[maximum through-fault current flowing through the transformer during an external fault
Isc e is limited by its short circuit impedance ug, of 12 %. This is on the safe side ag the
intefnal impedance of the network source is neglected.

Iscthr = Ire  Usc

Thrqugh-fault current on HV'side: Iscthr =210 A/ 12 % =1 750 A
Kgso|for external fault.on-HV side: Ksse thr >= Isc,thr / Tor,cT =1 750 A/ 500 A = 3,5
Thrqugh-fault currentyon LV side: Iscthe= 1776 A1 12 % = 14,8 kA

Ko for externakfault on LV side: Ksse thr >= Isc thr  Ipr,cT = 14,8 KA/ 2200 A =6,8

It is [clear that'the lower through-currents need a higher K4 factor. On the other hand, higher
intefnal fault currents need a lower K.

The results are summarized In (Table 13):
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Table 13 — Calculation results of the overdimensioning of a TPY core
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Internal fault

External fault

HV K, =80 K., =35
K4=05 Kg=3
Kig x Kooo= 40 * o | KyxK =105
LV Ky, =182 K, =68
Ky=05 Kg=3
Ky x Kooo= 9,1 o | KyxK, =204 *

The relevant scenarios (fault scenarios in the network) for CT core
sizing on the HV and LV side are marked with an asterisk.

To gomply with the requirements of internal and external faults as well, it is impossible to|find
a common solution without overdimensioning the CTs.

If op both HV and LV side, the highest values of K and K,, are @ombined, the follo

overdimensioning is obtained:

HV side: Kg, x Kig = 80 x 3 = 240
UV side: K g, x Kig = 18,2 x 3 = 54,6

This|approach may lead to huge unfeasible CT cores.

The| solution is to multiply K, x K

SsC

for HV ahd LV scenarios separately and take

ving

the

maxjmum result among these products. In Table-13, the relevant scenarios (fault scenarigs in
the metwork) for CT core sizing on the HV and/LV side are marked with an asterisk.

It sHall be considered that actually for classes TPY or TPZ, the K. and K;q values ca
chogen arbitrarily.

HV side: K. = 80, K;4 = 0,5
QV side: Kgq, = 6,8 Kiq =3

N be

In spme applications, the _class PX is used for low impedance differential applications. In the
following, the dimensioning of class PX CTs is described.

Firsfly, the facter\X, for class PX is calculated in Table 14, considering the factor F taken
exemplarily as<1;25 (see Table 7):

Table 14 — Calculation results of overdimensioning as PX core

nternal fault
K, x K

td,int ssc,int

K

x,int —

I'F

External fault
K x K

td,ext ssc,ext

K

x,ext

I'F

HV side:
K, = max(K

x,int; k

max(32;8,5) = 32

=0,5x80/1,25=32

=3x35/1,25=8,5

LV side:

choose 17

K, = max(7,28; 16,32) = 16,32

=05x18,2/1,25=7,28

=3x6,8/1,25=16,32

The winding resistances of the CT are assumed to be:

HV side: R =2 Q
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LV side: R = 8,8 Q

If the total connected burden is 2,1 Q (for example), the overcurrent factor K, and the burden

of th

e CT can be specified as follows:

HV side: 500/1A class PXR, R, = 2,5 Q, K, = 32
LV side: 2 200/1A class PXR, R, = 2,5 Q, K, =17

The

knee point voltage and the winding resistance are assumed in this example to be:

HV side: Ry = 2 Q; Ey 2 Ky x I, x (R + Ry) = 32 x 1A x (2 +2,5) Q = 144 V

L

Asr

V side: Ry = 8,8 Q; E, 2 K, x Iy, x (Rgy + Ry) =17 x 1A x (8,8 +2,5) Q = 192,1 V

emanence leads to earlier saturation which can be critical for differential protection re

in general, an anti-remanence class is recommended, e.g. PXR, 5PR, TPY. If DC.compon

are

If a
2,5

bxpected to be high, class TPZ is recommended.

A.

1.
1.

.4 Busbar protection: Ansi codes (87B)

.4.1 Exposition

In the majority of cases, this application has to cope with extreme saturation. On the
hand, short circuit currents are typically high. On the)other hand, ratio and type of CT
differ significantly. The example shown below shall\dot be understood as recommendatio

the

and
shoy
the 1
Nev

show how they could be handled. One of the most critical cases for busbar protectic
bn in Figure 71. In this example, the high-short circuit current (I';) unfortunately occu
eeder with the current transformer having the lowest ratio (low primary rated current
brtheless, the busbar protection shall*remain stable for such external faults.

