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1 Introduction
The coordination of protective relays lies at the heart of protection enginesehertivity
Unfortunately, many relay engineers start their careers with a list of standard coordinating margins but
no insight as to the origin of these margiRsotective relaying is an art as well as a sci&rael a wide
range of coordinating mangs can often be tolerated in any particular relaying applicatfawever,
without knowing the science behind these margins, we find ourselvequibped to practice the art
portion. Sometimes, use of a given margin may be perfectly adequate in onieatppt, but
marginal in anotherBy knowing what factors go into the numbers that we use everyday in
O22NRAYIGA2Yy aiGdzRRASazr ¢S OFy YI1S o60SGGSNI RSOAaA2Y
numbers, andvhen this might befraught with peril We will sart in Section 2f this discussioby s 8 Lot
looking at individual errors, their aaes and typical ranges, thennsider how to combine multiple of seuff:
error sources in Section 3, and finally derive some typical coordinating margins from first principles in
Section 4using our previous result$his papekvas initially intended to be a definitive reduction of all
coordinating margins to combinations of knowimpleerror factors, howevethis goal was oveyl
ambitious,and the truthturned out to bemuch more nuancedBecause of this failure to achieve the

original ends, thiss not meant to be used as a reference paper, but more as a travelogue, documenting
my journey so that when you decide to take the same journey,atdeastknow where to find the good

GYOAW-
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This paper concentrates on relaying margins to ensure selectiétsgins for dependability are also
equally (or sometimes even more) importaand in the real world, the protection engineer calculates
both margins and hopefully finds room-ietweenwhere they can place their settinghis paper does
not cover the full range of selectivity and dependability margins, due to lack of time and space to
explore the topic fully, however, the process described in the paper can be used in both directions.

1.1 WhaO6 O ! - AOCET ¢

wStle O22NRAYIFGAZ2Y A& GKS LINRPOSaa 2F SyadaNAy3a GKI
fault.t ¢ KS G NAIKGE 1 2y S isdlatestheztadriwiiilé causifigtt® sn2alfe& outade (i

createa robust protection system which can sigiblatefaults even with a failed relaying element, o beeause
there will often be multiple relays which are capable of detecting and tripping for a given fault we're cnen:
Ensuy 3 GKFG GKS aNRIKGE isdhtedthe fauf Befode any Gtieivzoné 08k LJa T A NE& (
reach a trip decision is the goal of relay coordinatibimere are multiple scenarios where we must do

relay coordination.

1. We can coordinate the reach of aaghwith respect to a location withithe system, to ensure
that it alwaysoperates for faults isidea certain regionor alternatively that it never operates



for faults outside of a certain regiorAn example of this is setting the reach of a zone 1€nev
operate outside) or zone 2 (always operate inside) phase distance.

2. We can coordinate the pickup of one relaith respect toanother, to ensure that for a given
fault or range of faults, one relay will always pickwheneverthe other relaypicks up An
example of this is setting the pickupfofward keyingandreverse blockinground directional
overcurrent elements used in@lot scheme.

3. We can coordinate the reach of one relaith respect toanother, to ensure that one relay will
stopoperating before the other relay gets to a certain point in its characterigtitexample of
GKAa Aa GKS aSdiadAay3da 2F GKS NBIFIOK 2F F 20t 12
YSEG T2ySQa 1T2yS W LKIFIAS RA&AGIyOS NBtleo

4. We can coordinate thertiing of one relayvith respect toanother, to ensure that for a given
fault or range of faults, that one relay will always trip faster than the other refayexample of
this is setting ofwo inverse time overcurrent elements in adjacent protection zne

In this paperwhen we talk about coordinating two relaya coordinating pairthe term Primary Relay
will be usedo describethe relay which islesiredto operate for the fault, and the term Backup Relay
will be usedo describethe relay which islesiredto coordinate with the Primary Relay, and therefore
not operate except in the event of failure of tfimary RelayToachievepropercoordinationunder dl
conditions wemay need to check coordination using all four of the criteria abotiecking
selectivity and dependabilitipr numerous fault locations, fault types and system Zilure of A S
configurations Also, while we have been talking about coordination checamij it is an velay chould e (
exercise which is performeuktween two relays, practically speaking, we check coordination,,sideres 2 M,W‘““
between protection syems and not individual relay$here are often cases where a single N1 seenAre:
Primary relay may not coordinate with a single Backup relay, but if we take other relays in the

Primary system into account, we see that the systems do coordinate.

ow the other nawd,
ingle

This paper contains ques (with kind permission of BCHyd@®NB Y ./ | @ RNRQa O22NRA Y
show how these calculated margins compare to thogeently in useby BC Hydro protection

engineers The BC Hydro recommended margins have bested with over 50 years of field

experience The methodology used in this paper was used to help rationalize these margins, clean up

outliers, determine absolute limitanddetermine where changed technology could result in changes to

the time-tested recommended margin¥hese quotes arshown in grey boxes as below

Margins in the remainder of this document are given in the form [xxx abs, yyy rec] where
XXX is the absolute min/max margin, and yyy is the typical recommended min/max margin.
It is expected that planners will make all effopgossible to avoid the use of absolute
margins.
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word if | ever saw one.

1.2 Margins and @ordination Time Intervals CTI)

In a perfect world, we could set distance relays to 100% of the line impedsaeginverse time

overcurrent relays just far enough apart that we can diestinct curveon the currenttime plot, and

generally not care about the concept of margiHe®wever, irthe real world, nothing is exacdystem

voltage vaies source strengths change, line impedances are different depending on which phases are
faulted, instrument transformersecondanyj dzI y (i A (i AeBe&sarlly pdBndrguantitiesdivided by
transformerratio; and relays are imperfect arsttingsdrift with time, temperature,and phases of the
moonLy GKA& 62NIRZ AF 6S 46lyid GKS GNRIKGE NSOfBIér‘flé_mé('J(
we need to put somelistancebetween the theoretical settig and the actual setting/lost zone 2 timer
protection engineering groups maintain an official or unofficial list of these marginexample, of my father.
zone 1 phase mho is usually set to 85%, groundimaheousovercurrentis set to 125% of end of ~ Someday,
line fault current, zone phase mho timer is set to 15 cycle¥)ese margins are often thought of as SO this will
YdZYo SNE SKAOK KI @S 4FFit8y FNBY GKS . Bheeés ¥Rz
purpose of this paper is teeverse engineeseveralcoordinating margins, and provide a process for
determiningthem, so that in cases where the standard margins can not be used, we can make an

intelligent decision on the risk we are taking.

2

2 Error Sourcesin Protective Relaying Coordination

This section lists most of the error sources which shoulddmsideredvhen determining relay
coordination marginsWe willstart combining them into margins in Section 4.

