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-ÁÒÇÉÎÁÌÉÁ 
ɉÁ ÆÉÒÓÔ ÐÒÉÎÃÉÐÌÅÓ ÒÅÖÉÅ× ÏÆ ÃÏÏÒÄÉÎÁÔÉÎÇ ÍÁÒÇÉÎÓ  

ÉÎ ÐÒÏÔÅÃÔÉÖÅ ÒÅÌÁÙÉÎÇɊ 
1 Introduction  
The coordination of protective relays lies at the heart of protection engineering selectivity. 

Unfortunately, many relay engineers start their careers with a list of standard coordinating margins but 

no insight as to the origin of these margins. Protective relaying is an art as well as a science1, and a wide 

range of coordinating margins can often be tolerated in any particular relaying application, however, 

without knowing the science behind these margins, we find ourselves ill-equipped to practice the art 

portion. Sometimes, use of a given margin may be perfectly adequate in one application, but 

marginal in another. By knowing what factors go into the numbers that we use everyday in 

ŎƻƻǊŘƛƴŀǘƛƻƴ ǎǘǳŘƛŜǎΣ ǿŜ Ŏŀƴ ƳŀƪŜ ōŜǘǘŜǊ ŘŜŎƛǎƛƻƴǎ ŀōƻǳǘ ǿƘŜƴ ǿŜ Ŏŀƴ ǎǉǳŜŜȊŜ ǘƘŜ άǎǘŀƴŘŀǊŘέ 

numbers, and when this might be fraught with peril. We will start in Section 2 of this discussion by 

looking at individual errors, their causes and typical ranges, then consider how to combine multiple 

error sources in Section 3, and finally derive some typical coordinating margins from first principles in 

Section 4, using our previous results. This paper was initially intended to be a definitive reduction of all 

coordinating margins to combinations of known simple error factors, however this goal was overly 

ambitious, and the truth turned out to be much more nuanced.  Because of this failure to achieve the 

original ends, this is 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, you at least know where to find the good 

gelato. 

This paper concentrates on relaying margins to ensure selectivity. Margins for dependability are also 

equally (or sometimes even more) important, and in the real world, the protection engineer calculates 

both margins and hopefully finds room in-between where they can place their setting. This 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 WhaÔȭÓ ! -ÁÒÇÉÎȩ 
wŜƭŀȅ ŎƻƻǊŘƛƴŀǘƛƻƴ ƛǎ ǘƘŜ ǇǊƻŎŜǎǎ ƻŦ ŜƴǎǳǊƛƴƎ ǘƘŀǘ ǘƘŜ άǊƛƎƘǘέ ǇǊƻǘŜŎǘƛǾŜ ǊŜƭŀȅƛƴƎ ȊƻƴŜ ǘǊƛǇǎ ŦƻǊ ŀƴȅ ƎƛǾŜƴ 

fault. ¢ƘŜ άǊƛƎƘǘέ ȊƻƴŜ ƛǎ ǳǎǳŀƭƭȅ ǘƘŜ ƻƴŜ ǘƘŀǘ isolates the fault while causing the smallest outage. To 

create a robust protection system which can still isolate faults even with a failed relaying element, 

there will often be multiple relays which are capable of detecting and tripping for a given fault. 

EnsuriƴƎ ǘƘŀǘ ǘƘŜ άǊƛƎƘǘέ ǊŜƭŀȅƛƴƎ ǎȅǎǘŜƳ ǘǊƛǇǎ ŦƛǊǎǘ ŀƴŘ isolates the fault before any other zone can 

reach a trip decision is the goal of relay coordination. There are multiple scenarios where we must do 

relay coordination. 

1. We can coordinate the reach of a relay with respect to a location within the system, to ensure 

that it always operates for faults inside a certain region, or alternatively that it never operates 

https://frigidariumgelateria.com/  
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for faults outside of a certain region.  An example of this is setting the reach of a zone 1 (never 

operate outside) or zone 2 (always operate inside) phase distance. 

2. We can coordinate the pickup of one relay with respect to another, to ensure that for a given 

fault or range of faults, one relay will always pick up whenever the other relay picks up.  An 

example of this is setting the pickup of forward keying and reverse blocking ground directional 

overcurrent elements used in a pilot scheme. 