* * * + I >> 1,

| |
| I

250 MVA 15 MVA

Key
Ior
I"SC

rated primary current

rated primary current

Figure 71 — Busbar protection, external fault

lays

lents

bPR class is chosen, the ALF value is calculated as K, x 1,25, and the nominal burden is

one
can

n for
esign of protection scheme. It shall only highlight the possible and exemplary difficulties,

nis

I's in

Ip).

With modern busbar protection, time to accuracy limits (¢’;) less than 4 ms are normally
sufficient to decide whether an internal or external fault is present. In the case of an internal
, fast tripping will be executed. Several methods and algorithms (e.g. saturation
detection) ensure stable operation in the case of external faults with high through-fault
currents and extreme CT saturation.

fault
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Short time to accuracy limits (e.g. t’;; = 4 ms) lead to low transient factors below 1 and to

relat

ively low CT requirements.

11.5.4.2 Recommendations

For CT designing:

e Consider internal and external faults

e CT type 5PR is recommended

NOTE However, for existing plants, non-gapped cores can be utilized if tests show their suitability.

Mos} of modern numerical busbar protection devices are able to handle different CT raltios,

bec4
to a
be &
rang
one
prot

11.5

One
ther

The
secq

The
The

The

at eqach time step:is processed for the stabilizing and differential quantity. The required tin

accu
valu
K (

use each ratio is a flexible parameter which scales the measured CT secondary cu
particular busbar object current. Therefore, each CT ratio (and primary rated-cufrent)

e, may influence the maximum secondary current, i.e. the minimum current ratio. Th
bction, which is described later.

.4.3 Example

feeder of a 110 kV substation is a 12 MVA transformer with/a rated current of /1. = 6
pfore a CT ratio of 100/1 is chosen. The applied burden shall be the rated burden.

rated short circuit current of the busbar 7, 740 kA; so the maximum possiblg
ndary current without saturation is

_ Apsc _40KA

Iy =P = 400 A
ke 100 /1

operating range of current g 33 of the protection device is, however, limited to 8

efore, the CT ratio is calculated’using
1
ke __tesc _A0KA o566 ,1A
]s,max 8 A

racy limits”; may be typically 3 ms (assumed value during relay development).
e is in-time range 1 in the calculation process for the instantaneous dimensioning fg
see Figure 14).

rent
can

dapted to the rated current of its feeder. Current limitations, e.g. of the measurement

is is

of the main differences compared with the high-impedance pringiple of differegntial

3 A,

CT

0A.

protection deviece may operate with a real-time algorithm where every feeder current i(¢)

eto
This
ctor

A recommended anti-remanence class, such as TPY or 5PR, is chosen.

From Equations (9),(20) , (22) (or directly from c)), for a high secondary time constant 7, and
for 1", = 3 ms as well as for a wide range of 7, = 5 ms to 250 ms, the transient factor K is

0,43

or, rounded, 0,5.

Protection relay tests with this Ki; value and saturated CT currents may confirm the choice
and lead directly to the same transient dimensioning factor K4 = 0,5 which is then published
in relay manual as CT requirement and which shall be used in project engineering.

This result can also be obtained by different input parameters and assumptions regarding the
considered worst case conditions.
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The maximum current to be considered for protection stability is the maximum short circuit
current of the busbar. This current is the internal and external fault current for the selectivity
zones of the differential protection.

With Ky = 0,5, Equation (3) shows that the steady-state short circuit current (index ;) is
transformed by the CT only at half of the r.m.s. value due to saturation:

For TPY: Kssc,stst = KtdKssc = 0,9 Kgsc

For 5PR: ALF = KigKgse =05 Koge

For the real-time algorithm, it is sufficient to measure only the highest peak of the primary
current.

Thelsimulation (Figure 72) of an example with

=162°, K

CT 300/1A,  I,s.=40 kAl T,=70ms, ssc= 80

Yymax
shows

o the first saturation after ¢’;; = 3,2 ms;

e daturation at the peaks after every half cycle during steady state operation.