2.1 CQurrent Transformer (CT)Error

IEEE C57.18ives the error characteristics for CUnfortunately, the accuracy limits for C class

protection CTs are given only at rated current and 20x rated cuimémtrated burden Since we The answer o
may also want to characterize the CT performance below rated current, the chart beloshalss the question

the datapointsfor 1.2B xxmetering CTas an approximatiofor what the curve might look like OHow muc
below rated currentin protection applications, CT error is always considered to be subtractive  errorcanaCT

(actual secondary is less than primary current / CT ratio) due tantljer error sourcebeing current have?6
in the magnetizing @nch being lost to the CT outpiNote that for both metering and protection u;frriunat:% pe
class CTs, best accuracy is assumed around rated output and accuracy falls as the secondary cugigsi kinda

is either higher (due to magnetizing branch losagshe CT moves into satui@mh) or lower (due to throws a
reducedpermeability of the core at low flux densitf#sThe actual accuracy of a &fTa given wrench into the

process that

multiple of rated currentepends on thectualrelay burdervs the rated burdenand by reducing ol
ollows.

relay burden (by using numerical resathickeror shorter CT cabling, or by digitizing the CT output
right at the CT terminals) we can often get better performance thanl®# listed in C57.13
Conversely, if we exceed rated burden, exceed 20x rated current, or have fault current withfflad2C
we can exceed the 10% in C57.13.
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2.2 Voltage Transformer (/T) and Capacitor Voltage Transformer CVT) Error

2.2.1 VTs
IEEE standaneheteringaccuracy classes for VTs are 0.3, 0.6 and 1.2, corresponding0t@%/, +/0.6%
and +£1.2% accuracy between 0.9 and 1/hted voltage into the corresponding named burdélote
however, that during a fault, voltagedll almost certainlydrop below the band where the standard
defines the accuracyC57.13ays nothing about accuracy at voltages below 0.9 x rated voltager, so f
that we mustjump over to C934(the standard for CVTs and coupling capacitors), wisgands the

rated accuracy between 0.9 pu and max rated voltage t@% at 0.25 pu and +56% at 0.05 pu.
The VTS Um wmost

IEC 61863° has standard metering accuracy classe8.bf0.2, 0.5, 1.0 and 3.0 whereby the
0KS &@hdd3R LIGNISW diel 3

+¢Wa SNNBNJ Ydzald oS fSaa GKIy
rated voltage This standardlso has two protection accuracy classes of 3P and 6P, which have 1pwxy2pZ
rated accuracies of +8% and + 6% for applied voltages between 0.05 and 1.2 x rated voltage, vt which MS
plus a clause saying that accuracy limits double at 0.02 ® ratktage In the absence of a ?’wﬁeﬁ;ﬁid
2% betweew 0.02

definitive word, we shall assume the 3% in the IEC 3P and IEEE C93.1 ratings.
and 0.05 pU-

2.2.2 CVTs
IEC 6186%° gives the same steady state accuracy classes for CVTs as for inductive VTs, but also assigns
additional transient accuracy classes T1, T2 and T3 to desioniteeonthe peak valueof the transient

(in percent of the peak value of the pfault voltage)coming out of the CVT duringoalted short circuit

on the CVT primarfduring which there should be no output from the seconday)y function of time

In actual fault situations, the size of the transieain be assumed to be roughly proportato the

voltage drop during the faulsince the error is the result of resonant circuits inside the CVT responding

to the voltage transient)Note that assource impedance ratidS{R goes up, the voltagdrop atthe

relayduring the faultgetshigher, and the &e of the transient gets highefhe relative CVT transient



error isthen essentially proportional to SIRor a CVT that delivers a 5% transient when tested (by
abruptly going from rated voltage to zero), these are the size of transients to be expantkthe size
of the transient with respect to the remaining ratio voltage.

purelay | Transient(% of Relative error(peak
SIR | voltage pre-fault peak) | transient/ peak post fault)
1 0.50 2.5% 5%
3 0.25 3.8% 15%
5 0.17 4.2% 25%
10 0.09 4.5% 50%
30 0.03 4.8% 150%
50 0.02 4.9% 250%

This transient damps out with time, so the effect of CVT transients is most noticeable on instantaneous
tripping distanceslements ANSI C93.1 gives details on how to test transient response but gives no

classifications for transient erronfortunately, the standards only define the magnitude of this

Avt is often
transient as a ratio of peaks of thiansientand unfaulted waveformandgive envelopes of Aother word
their magnitude sounless we know the spectrum of the transient error (whictyscally a for “more
dampedlow frequency and the sensitivity of the protective relay that CVT transientwe cotence than |
cannot determinehow muchthe reach of a distance lay could theoretically be affected by this feet Like 409
transient. At this point, we are left with a decision. We can either decide to apply ever Mi;:r;t ,

AYONBI aAy3a | Y2dzia
is intolerable
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reminiscent of Helsenberg, the

Longer You caw wait, the wore
accwrate the CVT oUtpuUt Ls.

Note that CVTs argtarting to be used at lower and lower system voltadést only are theyower cost
than inductive VTs, bt highcapacitance CVT can be an effective part of the insulation coordination
design of the substation, as the CVT will absorb or otherwise sbowm dast transients in the system,

KA



thus resulting in lower insulation stress for other station equipmdiiis means that we need to be
aware of the effect of CVT transients at lower voltages than we may have in the past.

2.2.1 Angular errors

Section®.1and?2.2focus on magnitude errors, however, angular errors are also important. During an
unbalanced phase to phase fault, a distance relay may need to measuypbdketo-phasevoltage.
Modern distance relays nasure thephaseto-phasevoltage by subtracting one from the other. For
instance, VBC =B, VC

Figurel belowshows how a small error in angular measuremeinthe phase to neutral voltagesn
cause a large error in thealculatedmagnitude of gphaseto-phasevoltageduring a phase to phase
fault when the phase voltages collapse inwards towards each othe VB and VC

VvC

(VBC-¢ 2 = VA

VB
Figurel - Effect of Angular Errors

2.3 System Operating Voltage

When looking at coordination of overcurrent elements, theteyn operating voltage must be taken into
account, because | = V/Z, and therefore, fault levels should change linearly with system. Whige
normal operating bands vary by voltage and jurisdiction, in British Columbia, the assumption is that
transmis$on operating voltagesvill be maintainedwithin + 10% of nominal voltage, so if we are looking
at an overcurrent relay, there is an automatic 10% uncertainty in fault levels due to variations in the
operatingvoltage.

2.4 Generator,Transformer and Line impedanceErrors

Generator and transformer impedances are typically measured during factory tests, but line impedances
are typically calculated using the tower geometry and intrinsic impedance of the conductotoused
produce a 3 x 3 impedance matrix whitien gets reduced to positive, negative and zero sequence
impedances

2.4.1 GeneratorModels
Generator impedances vary with time (subtransient Qte tRansient to synchronousXd), however,
the voltage source behind those impedances alsaegavith time depending on exciter capabilities and
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1]3%:

settings The decrement curvésypicallypublished for diesel generators shdlae combination othese

two effects as a function of timén Figure2 below, we can see the available fault current drop, as the

machine passes from sulansient to transient to steady state impedances, then rise as the exciter

attempts to counteract the low terminal voltage by increasing excitation. The combinatior tith
phenomena produces the decrement curdéa generator is modelednly as a fixed voltage source

behind a fixed impedancgehere can be largdifferences between the model and reality, especially for
closeAy Fl dzf Gas K2 ¢S @S pprogmatioRi@ Re curéent in the\iBst cycieydr & f S
longer time, the fault current will decreasgossiblyto neaty zero if the excitation power comes from

the generator terminals, or according to the manufacturer decrement curve, if available.

100000 A —F—FFH
E goes up with time as
X goes down with time exciter responds to  _|
e ( X ASXdO Al Xd) reduced terminal voltage —
Region '[ i ]' i
— — M METRICAL
g o=
E Rl . Transient Region = T TASYMMETRICAL
S— RN i
& 10000 R
g " Sustained Region
-.:‘ bl (Steady State)
: Ty ln,'
o [~ -
N
L/
NV
EAY I
< Physics \M_“‘EFH Control Systems |/(f
1000 T T TTTI7] T 111711 [T1T] [T 117
0.001 0.01 0.1 1 10
TIME (secs)
Figure2 - Example Decrement Curve
2.4.2 Transformers
IEEE C57.12.9@ives a standardesigntolerance on impedance of +7.5% for 2 e change
winding transformes with an impedance of 2.5% or greater, and a tolerance-of +/ in
10% for 3 winding transformers, transformers with azag winding, or {mpedance
autotransformersWithout factory testing, we can assume this error in nameplate due ko
. . . . . hawnger
impedancesTransformer positive sequeadmpedances are relatively straightforward t@ifwwi
. . . ep e Mc
to measure in the factorgnd negative sequence will be the same as posiast ot Linear.
transformershave a range of on or off load taps which will affiect only the ratio, It has to be
but alsothe leakagempedanceé®. Thetap position is not necessarily known at the wmeasured.

time of a fault, especially in the case of on load tap changengh produces
additional error

Thereisasubtlety involved in thedeterminationof the zero sequence impedan&hich is usually
different than the positive sequence impedanceéhree limbed core transformers provide no zero

jualn? Jne} aseyd g Jo |ana| arels Apeals e JaAljep
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sequence flux path through the core laminations, so the zero sequence leakage impedance is strongly
linearized by the large air gaps in the zero sequence fitix fransformers with a delta winding
providecompensatinglux via the delta winding, therefore their zero sequence impedanaésastable.