3. We can coordinate the reach of one relay with respect to another, to ensure that one relay will 

stop operating before the other relay gets to a certain point in its characteristic.  An example of 

ǘƘƛǎ ƛǎ ǘƘŜ ǎŜǘǘƛƴƎ ƻŦ ǘƘŜ ǊŜŀŎƘ ƻŦ ŀ ƭƻŎŀƭ ȊƻƴŜ н ǇƘŀǎŜ ŘƛǎǘŀƴŎŜ ǊŜƭŀȅ ŘƻŜǎƴΩǘ ŜƴŎǊƻŀŎƘ ƻƴ ǘƘŜ 

ƴŜȄǘ ȊƻƴŜΩǎ ȊƻƴŜ н ǇƘŀǎŜ ŘƛǎǘŀƴŎŜ ǊŜƭŀȅΦ 

4. We can coordinate the timing of one relay with respect to another, to ensure that for a given 

fault or range of faults, that one relay will always trip faster than the other relay.  An example of 

this is setting of two inverse time overcurrent elements in adjacent protection zones. 

In this paper, when we talk about coordinating two relays (a coordinating pair), the term Primary Relay 

will be used to describe the relay which is desired to operate for the fault, and the term Backup Relay 

will be used to describe the relay which is desired to coordinate with the Primary Relay, and therefore 

not operate except in the event of failure of the Primary Relay. To achieve proper coordination under all 

conditions, we may need to check coordination using all four of the criteria above, checking 

selectivity and dependability for numerous fault locations, fault types and system 

configurations. Also, while we have been talking about coordination checking as if it is an 

exercise which is performed between two relays, practically speaking, we check coordination 

between protection systems and not individual relays. There are often cases where a single 

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. 

This paper contains quotes (with kind permission of BC Hydro) ŦǊƻƳ ./ IȅŘǊƻΩǎ ŎƻƻǊŘƛƴŀǘƛƻƴ ǊǳƭŜǎ ǘƻ 

show how these calculated margins compare to those currently in use by BC Hydro protection 

engineers. The BC Hydro recommended margins have been tested 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 limits and determine where changed technology could result in changes to 

the time-tested recommended margins. These quotes are shown 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 efforts possible to avoid the use of absolute 

margins. 



3 
 

1.2 Margins and Coordination Time Intervals CTI) 
In a perfect world, we could set distance relays to 100% of the line impedance, space inverse time 

overcurrent relays just far enough apart that we can see distinct curves on the current-time plot, and 

generally not care about the concept of margins. However, in the real world, nothing is exact. System 

voltage varies, source strengths change, line impedances are different depending on which phases are 

faulted, instrument transformer secondary ǉǳŀƴǘƛǘƛŜǎ ŀǊŜƴΩǘ necessarily primary quantities divided by 

transformer ratio; and relays are imperfect and settings drift with time, temperature, and phases of the 

moon. Lƴ ǘƘƛǎ ǿƻǊƭŘΣ ƛŦ ǿŜ ǿŀƴǘ ǘƘŜ άǊƛƎƘǘέ ǊŜƭŀȅ ǘƻ ƻǇŜǊŀǘŜΣ ŀƴŘ ŀƭƭ ǘƘŜ ƻǘƘŜǊ ǊŜƭŀȅǎ ǘƻ ƴƻǘ ƻǇŜǊŀǘŜΣ 

we need to put some distance between the theoretical setting and the actual setting. Most 

protection engineering groups maintain an official or unofficial list of these margins (for example, 

zone 1 phase mho is usually set to 85%, ground instantaneous overcurrent is set to 125% of end of 

line fault current, zone 2 phase mho timer is set to 15 cycles). These margins are often thought of as 

ƴǳƳōŜǊǎ ǿƘƛŎƘ ƘŀǾŜ άŦŀƭƭŜƴ ŦǊƻƳ ǘƘŜ ǎƪȅέΣ ŀƴŘ ƴƻǘ ŀǎ ǊŜǎǳƭǘǎ ƻŦ ŀƴ ŜƴƎƛƴŜŜǊƛƴƎ ǇǊƻŎŜǎǎ. The 

purpose of this paper is to reverse engineer several coordinating margins, and provide a process for 

determining them, 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 Error  Sources in Protective Relaying Coordination 
This section lists most of the error sources which should be considered when determining relay 

coordination margins. We will start combining them into margins in Section 4. 

2.1 Current Transformer (CT) Error  
IEEE C57.132 gives the error characteristics for CTs. Unfortunately, the accuracy limits for C class 

protection CTs are given only at rated current and 20x rated current into rated burden. Since we 

may also want to characterize the CT performance below rated current, the chart below also shows 

the data points for 1.2 B xx metering CTs as an approximation for what the curve might look like 

below rated current. In protection applications, CT error is always considered to be subtractive 

(actual secondary is less than primary current / CT ratio) due to the major error source being current 

in the magnetizing branch being lost to the CT output. Note that for both metering and protection 

class CTs, best accuracy is assumed around rated output and accuracy falls as the secondary current 

is either higher (due to magnetizing branch losses as the CT moves into saturation) or lower (due to 

reduced permeability of the core at low flux densities3). The actual accuracy of a CT at a given 

multiple of rated current depends on the actual relay burden vs the rated burden, and by reducing 

relay burden (by using numerical relays, thicker or shorter CT cabling, or by digitizing the CT output 

right at the CT terminals) we can often get better performance than the 10% listed in C57.13.  