117

100 Iy ke

50+

oo oo (8]

a) Time range 0 ms to 27 ms

T1A]

ys ﬂwm mﬁm \ \
WIFIPIPI

,.fh ﬂ\ N

1\
{PUWIS

50

-100 1

T T T T v T
0,00 0,05 0,10 0,15 020 sl

b) Time range 0 ms to 200 ms

Key

J. moving average of the fundamental component of I considering the last cycle
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I current

I, p

rimary current

Is secondary current

k. rated transformation ratio

t i

me

Figure 72 — Simulated currents of a current transformer
for bus bar differential protection

11.5.5 Line differential protection: ANSI codes (87L) (Low impedance)

11.5.5.1 Exposition
This|application basically can be classified into two categories:

e durrent differential protection,

e phase comparison protection.

The

Line

curr

phage opposition (antiphase). Under healthy conditions;ycharging currents also lead

phas

ther
agai

11.5.5.2 Recommendations

Basi

() q

g

e 3

NOTE

11.5.5.3 Example

basic principle of current differential protection has already been described in 11.5.1.

bnts are theoretically in phase. In the case of an internal fault, the two currents a

bfore high. Some special measures in the protection algorithms may lead to more sta
hst unwanted operation.

c recommendations for CT designing:

ame CT type on each end of the line,

nti-remanence CT type isskecommended.

However, for existing plants, non-gapped cores can be utilized if tests show their suitability.

differential relays using the phase comparison principle ecompare the phase angle
between the currents at both ends of a line. In healthy or through-fault conditions, the prin

hary
e in
o a

e shift in the currents. Furthermore CT saturationfleads to shifted current zero-crosgings
in the secondary current. The influence of saturation on phase comparison protectig

n is
Dility

tem

In Rigure 73,the CT designing for a simple line with two ends is shown for a syjg
frequency of 50 Hz. Protection schemes also exist for up to six ends (e.g. for tapped lines).
1thr,12‘
=
| CT1 R’ X’ CT2 |
/R /R
SZ' -~ — — |ssz

Key

thr,12

thr,21

It | (87L ) bF———————— ——— e ]
fiber optic

through fault current for external faults in station SS2 fed from station SS1

through fault current (through the selective zone of protected object: overhead line or cable)
for external faults in station SS1 fed from station SS2


https://iecnorm.com/api/?name=6b4361a8b9f7e7c7edecc15df9c5e97d

R’
x

SS1,

- 108 - IEC TR 61869-100:2017 © IEC 2017

line resistance per length unit

line inductance per length unit

SS2 substation 1, substation 2

Figure 73 — CT designing for a simple line with two ends

The following data for a typical overhead line is assumed (the Thevenin equivalent impedance
as the worst case is neglected):

U, = 380 kV

Length = 50 km

Rline
XIine

Ty

Sth,rT

The
line.
can
ratio
As
accq

The
The
faul
duri
diffe
(se€
dime
from
are

=27 mQ/km x 50 km = 1,35 Q
=255 mQ/km x 50 km = 12,75 Q

=Xiine / Riine / 27f, = 30 ms

ax = 1800 MVA, what is equivalent with Iy, 1o = 2 735 A

rated primary currents 7. of the CTs are chosen according to_ therated current(s) o
For two ends, they are usually the same, but, for more than 4wt ends, the rated curr

is, accordingly, 3 000/1 A, but, at the opposite end, an/old’CT has a ratio of 4 000
rdingly.

maximum short circuit current of the substation(/§81 is I”, = 40 kA, that of SS2 is 31,5
protection relay requires the CT to transforn the full through-fault current for extd

with #’;; =8 ms and inner fault currents;with ¢,
g relay development). In general, an-‘anti-remanence CT class is recommendeg
rential protection. Both ¢’;; = 3 ms andv8 ms are in time range 1 for a wide range

Equations (9), (19),(20)) and Figure"20 c) and lead to transient factors Ki; or tran

analytical calculation to the final K,y during protection relay tests). Such final K, faq
pbublished in the relay manual for CT sizing during the project engineering.

In agldition, for each CT the\maximum mismatch factor is

1 1

the
ents

be different. In this example, a rated line current of 2 750 A-is chosen. At one end, th¢ CT

1A

he line may be overloaded by 150 %, the continuelGs thermal current is chgsen

KA.
rnal

| =3 ms (both time values assumed

for
f 1,
bient

nsioning factors K4 of 0,5 and 2,5’ respectively (rounded up from slightly lower K;; vglues

tors

Pl P <2
Iobj liine

with
Iopj T Object current;
Line Fline current;
and for all CTs

[pr,max <6

]pr,min
with
Ior,max = maximum rated primary current of all involved CTs;
Ior,min = Minimum rated primary current of all involved CTs.
Table 15 shows the appropriate calculation scheme.
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Table 15 — Calculation scheme for line differential protection