Four limbed, fve limbed core and shell sty¥eYgor Ygztransformers do provide a path for zero

sequence fluxhowever, this path may not be capable of withstanding full zero sequence voltage
without saturatingportions ofthe core laminationsThis causes the zero sequence impedance of the
transformer to be a function of the zero sequence voltage at the transfotterminals with the

impedance dropping as portions of the core enter saturation.

2.4.3 Line Models

While test equipment does exist to measure transmission line impedance in situ, \Jote that a perfectly
many entities depend on calculated line impedafiten a line constants program cummetrical construetion
dza Ay 3 O+ NA2dza @S NE Nrgmbst cage§, thé dalbllatdysQ a S lj gk ke 2 pyog on4
determine the self and mutual impedances betwebr threephase conductors, shase to grownd distances)
then a conversioiis performedfrom the phase domain into the sequence domain to s inupossille, out £ oA .

. . . . hieved on average 0y
produce positive, negative and zero sequence impedarkssith transformers, the Aente ot
transposing the

negative sequence impedce of the line will be equal to the positive sequence sonductors. A riangular
impedancelf the line has completely symmetrical construction, then all three self helix (wishbones
impedances will be identical, as will the six mutual impedanaed the measured alternating Lefe and vioh

. | | | i “phase
impedance for a given type of fawlill not depend on which phases are involved o produce & €0
rotation at every s]:avu)

However, if the line construction is not perfectly symmetrical (for example, in a flat o work veally well, bt
or vertical line construction), then a fault between the outside phases will have a keeping track of the
different impedance than a fault be®en adjacent phaseslow much difference can phasing would be hell.
we get?The numberdbeloware fromcalculations foa 230 kV line witHlat

constructionand A-B-C phasing.

Znz= 0.0583 + j0.536 ohms
Zsc=0.0583 + j0.536 ohms
Zca= 0.0583 +j0.484 ohms
In this calculation, the Claopimpedance i®nly 90% of the AB or BlGop impedance.

When we calculate the impeahce for loops which include ground, we find the distance of thearson’s equations
line from ground return conductors is important. Height above ground may vary with tower are “St"“m”f@,%
construction and the terrain through which the line passes. Also, other ground return pathév”s””‘t“bi’;:h;t: "
have a sigificant effect. Shield wires are modelled in line constants programs, but other S:;P:@m@ a
ground return paths are not. Paths such as underbuilt lines, underground pipelines, and ,¢;ccance wodifies
railway lines are not usually modelled, and can all affect the zero sequence impedance the veactance.
significantly’. Ground resistivity (typically designated by the Greek let)ealso affects the Nothing surprises me
zero sequence impedance of the line (see Thilew). Since we usually do not completely awgore:
know all the significant factors, we find that the zeeguence impedance calculations are

not as accurate as the positive sequence calculations.



The following table shows estimates of Z0 for the same flat transmission line calculated \atib\sd|
parameters kept constant, butith varying estimate$or the ground resstivity.

Soil type Resistivity fa Y 0 Z0 (ohms) Change from 10& YZ0
Wet, marshy 10 0.235+)1.38 -15%
Typical 100 0.244+ [1.63 0%
Dry, rocky 1000 0.247+1.89 +15%

Since the loop impedance seen for a ground fault = Z1 + ZZard@@0tends to be irthe L0% is possiole onky

range ofthree timeszZ1for overhead linesit is easy to see how changes in ground e fawlt LooP L””;e‘t@:e
’ LM

resistivity could result inp toa 10% change in loop impedance for a ground fault beyond s dominated 0Y

) ¢. Stnee 20 for
what we would see for a phase fault. peaarot: = Loser o
ransformers 15 ¢

. 74, OWW\ )om:asses
2.5 RelayPickup Errors upstream 207 10% M2y

When discussigerror factorsin relay pickupthe issues fall into two broad categories e, an overestmate n
There are technical issues such as dealing with component stability across temperature,  ppst veal sYse”s
voltage and time, the accuracy of the calibration equipment tredskill of theperson

who calibraedthe relay The second set of issues are more philosophical in naiies ask

2d2NE St @Sa a2KIFG Aa GKS @Fftdz2S 2F OdzNNByid Ay K@ﬁx@“ 0 K
to more questionsd wa { 2 NJ Fdg RNB S8 ¥&I &dzNAy3a GKS 5 ‘)"SmQ@WLJZ y
YSIF adzZNAy3 FdzyRIFIYSyidlt 2ytes gKI (dd M@AS NOKESK o0 yYIRMWAR G K
LISNA2R INB 6SaNBlI a8MANEIYSKAAKEY I FdzyRIFIYSyhalrft 2yfe
fundamental frequency oR2 ¢S (NI 16 S GIKNI O] Fdzy RFYSy Gl FNBI dzSy

RO
4000 2000
L 0 1000
-4000 0
4000
n
u
<
_ ANy
4uuu TMCCDV@
caturation that
_ O
2000 makes the curve

bend on & Log-lod
The chart below shows some measurements takerthe authorin the lastcentury on an IAC53 plot s frequency

very inverse overcurrent relay being used in an HVYDC harmonic filter protethianchart shows depenlent.
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that generally, the relay responds best to 60 Hz and gets increasingly desensitized as frequency goes
above or below nominaNote, howeer, the totally nonintuitive result where between 120 and 180 Hz,
the relaywas fasterthan 60 Havhen tested a pu, but sloweithan 60 Havhen tested a3 pu.

IAC relay Frequency Response

1300%
0fn -
1200% No operation
1100% + at 2 puor 3 pu
o 1000% above 340 Hz.
£ o00% |
()
T 800% |
8 700%
N 600% -
3 500% +
©  400% +
X
300% +
200% K —Time @ 2 pu
100% + ——Time @ 3 pu
v%w  —t—tttF—F—F——
30 60 90 120 150 180 210 240 270 300
Hz Dondt
around
Figure3 ¢ Frequency response of IAC relay waiting
. . . . for me to
These questiongould probablyrequirean entire paper in themselves write it
to answer, however when discussing coordination margins, ggestthe thoug
main takeaway is that if we are coordinating relays which operate usi& i s s
. . LS
different hardware or software, we should throw an extra pinch of 2 ploRUP
caution into our coordinating marging/hen coordinating identical (or ervov, v ENe
very similar) relays against each othete might be able to shave a tiny orondest
. . censt O‘E e
bit from our margins.
ey
2.5.1 Instantaneous Relay Pickup
Instantaneous elements in electraechanical relays often have some amount of , eah, ight...
“Just math”. Yean,

positive feedback and hysteresis implemented inside the operating mechafissm Tnere's & wihole world of filter
mentioned above, a clapper style mechanism (Westinghouse I1IT) generates more ,¢ign choices hert which caw
force as the armaturstarts to move closer, so pickupcssp Electramechanical affect relay vesporst:
clapper or plunger style instantaneous relays tend to be a little less accurate than

other types The design of the element which results in snappy action and higher reset ratios (as the
armature starts to move, the force the coil applies tends to increase) also results in more variation of

the operating characteristid’he Westinghouse CO IIT element is rated at 10% accuracy, disregarding

the effects of DC offseNumerical instantaneous elements are just math and tend to be around 3%

pickup accuracy.
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2.5.2 Inverse Time Relay Pickup
In an inverse time (induction disk) mechanism, there is no such positive feedback mechanism, so the

is
accuracy of determining the pickup quantity comes down to how Iong you are Wllllng to sit and Wé‘f‘fmtm