Conversely, if we exceed rated burden, exceed 20x rated current, or have fault current with a DC offset, 

we can exceed the 10% in C57.13. 
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2.2 Voltage Transformer (VT) and Capacitor Voltage Transformer (CVT) Error  

2.2.1 VTs 

IEEE standard metering accuracy classes for VTs are 0.3, 0.6 and 1.2, corresponding to +/- 0.3%, +/- 0.6% 

and +/- 1.2% accuracy between 0.9 and 1.1 x rated voltage into the corresponding named burden. Note 

however, that during a fault, voltages will almost certainly drop below the band where the standard 

defines the accuracy. C57.13 says nothing about accuracy at voltages below 0.9 x rated voltage, so for 

that we must jump over to C93.14 (the standard for CVTs and coupling capacitors), which expands the 

rated accuracy between 0.9 pu and max rated voltage to +/- 3% at 0.25 pu and +/- 5% at 0.05 pu. 

IEC 61869-35 has standard metering accuracy classes of 0.1, 0.2, 0.5, 1.0 and 3.0 whereby the 

±¢Ψǎ ŜǊǊƻǊ Ƴǳǎǘ ōŜ ƭŜǎǎ ǘƘŀƴ ǘƘŜ ǎǘŀǘŜŘ ǇŜǊŎŜƴǘŀƎŜ ŦƻǊ ŀǇǇƭƛŜŘ ǾƻƭǘŀƎŜǎ ōŜǘǿŜŜƴ лΦу and 1.2 x 

rated voltage. This standard also has two protection accuracy classes of 3P and 6P, which have 

rated accuracies of +/- 3% and +/- 6% for applied voltages between 0.05 and 1.2 x rated voltage, 

plus a clause saying that accuracy limits double at 0.02 x rated voltage. In the absence of a 

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

2.2.2 CVTs 

IEC 61869-56 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 describe limits on the peak value of the transient 

(in percent of the peak value of the pre-fault voltage) coming out of the CVT during a bolted short circuit 

on the CVT primary (during which there should be no output from the secondary) as a function of time. 

In actual fault situations, the size of the transient can be assumed to be roughly proportional to the 

voltage drop during the fault (since the error is the result of resonant circuits inside the CVT responding 

to the voltage transient). Note that as source impedance ratio (SIR) goes up, the voltage drop at the 

relay during the fault gets higher, and the size of the transient gets higher. The relative CVT transient 
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error is then essentially proportional to SIR. For 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 expected, and the size 

of the transient with respect to the remaining ratio voltage. 

SIR 
pu relay 
voltage 

Transient (% of 
pre-fault peak) 

Relative error (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 distance elements. ANSI C93.1 gives details on how to test transient response but gives no 

classifications for transient error. Unfortunately, the standards only define the magnitude of this 

transient as a ratio of peaks of the transient and unfaulted waveforms and give envelopes of 

their magnitude, so unless we know the spectrum of the transient error (which is typically a 

damped low frequency) and the sensitivity of the protective relay to that CVT transient, we 

cannot determine how much the reach of a distance relay could theoretically be affected by this 

transient7.  At this point, we are left with a decision.  We can either decide to apply ever 

ƛƴŎǊŜŀǎƛƴƎ ŀƳƻǳƴǘǎ ƻŦ ǎŎƛŜƴŎŜΣ ƻǊ ǿŜ Ŏŀƴ Ŏŀƭƭ ǘƘƛǎ άŀǊǘέΣ ŀƴŘ create heuristics on when the error 

is intolerable. 

 

Note that CVTs are starting to be used at lower and lower system voltages. Not only are they lower cost 

than inductive VTs, but a high capacitance CVT can be an effective part of the insulation coordination 

design of the substation, as the CVT will absorb or otherwise slow down fast transients in the system, 

0

5

10

15

20

25

30

0 20 40 60 80 100

%
 p

e
a

k
 e

rr
o

r

time (ms)

IEC CVT Standard Transient Response Classes

T1

T2

T3



6 
 

thus resulting in lower insulation stress for other station equipment. This 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 

Sections 2.1 and 2.2 focus on magnitude errors, however, angular errors are also important. During an 

unbalanced phase to phase fault, a distance relay may need to measure the phase-to-phase voltage. 

Modern distance relays measure the phase-to-phase voltage by subtracting one from the other. For 

instance, VBC = VB ς VC. 