CT1 CT2

I 3000 A 4 000 A

Lose = Ik 40 kA 31,5 kA

Z,, Z,: Source impedances Z,=1,1x380 kV/(V3+40 kA) = 6 Q Z,=1,1x 380 kV /( Y3+ 31,5) kA =

R4, R,: Source resistances R, =0,381Q 4,820
R,=0,2550Q

Xy, Xyt Source reactances X, = 5,988 O 2 ’
X, =4,813 Q

Tp 50 ms 60 ms

Innér fault:

Keod = 1psc / Ipr 13,33; rounded up to 14 7,875; rounded up t0-8

t', F 3 ms,
leading to K, = 0,5 (

K, K,

td sscC

External fault:

| total impedance

Rtot = R2 + R”ne =1 ,605 Q

Rtot = R1 + R“ne =1 ,731 Q

maximum through fault current

Ry] total resistance Xiot = X2 + Xjine =17,563 Q Xiot = X1+ Xjine =18,738 Q
«od] total reactance Ziot :m: 17630 Ziot :m: 18.81Q
U Un
I 21 :ﬁ 12,5 kKA iz =g 5= 1T
T, = Atot _35ms Ty Yot _ 35 ms
WRo DRt
e, thax: L max = max{lthr,z1![thr,12}

=12,5kA

K. 1=1 /1

ss( thr,max pr

4,16, rounded up to 5

3,125 rounded up to 4

¥ 8 ms,
leading to K, = 2,5 a

(see 8.2).

Kig [ Ksse 12,5 10

Mismatch factors:

1,097 1,463

Tob _ or

Ioi  liine

Ipr max

— <6 4 000/3000=1,33

]p L min
a he rpquimmpnf of t’a = 8 ms which results in I(I = 2 5 does not consider remanence as far as antiremlance

classes (gapped cores) are applied, which is a general recommendation for differential protection in new
substations. However, for existing plants, non-gapped cores can be utilized if tests show their suitability
(see 11.5.5.2). In such a case, an additional overdimensioning factor for remanence K, has to be considered

11.5.6 High impedance differential protection

11.5.6.1 Exposition

11.5.6.1.1 General

The protection principles previously described evaluate CT secondary currents which may be
saturated by their high burden and/or high secondary currents. For differential protection
principles, multiple CT currents are evaluated where each CT saturates independently from
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the others, i.e. the CTs do not influence each other in their performance. If the protection
relays are stabilized against maloperation due to CT saturation and distorted current signals,
they can only evaluate the signals in an unprocessed state. Therefore, manufacturers of
protection devices apply several different stabilizing measures and algorithms for better
stability and selectivity. Dependent on the protection function, the maximum burden and a
worst-case short circuit current are, when possible, considered for CT designing in order to
avoid CT saturation.

In the past, the first differential protection relay was a simple electromechanical relay without
any stabilizing measure installed in the differential path of all CTs connected in parallel. Such
an example is shown in Figure 74 for busbar protection. For simplification, Figure 74 shows

five
sens
only

durimg an external fault (in many cases it is the CT of the faulty feeder through which the

of al

In o
curr
imps
curr
sect

Key

set

Ano
this
secq
the
‘high

11.5

feeders only and is presented as a single-line diagram. The compromise bgty
itivity to internal fault currents and stability over and against external fault currents

een
can

be influenced by the current threshold setting 7., of the relay. If one of the CTis saturates

| fault currents flows), the differential current is relatively high and the relay \may trip.

rder to avoid such maltrips, one of the stabilizing methods is to calculate a stabil
ent Igi,p from the sum of the absolute values of each feeder current. This is done for
dance differential protection. Nowadays the calculation of differential and stabil
bnt is performed numerically from each individually sampled{current as described in
ons above.

setting of pick up current of the relay

Figure 74 — Differential protection realized with a simple electromechanical relay

her stabilizing method is to connect a relatively high stabilizing resistor Ry, in serig
simple overcurrent relay in the differential branch. Normally, all impedances in thg
ndary circuitishould be as low as possible or as low as feasible in practice. There
relatively high impedance value leads to the name of this wanted stabilizing pring
-impedance differential protection’. This is described in the following.

641.27 High impedance protection principle — physical explanation

sum

zing
low-
zing

the

s to
CT
ore,
iple:

The prerequisite for this principle of galvanic parallel connection of all CTs to the differential
branch is that all CT ratios shall be equal.

Figure 75 shows an example in a single-line diagram for busbar protection with two feeders.

The

same diagram applies for all three phases.
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