¢ the
for the disk to turnSincey’ dzY SNA OF f NBf I &a asSd + oAl AydS NyHiLS;wbtrge [7
SFaASNI G2 &aSS 6KSy @2 dzQdAddiionally, sinte é slaba offtiteNlay )/ 025 NR
characteristic is nearly vertical, a minor error in operate quantity measuneicen make a huge principle, out

difference in measured operate timBecause of this effect, when coordinating inverse time relays, w net s«
we tend to apply our margin in the direction perpendicular to the relay characteggicnear pickup,

we define our margin in termsfohe operate quantity, while at the right hand side of the curve, we

define our margin in terms of tim&Vestinghouse defines the pickup accuracy of the CO relay as 3%,

while a popular numerical relay is also rated 3% error.

2.5.3 DC Offset

As we noted earlier, there is also the question of whether the relay responds to DC offset Banlts

which occumear a voltage peak have no DC offset and faults which occur near a voltage zero havéertunatey,
full offset Depending on the point on wave of fault initiation asourceX/R, the peak current may ff’”“ts are more
be nearly twice the nowffset peakvalueand the RMS value of the waform may be up t¥io Vf:iéi tVDOLotcaa;:
timesthe magnitude of the nowffset value Overcurrent elays which respond to current peak peak thaw g
valuesor RMS valuesind not thefundamentalAC quantity will overreach for offset faulta voltage zerp, <p
something like thenstantaneouslement of a Westinghouse G0 GE IA@elay,the instantaneous Yo% se¢ less ne
element responds to the square of the operatarrent, integrated over a time period which reflects "ff“tt““” You
the mechanical inertia of the armature mechanisbhe force produced is also a ntinear function HONE expect to.
of the armature position, so once the armature starts moving, less current is required to complete

the stroke

While the peak of the DC component can be equal to the-offset peak , the peak of theomposite

waveform never reaches 200%aximum offset occurs when a normal current peak is offset back to

zero, therefore, there is a half cycle for the DC component to decay befom@pitesite (offsetpeak

comesalongg NI OGAOFffe&x &2dz OFyQi 3ISd YdzOK YZAMNE (GKFYy yr
chart below was produced by Dobtewho tested the pickup of a GE IAC IOC element at differing points

on wave and X/R (thus resulting in differing offsetgnitude and duratioh In the worst case scenario,

with the fault initiated at a voltage zerg, A G K &2 dzNDS - kw ' muZ GKS NBfl& L
offset pickup2 Sa i Ay3aK2dzaS adl 6Sa GKFG GKS / h NBflFe& GiNI y:
OANDdA G Fy3IES 2N mny:> F2NI I cnc OANDdA (€ d
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Figure4- IAC 10C pickup level vs Fault inception angle

If one is to come to any sort of practical conclusions here, it could be that transient overreach due to X/R
and DC offset are normally below 30%, but could be as high as 50% invbasesn overcurrent relay
is placed right after the secondary of a std@wn transformer or a current limiting inductor.

2.5.4 Distance Element Reach

When tested under steady state conditions, most distance relays (electromechanical and numerical)
have reach aors in the 35% rangeWhen tested under dynamic conditions away from the MTA of the
relay, there is, o€ourse,mho expansion which acts to mask any errors in the reach of the relay.

2.6 RelayTiming Errors

2.6.1 Overtravel or Impulse

Electromechanical relays haarmatures which react to magnetic forces generated by the various coils
in the relay If the armature has sufficient inertia, it can continue traveling 2 @ S N@véhlai@Sties 0
force applied by the coils has endéthe prime example of this is indian disk inverse time

overcurrent relaysin a CO or IAC relay, the induction disk has a reasonable moment of inertia (at least

compared to say the cylinder unit in a KD or HU relay) -
and once it has been accelerated via the coils, will tray ™
i Impulse Margin

somg small thtance after the fault current stops Disc Urit Type Tis -
Westinghouseénstruction Leaflet IL 4101.1A43 e
contains the following table af L Y LJddzft a S a I | coz ppod
CO relays and their varianfBhe impulse margin needs CO-7 0.05

. . cO-8 0.03
to be added to all other required margins in order to cO-9 0.03
avoidmiscoordinationdue to overtravel due to CO-11 0.03

mechanical inertia in the induction disk.

7

g GKAAa LRAYGEZ GKS NBFRSNI YlLe akre a2Stfz GKFGQa
NEflFéa y2¢63 IyR (K2aS R2HhQidruelna@éianticyiénsddtS OK y A OI f
interestingly enough, the same effect can be seen in numerical relays due to the ringdowraiitee

Impulse Responsé&IR filters used to convert data samples to phasors in these relys.oscillography
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below is from a numerical relay which uses 1 cycle long FIR filters to extract the fundamental

component of the primary waveformsvhich aresampled at a much higher sampkge). If we compare

the high speed sampled data to the downsampled and filtered data used for the relay algorithms, we

Oy &aSS8S GKIFG GKS akKIFNL) Odzi2FF 2F GKS LINAYI NBE OdzNN.
that the dropout of the oveturrent relay is delayedvenlongerthan thatdue to discrete processing

intervals in the relay and the possible use of a security counter inside the relay to prevent the element

from chattering around the pickup setting.

The actual primary
waveform with minimal

Low-pass filtering.

=EN=T=1 ===
8 8 & oo a o

B 1:B_FILTERED
Filtered, converted to &0 HZ phasors, and

recomstituted into a conELUOUS
waveform. Transients are high
frequencies, so the T nslents at th
and endl of the fault are now gone.

e start

(=T =T =1 2 & &
a 8 o o 4 o o

0 ms

- A totally different mechanism

----------- behind it, but tndistinguishable

from mechanical tnertia.

Figure5- "Inertia" in numerical relays

2.6.2 Inverse time relay timing errors

When trying to quantify the timing error fan inverse time relay, we need to break the timing error

into three portions. First is the inherent error of the relay, assuming that the operate quantity has no
error. Westinghouse gives the inherent error of the-@@elay ast 5%, and a leading numeaicrelay

has an inherent error on its 51 elementsif.50 cycles plus + 4% of curve timdich is not very

different from the C@. The second error we have to take into account is the change in relay operate
time for a given error in the primary operatgiantity (ie: if current is 5% low due to CT error, how much
slower is the relay?), which depends on the slope of the inverse time curve at that operatingTihisnt

is made more difficult by the fact that the curve typically starts nearly verticatktipiand usually ends

up nearly horizontal at very high currentsy OS ¢S Q@S KAG GKS FflL 4 LI NI 27
pickup), CT error has no effect because the relay is now essentially a definite timeé\relayd pickup,

we have the opposite problem, which is that the slope is so high between pickup and 1.5x pickup that a
5% change in operate quantity can easily result in a 30% change in operat®éther than address

this in the time domain, we managm®ordination on the left hand side of the curby ensuring that the
pickup settings of 51 elements that need to coordinate are set sufficiently far apart (pickup
coordination) that we will never lose coordinating mardimthe middle of the curve, we caritleer
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calculate the derivative of the relay characteristic (since all the 51 curves now have standard
equations published in an IEEE or IEC standaundst eyeball it from the curveét 4x pickup, a
CO9 relay(approximated by th U3 curvehas an 8% timing error for a 5% change in current,
and at 8x pickup, it has 4% timing error for a 5% change in cutneatestingly enough, since these
errors are based on the shape of the cuare not the manner of implementatiqrthey areidentical for
electroomechanical and numerical relayhe chart below shows the sensitivity of relay timing to input
current errors for the typical IEEE and EB@urves For a given curve and M (the ratio of applied
current to the pickup setting), the &kis gives the percentage timing error expected for a 1% applied
current error. Note that the actual dt/dl is negative (threlay gets faster as the current increases).