Figure 1 below shows how a small error in angular measurement of the phase to neutral voltages can 

cause a large error in the calculated magnitude of a phase-to-phase voltage during a phase to phase 

fault when the phase voltages collapse inwards towards each other.  As VB and VC  

VA

VC

(VBC) q

VB
 

Figure 1 - Effect of Angular Errors 

2.3 System Operating Voltage 
When looking at coordination of overcurrent elements, the system operating voltage must be taken into 

account, because I = V/Z, and therefore, fault levels should change linearly with system voltage. While 

normal operating bands vary by voltage and jurisdiction, in British Columbia, the assumption is that 

transmission operating voltages will be maintained within ± 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 

operating voltage. 

2.4 Generator, Transformer and Line impedance Errors 
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 conductor used to 

produce a 3 x 3 impedance matrix which then gets reduced to positive, negative and zero sequence 

impedances. 

2.4.1 Generator Models 

Generator impedances vary with time (subtransient - ·ΩΩŘ to transient to synchronous - Xd), however, 

the voltage source behind those impedances also varies with time depending on exciter capabilities and 
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settings. The decrement curves8 typically published for diesel generators show the combination of these 

two effects as a function of time. In Figure 2 below, we can see the available fault current drop, as the 

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

attempts to counteract the low terminal voltage by increasing excitation.  The combination of the two 

phenomena produces the decrement curve.  If a generator is modeled only as a fixed voltage source 

behind a fixed impedance, there can be large differences between the model and reality, especially for 

close-ƛƴ ŦŀǳƭǘǎΣ ƘƻǿŜǾŜǊ 9κ·ΩΩŘ ƛǎ ŀ ǊŜŀǎƻƴŀōƭŜ ŀpproximation to the current in the first cycle. Over a 

longer time, the fault current will decrease - possibly to nearly zero if the excitation power comes from 

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

 

Figure 2 - Example Decrement Curve 

2.4.2 Transformers 

IEEE C57.12.009 gives a standard design tolerance on impedance of +/- 7.5% for 2-

winding transformers with an impedance of 2.5% or greater, and a tolerance of +/- 

10% for 3 winding transformers, transformers with a zig-zag winding, or 

autotransformers. Without factory testing, we can assume this error in nameplate 

impedances. Transformer positive sequence impedances are relatively straightforward 

to measure in the factory and negative sequence will be the same as positive. Most 

transformers have a range of on or off load taps which will affect not only the ratio, 

but also the leakage impedance10. The tap position is not necessarily known at the 

time of a fault, especially in the case of on load tap changers, which produces 

additional error. 

There is a subtlety involved in the determination of the zero sequence impedance (which is usually 

different than the positive sequence impedance). Three limbed core transformers provide no zero 
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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 flux path. Transformers with a delta winding 

provide compensating flux via the delta winding, therefore their zero sequence impedance is also stable. 

Four limbed, five limbed core and shell style Y-Yg or Yg-z transformers do provide a path for zero 

sequence flux, however, this path may not be capable of withstanding full zero sequence voltage 

without saturating portions of the core laminations. This causes the zero sequence impedance of the 

transformer to be a function of the zero sequence voltage at the transformer terminals, 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, 

many entities depend on calculated line impedance from a line constants program 

ǳǎƛƴƎ ǾŀǊƛƻǳǎ ǾŜǊǎƛƻƴǎ ƻŦ /ŀǊǎƻƴΩǎ Ŝǉǳŀǘƛƻƴǎ. In most cases, the calculations 

determine the self and mutual impedances between the three phase conductors, 

then a conversion is performed from the phase domain into the sequence domain to 

produce positive, negative and zero sequence impedances. As with transformers, the 

negative sequence impedance of the line will be equal to the positive sequence 

impedance. If the line has completely symmetrical construction, then all three self 

impedances will be identical, as will the six mutual impedances, and the measured 

impedance for a given type of fault will not depend on which phases are involved. 

However, if the line construction is not perfectly symmetrical (for example, in a flat 

or vertical line construction), then a fault between the outside phases will have a 

different impedance than a fault between adjacent phases. How much difference can 

we get? The numbers below are from calculations for a 230 kV line with flat 

construction and A-B-C phasing. 

ZAB = 0.0583 + j0.536 ohms 

ZBC = 0.0583 + j0.536 ohms 

ZCA = 0.0583 + j0.484 ohms 

In this calculation, the CA loop impedance is only 90% of the AB or BC loop impedances. 