Sensitivity of 51 element timing to current error
10
Ul u2 U3 U4 U5
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£
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o
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£
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S 01
c
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<
o
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M (I/1_pickup)

The finalerror we must consider is that in setting the time dial. In an eleaiezhanical relay, the time

RAFE A& Fy Fylft23 RSOAOST YR 6KAES 68 Oly Aa

have a vernier dial on it to allow it to be seepisely to a given decimal number, and we must provide
test points to ensure that the relay has actually been set where we want it. Depending on the
persnicketiness of the person setting the relay, additional error can creep in inete the tolerances
allowed in relay testing Numerical relays do not have this problem.

czF ALz 0F
[EC 60255

= 20, so manufacturers

1.15t0 M

Theconformance bands in IEEE C37.112 run from M

30. so those curves should fall to zero around there.

are free to diverge from the equations at either eBdme switch to a definite time
characteristic around M

a dzSs
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263 O) 1 OOAT OAT AT 666 2A1 AU 4EI ET C %001 00

¢CKS GSNXY aGAyaildl yill yS2dza NBf lindt@ntadeduslyThedekelnys2 YSNE | &
AK2dd R 05 OFff{SR ay2 AydSydizytt GAYS RSt &eMymBf I
unlikely to catch orsoon In an electremechanical relay, the pickup time is usually longest around WPRC paper
pickup and drops t@ minimum as you go further into the characteristitis is due to reduced force shoulld bettied

) ) OEvery
around pickup, coupled with the inertia of the relay mechan&m the return spring tensiarit an inverse
should be no surprise that numerical relays also have the same sort oféntere characteristic time re

around pickupThis is caused by the smearing effect of the digital filters in the relay as discussed in

Sec 2.6.1but on the front side of the waveform instead of the redn) addition, relay designers may
purposely add smallintéB S G AYS OKI NI OGSNRaidlAOas KeadSNBara 2N
of misoperation close to the pickup valuhe graph below shows the pickup time of the instantaneous

unit in an IAC relagis well as both the tripping elements of the HUagedind one variant of the KD relay
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Figure6- IAC Instantaneous un(itop left), HU differential relayt¢p right) and KD relay (bottom) operatanes

The chart below shows theperatingtime as a function of reach and SIR in aethwn numerical

relay.
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Figure7- Operate time vs fault location and SIR

Unfortunately, the chart stops at 80% of reach, because it is almost certain that the curvestae?*d ere
start to tilt upwards more rapidly past that poidue to security counters added to reck twtl'tf %Zg@“t n
overreach The conclusion that can be reached here is that if we are deep into the relaywmmz‘::;:} ov vench
characteristic, assuming that instantaneous relays operate at a fixed time of maybe 2 :r:;w, dnen Yor

nad
. . . . o Ene
cycles is a reasonable assumption, however, near pickup, 6 or 7 cycles emabetier petter wot 08 sVWLM)
guess. o (and Jice verst)-

2.7 Fault resistance

2 KSYy ¢S IINB O22NRAYIlIGAYy3 NBftleéea al3arAayad GKS a
Ayi2 | 002dzyid AF 6S INB R2Ay3 | O22NRAYIGA2Y 27F
This has theffect of reducing the maximum pickup settifgote that while we really need to have

some sort of criterion for how much fault resistance needs to be accounted for, we must also realize
that nature will laugh at us and occasionally throw a fault at as$ &xceeds whatever we had the hubris

to write down Inside of a substation, where everything is well grounded and the station ground grid is
very low impedance, we can possibly ignore fault resistance, especially at higher voltages where the
faultimpedance has less effe@utside of the substation, our minimum fault resistance should exceed
the maximum tower footing resistance.

gai
0K

Other areas where fault resistance can affect coordinationtare:

1. Multi-phase faults on transmission lines can have areiasing R, with time as the phase to
phase arenovesin the air. If sufficient margin is not provided in distance relay reach, the fault
impedancecan move outside of the zone 2 characteristic in the time it takes the zone 2 timer to
expire.

2. QuadrilaB NI f OKIF NI OG SN&R & (i A O dhonibbeyieous Systénmiipedanzss (2 € 2 |
This tilt can result in reach errors for quad elements operating for aRigdult.

3. Especially for ground faults, the existence of an unknown amount of fault resistances rttedn
coordination must be maintained all the way back to relay pickup even if the model says that
fault current is never lower than X.

3 DealingWith Multiple Error Sources

Fundamental to this paper is the concept of how to deal with multiple error soulficesay elements
were perfect and there was no uncertainty, relay coordination would be a simpler.&ftairever, there
are multiple error sources to account for, and we must know how to deal with thefig 1, we have a
simple radial system with distance relaywhich we intend to underreach remote busT® determine
whether the reach of relay A might exceledsB, we need to account for the following possible errors.
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Z1 > |
AA
r\J A \A) B |\

1 CT error

1 VTerror (possibly including CVT transient erasra function of S)R There “vzz Votiv;

1 Relay error i&; (ko Ehe

I Errorin our estimate of the line impedan@acluding not just uncertainty in the sequence | ;, butthis ts

impedances, but also the differences hretdifferent fault loops) a goodt ST

In this simple example, we have (at ledsyr errors which can affect the relationship between the end
of reach ofthis relay. Once we have an estimate of the range ofgbesrrorsindividually we then need
to know how to combine them to get an overall erre couldassume that all errors act in the
direction which makes the miscoordination the wqnshich is very safe, buhis leaves a lot of
performance on the cutting room floor, &S R2y Qi | f gl &a &a4SS G(GKS g2Nmi O
different errorsoften effect the final result in different directions, such that the final error is smaller =z @
than the sum of the absolute values of the individual errédternatively we can come up with a @ ol
mathematical means to merge these numbers into one number that workguately in most cases §
The first thing to note is that errors in these cases act in a multiplicative mawmecan think of the § S
AYRAGARIZ f ydzYoSNER GKSYaSt @Sa hraultighedyyashndelerkoy 3 g
function which smears ouhe true value in different ways under different circumstandé& can also ?\, 2
consider most of our calculations as consisting of multiplicati r divisd@san consider the reach % <
of a distance relay to be something Iﬂge%)oi/mlff:m—m\ % :
number of error functions to get the real world answ&b see the effect of multiplying by numerous 5’; o
SNNE2N) Fdzy OliAz2zyas f£SGQa LI I & gAlK.Thegedhs bblbwizhow A | g
the distribution of values of two sets of 6,000 random variables Blussiarerror distributions, each Q

with a mean of 10 and standard deviation of 1.0rou will note that they look very similar (because
they have the same mean and stamd deviation) but are not identical.

600

500

4

=}
=]

3

o
S

2

o
=}

.
o
=]

0

Variable 1 Variable 2

25
45
65
85
05
45
45
65,
85
05,
25
45
65
85
05,

hinhhinD
wow <rm

o
Z



19

If we multiplycorrespondingelements of these Product
two sets together, we get another set of 6,000 #»°
elements The mean of this set is 100 (10 x 10) 222

and the standard deviation is 14.14we 300
normalize the standard deviats against the
mean of the three sets, we find that when we 150
multiply two random variables whose standard °
Y el || ]
deviation is 10% of the mean, we get a third o ———==H8 W

n o U O

NNNNNNNNNNNNNNNNNNNNN

random variable whose standard deviatitsn B e B8R K888 EHERER8E ¢8R4
14.1% of the meanf we think of thisinterms 22 et = = 2 '
of multiplying variables that have an error

tolerance, the resulting number has a tolerance @i i Oi .

Redoing this calculation usingiaiform
probability distribution (where each variable X
is evenly distributedvithin a range of X Err)
or a triangular distribution (where the
likelihooddrops evenly asve move away from v
the mean)we get the same resulfhe

standard deviation of the product is equal to 0!
the square root of the sum of the squares of s
the individud RAAGNROdziA2Z2Yya 7 N

deviations. 0 5 10 15 20

——Gaussian ——Triangular Uniform

Probability Distribution Functions

0.25

0.15

We can take this result and generalize it to any
number of variabledf we have an arbitrary number of variables. X% that are multiplied togethein a
calculation, and each variable has a tolerance of .EHrF, the final number has a tolerance of

B 'Oi i.While this result is only exactly applicable to Gaussian error distributions, the general
O2y OSLIJi Aa a/f2asS Sy 2 dz3 e Wilkusd tHiSNBult §s@ fodndagion Bt A v S S NJ
resultsin the rest of the paper.

While the previous result applies for calculations which are the result of a chain of multiplications or
divisions, we need to treat things differently when the calculation is a string of additions or subtractions
In thatcase, the basic process is the same, but instead of using relative errors (ie: percent of the actual
parameter value), we use absolute errolrs the example above, if we were adding the two sets of
random variables instead of multiplying them, we wouldenthat both sets of random variables have a
standard deviation of 1.0 (note that this is an absolute value and not a percentage of the mean) and

calculate the error in the sumto beOi i Oi i=Wp p =W, so if these distributions
represented réay times which occurred in sequence, we could estimate the total time of those two

relays to be 2@ VC.
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4 CombiningErrors to Produce Margins

In order to simplify the equations to follow in the rest of this section, we will summarize all the errors
listed in Section 2 in a table below.

Error Symbol Value | Description and notes 5 g E
Err_Vsys 10% | Variation in system voltage E= §
Err_CTH 10% | CT error at high currents S § = ,2
Err_CTL 3% CT error at low currents _g *g L -
Err VT 3% | VT error g 3 ‘3 c
Err_CVT_trans 5% CVT transient error (only applicable in first few cycles) g R i
Err_ 21 reach_ EM 3% | Error in reach of electrmechanical distance relays s 2 '§-
Err_21 reach_num| 3% Error in reach of numerical distance relays f g g l’
Err_50_pu_EM 10% | Error in pickup of electronechanical inst overcurrent - 9 § -
relays EZ8
Err_50_pu_num 3% Error in pickup of numerical inst overcurrent relays ~ % § —
Err 50 puXREM | 30% | Error in pickup of electranechanical inst overcurrent s o g
relaysdue tohigh X/Ronly > 8 % c
Err_50_puXRnum 5% Error in pickup of numerical inst overcurrent relayse to °3 3
high X/Ronly
Err 51 time_EM 4% Error in operate time of electrmechanical inverse time
overcurrent relays
Err_51_time_num 4% Error in operate time of numerical inverse time overcurre
relays
Err_line_z12 10% | Error in positive or negative sequence impedancdifms
Err_line_Z0 15% | Error in zero sequence impedance for lines
Err_line_3PZ 10% | Error in loop impedance for mulihase faults
Err_line_1PZ 15% | Error in loop impedance for single phase to ground fault

Err_impulse_EM 3 cycles| Impulse (overtravellime for electromechanical relays
Err_impulse_num | 1 cycle | Impulse (overtravellime for numerical relays
Err_timer_EM 4% Error in timing of electranechanical timers
Err_timer_num 2 ms | Error in timing of numerical timers

4.1 Coordinating Relays Against the System
4.1.1 Instantaneous Relay Pickup
B

In this example, we have an instantaneous overcurrent relay at bus A that we want to ensure will never
operate for a fault at BThe list of possible errors we have to deal with is:
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Error Symbol Value | Description and notes

Err_Vsys 10% | Variation in system voltage

Err CTH 10% | CT error at high currents )

Err 50 pu_ EM 10% | Error in pickup of electrnechanical inst overcurrent with all
relays Apologies to

Err 50 pu_num 3% Error in pickup of numerical inst overcurrent relays Chicago, we need

Err 50 pu XR_EM 30% | Error in pickup of electronechanical inst overcurrent A 'paper entitlen
relays due to high X/R only "Poes any oy

Err 50 pu_XR_nurn 5% Error in pickup of numerical inst overcurrent relays due t really know what
high X/R only the souree

Err_line_3PZ 10% | Error in loop impedance for mulihase faults tmpedance (r»

Err_line_1PZ 15% | Error in loop impedance for single phase to ground fault

We will not calculate the error for every scenario, but we will calculate the possible erravedfor
scenariosand leave the other combinations to the readdrwe have a omerical phase relaghe

obvious candidates faxpplicable errors are Err_Vsys, Err_ CTH, Err_50_pu_num, Err_50 pu_XR_num
and Err_line_3RAowever, note that Err_CTH is always negative, so ihatikontribute to overreach

and we should consét it to be zero. The numerical relays used in this example operates on the
calculated fundamental frequency phasor, so error from X/Rialstinimal Theestimated totalerror

thenequals Oi i Oi i Ooi i oii Oi i which

equalsim m mdim ™o THIU T T P & P If we want to ensure that this element
would not operate for faults at bus B, we would want to set the relay—teg— pp YdIo

If we have an kectro-mechanical ground relayhe applicable errors are Err_Vsys, Err_CTH,
Err_50_pu_EM, Err_50_pu_XR_EM and Err_line THe2stimated totalerror then equals

W m™im T ™t U o @ bIf wewantto ensug that this element would not
operate for faults at bus B, we would want to set the relay—teg— p L xIO

Underreaching (ie: instantaneous) overcurrent element pickup setting shall be a minjmum
of [115%abs, 120% rec] of maximum out of zone fault current for elements which are
insensitive to DC transients, and [150% abs, 160% rec] where the element is sensitiye to
DC transients.

4.1.2 Distance Relay Zone 1 And ZoneReachSettings
A B

|
R
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If we have a distance relay at bus A, typical practice is to set a zone 1 element which will never operate
for a fault at B and a zone 2 element which will always operate for a faull@atiis scenario, the list of
errors to consider is:

Error Symbol Value | Description and notes

Err CTH 10% | CT error at high curren{®ut only for zone 2)

Err VT 3% VT error

Err_CVT trans 5% CVT transient error (only applicable in first few cycles)

Err_21 reach_EM 3% Error in reach oélectroomechanical distance relays
Err_21 reach_num| 3% Error in reach of numerical distance relays
Err_line_3PZ 10% | Error in loop impedance for mulihase faults
Err_line_1PZ 15% | Error in loop impedance for single phase to ground fault
Since we can see that bo#ihectro-mechanical and numerical relays have the same accuracy’
68 R2y Qi KI 0SS (2 RAFTTSNBYy ALl GS.Agaiine &inot § Yo« leftouterror
consider every combination of variabléswe have a zone groundrelay, the actual errors to related to SiR,
consder areErr_ VTErr_CVT tran&€rr_21 reackandErr_line 1PZ The error equals

WBto M8tu ™8To T L p @ P If we want to ensure that this element would not

whieh dont change
the resulte muceh in

LOW SIR SCEV\IQVLDS

operate for faults at bus B, we would want to set the relagdto dp ™ @t but wmake big
Y @ Pao Jfwe areanalyzing | 2y S H LKl asS Nbfléz ¢ changes in high
CVT transients, since those will have dissipated by the time the zone 2 timer expires, SO SR scenayipe.
errors to consider ar&rr_CTHEr_VTErr_21 reactandErr_line_3PZThe error equals onee You oo that
W nm ™o to 1 1 p & P If we want to ensure that this element would You leave sciemee
alwaysoperate for faults at bus B, we would want to set the relagto Op Oehind and enter
™T Y ppd P . the world of gyt

Underreaching phase distance element reach shall not exceed [90% abs, 85% rec] of
minimumprotected line impedance, including outfeed where it is a possibility

Underreaching ground distance element reach shall not exceed [85%0&bse§] of
minimum protected line impedance, including effects of mutual coupling and outfeed.