When we calculate the impedance for loops which include ground, we find the distance of the 

line from ground return conductors is important. Height above ground may vary with tower 

construction and the terrain through which the line passes. Also, other ground return paths 

have a significant effect. Shield wires are modelled in line constants programs, but other 

ground return paths are not. Paths such as underbuilt lines, underground pipelines, and 

railway lines are not usually modelled, and can all affect the zero sequence impedance 

significantly11. Ground resistivity (typically designated by the Greek letter )́ also affects the 

zero sequence impedance of the line (see Table below). Since we usually do not completely 

know all the significant factors, we find that the zero sequence impedance calculations are 

not as accurate as the positive sequence calculations. 
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The following table shows estimates of Z0 for the same flat transmission line calculated above, with all 

parameters kept constant, but with varying estimates for the ground resistivity. 

Soil type Resistivity (ʍƳύ Z0 (ohms) Change from 100 ʍƳ Z0 

Wet, marshy 10 0.235 + j1.38 -15% 

Typical 100 0.244 + j1.63 0% 

Dry, rocky 1000 0.247 + j1.89 +15% 

 

Since the loop impedance seen for a ground fault = Z1 + Z2 + Z0, and Z0 tends to be in the 

range of three times Z1 for overhead lines, it is easy to see how changes in ground 

resistivity could result in up to a 10% change in loop impedance for a ground fault beyond 

what we would see for a phase fault. 

2.5 Relay Pickup Errors 
When discussing error factors in relay pickup, the issues fall into two broad categories. 

There are technical issues such as dealing with component stability across temperature, 

voltage and time, the accuracy of the calibration equipment and the skill of the person 

who calibrated the relay. The second set of issues are more philosophical in nature. If we ask 

ƻǳǊǎŜƭǾŜǎ ά²Ƙŀǘ ƛǎ ǘƘŜ ǾŀƭǳŜ ƻŦ ŎǳǊǊŜƴǘ ƛƴ ǘƘŜ ǘƘǊŜŜ ǎŜǘǎ ƻŦ ƻǎŎƛƭƭƻƎǊŀǇƘȅ ōŜƭƻǿΚέΣ ƛǘ ƻƴƭȅ ƭŜŀŘǎ 

to more questions. άwa{ ƻǊ ŦǳƴŘŀƳŜƴǘŀƭΚέ ά!ǊŜ ǿŜ ƳŜŀǎǳǊƛƴƎ ǘƘŜ 5/ ŎƻƳǇƻƴŜƴǘΚέ άLŦ ǿŜΩǊŜ 

ƳŜŀǎǳǊƛƴƎ ŦǳƴŘŀƳŜƴǘŀƭ ƻƴƭȅΣ ǿƘŀǘ ƛǎ ǘƘŜ ōŀƴŘǿƛŘǘƘ ƻŦ ǘƘŜ ƳŜŀǎǳǊƛƴƎ ŦƛƭǘŜǊΚέ άhǾŜǊ ǿƘŀǘ ǘƛƳŜ 

ǇŜǊƛƻŘ ŀǊŜ ǿŜ ƳŜŀǎǳǊƛƴƎ ǘƘƛǎΚέ άLŦ ǿŜΩǊŜ ƳŜŀǎǳǊƛƴƎ ŦǳƴŘŀƳŜƴǘŀƭ ƻƴƭȅΣ Řƻ ǿŜ ŀǎǎǳƳŜ ŀ ŦƛȄŜŘ 

fundamental frequency or Řƻ ǿŜ ǘǊŀŎƪ ƛǘΚέ άLŦ ǿŜ ǘǊŀŎƪ ŦǳƴŘŀƳŜƴǘŀƭ ŦǊŜǉǳŜƴŎȅΣ Ƙƻǿ ǉǳƛŎƪƭȅΚέ 

  

 

The chart below shows some measurements taken for the author in the last century on an IAC53 

very inverse overcurrent relay being used in an HVDC harmonic filter protection. This chart shows 
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that generally, the relay responds best to 60 Hz and gets increasingly desensitized as frequency goes 

above or below nominal. Note, however, the totally non-intuitive result where between 120 and 180 Hz, 

the relay was faster than 60 Hz when tested at 2 pu, but slower than 60 Hz when tested at 3 pu. 

 

Figure 3 ς Frequency response of IAC relay 

These questions would probably require an entire paper in themselves 

to answer, however when discussing coordination margins, perhaps the 

main takeaway is that if we are coordinating relays which operate using 

different hardware or software, we should throw an extra pinch of 

caution into our coordinating margins. When coordinating identical (or 

very similar) relays against each other, we might be able to shave a tiny 

bit from our margins. 

2.5.1 Instantaneous Relay Pickup 

Instantaneous elements in electro-mechanical relays often have some amount of 

positive feedback and hysteresis implemented inside the operating mechanism. As 

mentioned above, a clapper style mechanism (Westinghouse IIT) generates more 

force as the armature starts to move closer, so pickup is crisp. Electro-mechanical 

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 characteristic. The Westinghouse CO IIT element is rated at 10% accuracy, disregarding 

the effects of DC offset. Numerical 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 

accuracy of determining the pickup quantity comes down to how long you are willing to sit and wait 

for the disk to turn. Since ƴǳƳŜǊƛŎŀƭ ǊŜƭŀȅǎ ǎŜǘ ŀ ōƛǘ ƛƴǘŜǊƴŀƭƭȅ ǿƘŜƴ ǘƘŜ ŜƭŜƳŜƴǘ Ƙŀǎ ǇƛŎƪŜŘ ǳǇΣ ƛǘΩǎ 

ŜŀǎƛŜǊ ǘƻ ǎŜŜ ǿƘŜƴ ȅƻǳΩǾŜ Ƙƛǘ ǇƛŎƪǳǇ ŦƻǊ ŀ ƴǳƳŜǊƛŎŀƭ ǊŜƭŀȅ. Additionally, since the slope of the relay 

characteristic is nearly vertical, a minor error in operate quantity measurement can make a huge 

difference in measured operate time. Because of this effect, when coordinating inverse time relays, 

we tend to apply our margin in the direction perpendicular to the relay characteristic ς ie: near pickup, 

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

define our margin in terms of time. Westinghouse 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 or not. Faults 

which occur near a voltage peak have no DC offset and faults which occur near a voltage zero have 

full offset. Depending on the point on wave of fault initiation and source X/R, the peak current may 

be nearly twice the non-offset peak value and the RMS value of the waveform may be up to Ѝσ 

times the magnitude of the non-offset value. Overcurrent relays which respond to current peak 

values or RMS values, and not the fundamental AC quantity will overreach for offset faults. In 

something like the instantaneous element of a Westinghouse CO or GE IAC relay, the instantaneous 

element responds to the square of the operate current, integrated over a time period which reflects 

the mechanical inertia of the armature mechanism. The force produced is also a non-linear function 

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 non-offset peak , the peak of the composite 

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

zero, therefore, there is a half cycle for the DC component to decay before the opposite (offset) peak 

comes along. tǊŀŎǘƛŎŀƭƭȅΣ ȅƻǳ ŎŀƴΩǘ ƎŜǘ ƳǳŎƘ ƳƻǊŜ ǘƘŀƴ ул҈ 5/ ƻŦŦǎŜǘ ŀǘ ǘƘŜ ƴŜȄǘ ŎǳǊǊŜƴǘ ǇŜŀƪ. The 

chart below was produced by Doble12, who tested the pickup of a GE IAC IOC element at differing points 

on wave and X/R (thus resulting in differing offset magnitude and duration). In the worst case scenario, 

with the fault initiated at a voltage zero, ǿƛǘƘ ǎƻǳǊŎŜ ·κw Ґ мнΣ ǘƘŜ ǊŜƭŀȅ ǇƛŎƪŜŘ ǳǇ ŀǘ тр҈ ƻŦ ƛǘΩǎ ƴƻƴ-

offset pickup. ²ŜǎǘƛƴƎƘƻǳǎŜ ǎǘŀǘŜǎ ǘƘŀǘ ǘƘŜ /h ǊŜƭŀȅ άǘǊŀƴǎƛŜƴǘ ǊŜŀŎƘ ǿƛƭƭ ƴƻǘ ŜȄŎŜŜŘ мол҈ ŦƻǊ ŀƴ улϲ 

ŎƛǊŎǳƛǘ ŀƴƎƭŜ ƻǊ млу҈ ŦƻǊ ŀ слϲ ŎƛǊŎǳƛǘέΦ 
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Figure 4- IAC IOC 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% in cases where an overcurrent relay 

is placed right after the secondary of a step-down 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 errors in the 3-5% range. When tested under dynamic conditions away from the MTA of the 

relay, there is, of course, mho expansion which acts to mask any errors in the reach of the relay. 

2.6 Relay Timing Errors 

2.6.1 Overtravel or Impulse 

Electromechanical relays have armatures which react to magnetic forces generated by the various coils 

in the relay. If the armature has sufficient inertia, it can continue traveling όάƻǾŜǊǘǊŀǾŜƭέύ even after the 

force applied by the coils has ended. The prime example of this is induction disk inverse time 

overcurrent relays. In 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 travel 

some small distance after the fault current stops. 

Westinghouse Instruction Leaflet IL 41-101.1A13 

contains the following table of άLƳǇǳƭǎŜ aŀǊƎƛƴǎέ ŦƻǊ 

CO relays and their variants. The impulse margin needs 

to be added to all other required margins in order to 

avoid miscoordination due to overtravel due to 

mechanical inertia in the induction disk.  