Primary Relay overreaching distance element reach shall be a minimum of [115% abs,
120% rec] of maximum apparent protected line impedance, including infeed.

Primary Relay overreaching ground distance elements should be set to a minimum [120%
abs, 125% rec] of maximum apparent protected line impedance, including infeed and
mutuals, where they are depended on feONr N1 tripping.

4.2 Coordinating Pickup of One Relapgainst Another

4.2.1 Pickup Coordination of Two Instantaneous Overcurrent Relays
We will start with the simplest possible ca¥®e have two overcurrent relays in series, with no load
between them.
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A B

S

We want to ensure thator a fault beyond bus Byhenever the relay at A picks up, ththe relay at B is
assured of picking up as walVe have four possible sources of error hefae CTs at A and B may have
errors in their responses, and the relays s B may also have errotset us assume that the CTs are
IEEE C class accuracy rating, the CTs are operated near thgdiniee@nd that the relays are
Westinghouse CO IIT elemen®T error can always be considered to be negative (ie: the secondary
current never exceeds the primary current divided by the CT ratio), so we note that errors on CT A only
improves coordination, and it is only the error on CT B which causes us coordination $sstes

voltage changes the fault current, but it is identifad both relays The COnstruction manuakays that

the IIT has an accuracy of #0%, so we will use that for the error for relay A and relayding the

formula from Section 3, our total erroris Oi i oi i Oi i

Mommb pmb pmb p ® kThisis agood general result, however, if the relay pickup settings
are substantially below the CT knpeint, we can take advantage of the fact that CT error at reasonably
low currents is lower than the rateerror and reduce the CT error in our marginve assume the 3%
error near rated current for C class CTs, we now have

Oi i oii oii MlobP pmb pmb p® kIfinstead,
we leave the CT error at 10%, buiitch to numerical relays with 3% overcurrent pickup accuracy, our
required margindropsttlp mb obP obP p @b

The BC Hydro coordination rules document states:

For overcurrent elements, Backup Relay element pickup must be a minimum of [110% abs,
120% recpf the current seen at the Backup Relay for a fault at the pickup of the Primary
Relay element.

There isone other factor that needs to be accounted for in this calculation, and that is the

possibiity that the actual current at both relay locations is not eqUdle obvious scenario is plementatipn
where there is infeed between the two relays, but the less obvious scenario is where we nee Is left as an
account for line charging currerit we are coordinating two 67N eleants for a POTT scheme exercise for the
on a long line, the line zero sequence charging current at the fault level where the forward reader.

element is intended to pickup can be in the range where it must be accounted for.
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4.3 Coordinating Reach of One Relay Against Another
4.3.1 Zone2 Phase Mho Reach Against Adjacent Zone 2

Z1gy Z1py i
— =22 — — = >
Z 28y )&Marginﬂg
Zsy Zoq ——
BU P i___) Effective start of
Pri Z2 reach

In thif scenario, th(? primary relay [1as a zE)ne 1 reaAch s§t, apd W,e Warlt to ensure th:elt thfa We can debate
0l Ol dzLJ NBft I eQaf fl 2yiSs Ive aS taSW3/Y (2 dalA  2ohe Iy O, whether we
does This is important to ensurihat we do not have to achiewiime coordination between are actually
the backup zone 2 and the primary zondr2this scenario, we have two independent sets of coordinating the
errors to dal with. Using the methodology from Sécl.2 we can say that the primary zone  Backup zone

relay could have areach as shortyag:™s 2 F (G KS aSOGAy3 oplagim S against the
the time that the backup relay can operate) and the backup zone relay could have a reac Primary zone 1
high as 115% of the settingssuming that our relays are set in percent of line impedance, °" ¢suring that
we can come up witkhe inequality thatp p v B 3 @ goukp I the Backip zone
2 doesn’t have to
P p LT P Yu Rp 3(:)— ciiféﬁfafj“
. zZone 2,

” ” w
G Px P xt Rip Qu)—
If we assume the two lines are the same impedance and that the primary relay is set to 85% of the line,
we get the result that the mamum zone 2 backup setting is 150%.

The ratio of Backup Relay overreaching distance element reach to apparent impedance

shall be at most [90% abs, 85% rec] at the effective start of reach of Primary Relay

elements with operating speeds where the diffeeiglesshan the minimum time

coordination margin.
In order to compare this result to the BC Hydro coordination rules, we first need to calculat Note that the
the apparent impedancef the effective start of the Primary zone 2 elemgdsing the same caleulatipn
assumptions as above, we can see that the Primary zone 2 element starts at £Q0%86% above dpespt
(Z3priZer) = 185%0ur 150% calculated backup zone 2 settinthen 81%, as opposed to the consider infeed
BC Hydro recommended 90% absolute liWhy the difference? at the PRI bug,

but the e

1. First, we have simply added the two margiegdr in Zk;and error in Zgy) together, HYyodro criterin
instead of combining them in an RMS fashibhis gives us an absolutelprst-case does.

534y
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number, but in practice, if both errors are in the same direction, things will work just fine.

2. Since the fault is the same for both relays, errors in actual fault loop impedance tend to affect
both relays identically (unless there is a transposition going through the Pri gtation

3. CT errors on the backup relay should only act to reduce the backayreach andshould
therefore be ignored.

This points out an issue with the methodoladgvelopedin this paper Applying it effectively in mulki
relay coordination scenarios may result in a fairly complex model, as errors that contribute to each
NB f feaclray not necessarily contribute to the actual margin between the two relays.

4.3.2 POTTschemeZone 3 vs Zone 2

The wethod of assigning
anarg and baclwp reLags

ha ivol <1
7301 / S ;he welrd sige effect here
W that the Backoy .
. : P relay i
2280 »<—Margin—, the one that trips gy gae
ZBU ZPn

ana@ V&Lag Is the one

BU Pri that prevents tripping.

--p End of Pri
Z3 reach

In ahybrid POTT schemi@vith echo) we want to ensure that our reverse looking zone 3 distgpdet
blocking)element can see every fault that can be detected by the associated zone 2 digtdlate
tripping) element at the other end of the lind his imearlythe sameproblem that was solved in the
previous section, except that we are solving for the otheralde (previously we assurd®rimary

reach and solved for Backup relay reach, here we assume Backup relay reach and solve for Primary
reach) We start withp p v Bx 3 @ Ygu o 3O andrearrange to get

() Yoo ppudx 3D
Yoo W ppuIx 3D ®
o PP Y p LI 30)— PP LIJ%—
0o pooed O— ppYd—
() W
wo p o @Iag PPy @w_
For the casevhere primary and backup line impedances are equal and the Backup zone 2 relay is set to
125%0f the line impedancethis gives the result that the Primary zone 3 relay needs to be set to at least
52%of the line impedanceHowever, becausehere is typicly no downside to setting a POTT scheme

iT2yS o StSYSyid f2y3aSNJ GKIFIy NBIdZANBRI ¢S GeLAOITffe
short. Another reason for setting the zone 3 reach longer than the theoretical required reach is that we
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want zone3 to pick up at least as fast (or faster) than the corresponding zone 2 eleByerktending

GKS T2yS o NBfle NBIFIOK:I ¢S OFy &aLISSR LAO]dzLd F2NI ¥
coordination in the time domairThis is another exampld a scenario where we start to analyze the

margins using science, but end up dropping unexpectedly into art.