!ǘ ǘƘƛǎ ǇƻƛƴǘΣ ǘƘŜ ǊŜŀŘŜǊ Ƴŀȅ ǎŀȅ ά²ŜƭƭΣ ǘƘŀǘΩǎ ŀƴ ƛƴǘŜǊŜǎǘƛƴƎ ƘƛǎǘƻǊƛŎŀƭ ŀǊǘƛŦŀŎǘΣ ōǳǘ ǿŜ ƘŀǾŜ ƴǳƳŜǊƛŎŀƭ 

ǊŜƭŀȅǎ ƴƻǿΣ ŀƴŘ ǘƘƻǎŜ ŘƻƴΩǘ ƘŀǾŜ ŀƴȅ ƳŜŎƘŀƴƛŎŀƭ ƛƴŜǊǘƛŀΦέ This is true in a pedantic sense, but 

interestingly enough, the same effect can be seen in numerical relays due to the ringdown of the Finite 

Impulse Response (FIR) filters used to convert data samples to phasors in these relays. The oscillography 



13 
 

below is from a numerical relay which uses 1 cycle long FIR filters to extract the fundamental 

component of the primary waveforms (which are sampled at a much higher sample rate). If we compare 

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

Ŏŀƴ ǎŜŜ ǘƘŀǘ ǘƘŜ ǎƘŀǊǇ ŎǳǘƻŦŦ ƻŦ ǘƘŜ ǇǊƛƳŀǊȅ ŎǳǊǊŜƴǘ ƛǎ άǎƳŜŀǊŜŘέ ƻǳǘ ōȅ ƻƴŜ ŎȅŎƭŜ όǘƘŜ ŦƛƭǘŜǊ ƭŜƴƎǘƘύ ŀƴŘ 

that the dropout of the overcurrent relay is delayed even longer than that due 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. 

 

Figure 5- "Inertia" in numerical relays 

2.6.2 Inverse time relay timing errors 

When trying to quantify the timing error for an 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 CO-9 relay as ± 5%, and a leading numerical relay 

has an inherent error on its 51 elements of ±1.50 cycles plus ± 4% of curve time, which is not very 

different from the CO-9. The second error we have to take into account is the change in relay operate 

time for a given error in the primary operate quantity (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 operating point. This 

is made more difficult by the fact that the curve typically starts nearly vertical at pickup and usually ends 

up nearly horizontal at very high currents. hƴŎŜ ǿŜΩǾŜ Ƙƛǘ ǘƘŜ Ŧƭŀǘ ǇŀǊǘ ƻŦ ǘƘŜ ŎǳǊǾŜ όǘȅǇƛŎŀƭƭȅ ŀǊƻǳƴŘ олȄ 

pickup), CT error has no effect because the relay is now essentially a definite time relay. Around 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 operate time. Rather than address 

this in the time domain, we manage coordination on the left hand side of the curve by 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 margin. In the middle of the curve, we can either 
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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 standard) or just eyeball it from the curves. At 4x pickup, a 

CO-9 relay (approximated by the U3 curve) has an 8% timing error for a 5% change in current, 

and at 8x pickup, it has 4% timing error for a 5% change in current. Interestingly enough, since these 

errors are based on the shape of the curve and not the manner of implementation, they are identical for 

electro-mechanical and numerical relays. The chart below shows the sensitivity of relay timing to input 

current errors for the typical IEEE and IEC 51 curves. For a given curve and M (the ratio of applied 

current to the pickup setting), the Y axis gives the percentage timing error expected for a 1% applied 

current error. Note that the actual dt/dI is negative (the relay gets faster as the current increases). 

 

The final error we must consider is that in setting the time dial.  In an electro-mechanical relay, the time 

Řƛŀƭ ƛǎ ŀƴ ŀƴŀƭƻƎ ŘŜǾƛŎŜΣ ŀƴŘ ǿƘƛƭŜ ǿŜ Ŏŀƴ ƛǎǎǳŜ ǎŜǘǘƛƴƎǎ ǿƛǘƘ ŀƴȅ ŀƳƻǳƴǘ ƻŦ ǇǊŜŎƛǎƛƻƴΣ ǘƘŜ ǊŜƭŀȅ ŘƻŜǎƴΩǘ 

have a vernier dial on it to allow it to be set precisely 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 here, up to the tolerances 

allowed in relay testing.  Numerical relays do not have this problem. 
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2.6.3 Ȱ)ÎÓÔÁÎÔÁÎÅÏÕÓȱ 2ÅÌÁÙ 4ÉÍÉÎÇ %ÒÒÏÒÓ 