4.4 Coordinating Timing of One Relay Against Another

441 CTls

The CTI can be considered tothe amount of time purposely placed between the timing of the trip
decisions of two relays to ensure that the Primary relay trips first and the Backup relay does .nidtéerip
CTlis the accumulation (including margin)ahumber ofparameters in théwo relaying systers. In a
typical protection scheme, the CTI may need to account for:

1 Primary relay processing timacluding any positive variations
9 Operating timeof anytrip auxiliary or lockout relay associated with the Primary rélagelled
& CGISNWL 2y .Se€Se2BA ANT Y
9 Breaker interrupting timgincluding variationpf the breaker associated with the Primary relay
Depending on your protectiophilosophies, you may also consider adding breaker failure PN
Oft SFNARyYy3 GAYS Ay KSNB AT @&2dz R2y Qi o6l yi @2dzNJ o
event
1 Negative variations in Backup relay processing time
1 Resetdropout/impuls€ coasting time of the Backup relay

Fault Fault
Initiation Cleared
Primary Relay Processing Decide Trip Breaker
Relay <_pickup_> time to trip _><'sent'> interrupts

«——CTI (bad)———>

Backup|_Relay _ Processing . Decide Trip Breaker
Relay (bad) | pickup = time T totrip T sent” interrupts

¢——CTI (good) —>
Backup |, Relay . Processing .| Decide
h >« : > < e 4
Relay (good) | pickup time § to trip
<_Reset_>3

Time |

When using circuit breaker interrupting time, we should use the rated interrupting time, not the
measured main contact opening timiote that IEC allows breakers to actually interr@gsto one
cycle slower tharthe rated interrupting timeduring a closepen cycle



Note that for fuses andnolded case breakers

the interrupting time of the unit is included

in the published curve (ie: min melt vs max

you do

SO

clearing),
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One other item to consider when doing time coordination is that if fast reclosing is involved, we
alsomustlook at the reset time of both relayd our Primary relay is an instantaneous The same
overcurrent, but our Backup relay is an inverse time overcur@phenomenon known as thing happens
AN} GOKSGAYIE OFy 200dNE sKSNB GKS . F O dzLd Niétt“diﬁ%{feﬁz
reclosures, and therefore starts each new event further along the time dial, eventually {DMW e €0

miscoordinating with the upstream relaylodern numerical riays often give the choice between cool down
a near instantaneous resatr one which more closely emulates that of electm@chanical relays.  berween shots-

4.4.2 Time Coordination of Two Inverse TimeRelays

When coordinating two inverse time relays, wesfiassume that we are coordinating the two relays on
the right side of the curve, athe left side is inthe domain of pickup coordinatiot this point, we note
that we always consider CT error to be negative, so CT error on the Backup relay only makes
coordination better, so it can be ignoredhere is a variability of the curves in the relags well as the
actual setting of electranechanical relays vs issued settings we need to account for that error in
both relays There is also the impulse tinod the Backup relay, trip auxiliary time in the Primary system
and breaker interrupting timdf we assume a pair of electraechanical relays that are being
coordinated around a point where the Primary relay timing is 500 ms, and that this point concssfm
a relay current around 8x pickup, we can ass@aménherent 5%2 x 1.5 cycleg)ming error on each
relay, a8% (2.5 cycles)iming error for al0% Primary relay CT error, 3 cycles of impulse time for the
Backup relay, plus Primary relay trip alaxil time(0.5 cycleand Primary breaker interrupting time.
This adds up t@ cycles plus Primary breaker interrupting tinpus two x whatever tolerance your
company allows for time dial settinj the Backup relay is numerical, we can shave ¢yaes off to
account for the reduced impulse time of the numerical rekayd if the Primary relay was an
instantaneous element, we could also remove the Primary relay timing errors.

In cases where both Primary and Backup coordinating relays are inveeset where
there is a combination of inverse time and definite time elements, and at least one of the
coordinating relays is not numerical, the minimum Coordination Time Interval between
Primary and Backup relays shall be [9 cycles abs, 14 cycletueett]grated interrupting
time of the slowest Primary breaker.

In cases where both Primary and Backup coordinating relays are inverse time, or where
there is a combination of inverse time and definite time elements, and both the Primary
and Backup coordating relays are numerical, the minimum Coordination Time Interval
between Primary and Backup relays shall be [7 cycles abs, 12 cycles rec] plus the rated
interrupting time of the slowest Primary breaker.




Bewared thefine print in breaker standards. IEEE
C37.04-1979 allows an 8-cyclebreaker to take 3 cycles

to interrupt under certain circumstances.
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4.4.3 Breaker Failure Timers

The WLDIVQLVL isa

: Subsidence + : combimg:
Rated Breaker tlme—)l— OIC dropout —)I—Margln Timer tnation of “How gl o

can t
rme he breaker be and stil|

Timer setting > bnterrupts” g «ar what
brotec | | point dp You have tp |
ro e_c on . BF Trip ’ Just do
trip Pri somethingz~
In a typical breaker failure scheme, a timemisiated when the breaker is tripped from the There are

LINPGSOGA2YT YR AF OdNNByild KFayQid OSFaASR 0 SF@NG
or adjacent protection zonesn this logic scheme, the required margin consists of the rated breakéf*ations in
interrupting time, an allowance for subsidence current, another for the dropout of the overcurrent the Logie.
element (these are often considered as one item), some error on the tipossible skew between

breaker failure initiation and breaker tripping, debounce timargthe breaker failure relay inpuand a

final margin to account faother factors If we assume a 3 cycle rated interrupting time breakéh

+0.5 cycle tolerancérery common nowadaysind a breaker failure relay designed for fast reSetq ¥
cycledropout), we could theoretically have&cycle breaker failure timeConsidering the impact of a

ONBIF 1SN FIAfdzZNBE LINRPGSOUGAZ2Y 2LISNIGA2Yy> AG YIFe 0SS &
to account for sticky trip coils and breakers thayd@ i Y SS{i &aLISOs odhwearé Af t Ay (¢
using hardware designed for this purpose, breaker failure timer settingsam# &ycles plus rated

breaker interrupting time are feasible.

Beware.

4.4.4 Distance Relay Timer Settings

BU Pri
EE— VA=) ——>

—Z1pi—>
anl ]
® -

In this scenario, we have a Primary zone 1 distance relay with no intentionadélag.and we wish SIR Showly
to set the time delay on the Backup zone 2 distance relay to ensureiibd@ackup relay will never abways be
trip for faults that the Primary relay cleais$ is assumed that the reaches of these two elements  Lower foy t);,
have already been coordinateWe start by calculating the time required for the Primary relay to Backup
clear the fault This includeshe pickuptime of the Primary relay, the time required for any trip ety soit
. . . . . . . Should pick
auxiliary or lockout relays, plus the interrupting time of the slowest circuit bredkethis we need up faster.
to subtractthe Backuprelay pickupgime and then add thedropout/reset/coasting tme of the
Backuprelayand the error in the timer used to delay the zone 2 element

The first task is to determine thaickuptime of both relays. As noted in Se2.6.3 depending on SIR and

the fault location vs reach, distance relays can slow down consideEay if we assume that the

reachesof the two relays are properly coordinated, all that guarantees is that in the worst case, both

relays have nearly the same effective reaghthis point, science fails us, and we have to fall back on
art.InSe@2.63¢6S OFly &aSS GKFG AT tick(BKS I OV IIARINGD S 6B §RY St