¢ƘŜ ǘŜǊƳ άƛƴǎǘŀƴǘŀƴŜƻǳǎ ǊŜƭŀȅέ ƛǎ ŀ ƳƛǎƴƻƳŜǊΣ ŀǎ ƴƻǘƘƛƴƎ ƘŀǇǇŜƴǎ instantaneously. These relays 

ǎƘƻǳƭŘ ōŜ ŎŀƭƭŜŘ άƴƻ ƛƴǘŜƴǘƛƻƴŀƭ ǘƛƳŜ ŘŜƭŀȅέ ǊŜƭŀȅǎΣ ōǳǘ ǘƘŀǘ ǊŜŀƭƭȅ ŘƻŜǎƴΩǘ Ǌƻƭƭ ƻŦŦ ǘƘŜ ǘƻƴƎǳŜΣ ǎƻ ƛǘΩǎ 

unlikely to catch on soon. In an electro-mechanical relay, the pickup time is usually longest around 

pickup and drops to a minimum as you go further into the characteristic. This is due to reduced force 

around pickup, coupled with the inertia of the relay mechanism and the return spring tension. It 

should be no surprise that numerical relays also have the same sort of inverse time characteristic 

around pickup. This is caused by the smearing effect of the digital filters in the relay as discussed in 

Sec 2.6.1 (but on the front side of the waveform instead of the rear). In addition, relay designers may 

purposely add small inveǊǎŜ ǘƛƳŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΣ ƘȅǎǘŜǊŜǎƛǎ ƻǊ άǎŜŎǳǊƛǘȅ ŎƻǳƴǘŜǊǎέ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ŎƘŀƴŎŜǎ 

of misoperation close to the pickup value. The graph below shows the pickup time of the instantaneous 

unit in an IAC relay as well as both the tripping elements of the HU relay and one variant of the KD relay. 

 

My next 

WPRC paper 

should be titled 

òEvery relay is 

an inverse-

time relay.ó 
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Figure 6- IAC Instantaneous unit (top left), HU differential relay (top right) and KD relay (bottom) operate times 

The chart below shows the operating time as a function of reach and SIR in a well-known numerical 

relay.  

 

100%

Manufacturerôs data Guesses

 



17 
 

Figure 7- Operate time vs fault location and SIR 

Unfortunately, the chart stops at 80% of reach, because it is almost certain that the curves 

start to tilt upwards more rapidly past that point due to security counters added to reduce 

overreach. The conclusion that can be reached here is that if we are deep into the relay 

characteristic, assuming that instantaneous relays operate at a fixed time of maybe 2 

cycles is a reasonable assumption, however, near pickup, 6 or 7 cycles might be a better 

guess. 

2.7 Fault resistance 
²ƘŜƴ ǿŜ ŀǊŜ ŎƻƻǊŘƛƴŀǘƛƴƎ ǊŜƭŀȅǎ άŀƎŀƛƴǎǘ ǘƘŜ ǎȅǎǘŜƳέΣ ǿŜ ƴŜŜŘ ǘƻ ǘŀƪŜ ǘƘŜ ŜŦŦŜŎǘ ƻŦ Ŧŀǳƭǘ ǊŜǎƛǎǘŀƴŎŜ 

ƛƴǘƻ ŀŎŎƻǳƴǘ ƛŦ ǿŜ ŀǊŜ ŘƻƛƴƎ ŀ ŎƻƻǊŘƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ǘȅǇŜ άwŜƭŀȅ · Ƴǳǎǘ ƻǇŜǊŀǘŜ ŦƻǊ ŀƭƭ Ŧŀǳƭǘǎ ƛƴ ǘƘƛǎ ŀǊŜŀέ. 

This has the effect of reducing the maximum pickup setting. Note 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 us that exceeds 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 

fault impedance has less effect. Outside of the substation, our minimum fault resistance should exceed 

the maximum tower footing resistance. 

Other areas where fault resistance can affect coordination are:14 

1. Multi-phase faults on transmission lines can have an increasing Rfault with time as the phase to 

phase arc moves in the air. If sufficient margin is not provided in distance relay reach, the fault 

impedance can move outside of the zone 2 characteristic in the time it takes the zone 2 timer to 

expire. 

2. QuadrilatŜǊŀƭ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ Ŏŀƴ άǘƛƭǘέ ŘǳŜ ǘƻ ƭƻŀŘ ƻǊ ƴƻƴ-homogeneous system impedances. 

This tilt can result in reach errors for quad elements operating for a high-R fault. 

3. Especially for ground faults, the existence of an unknown amount of fault resistance means that 

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 Dealing With Multiple Error Sources 
Fundamental to this paper is the concept of how to deal with multiple error sources. If relay elements 

were perfect and there was no uncertainty, relay coordination would be a simpler affair. However, there 

are multiple error sources to account for, and we must know how to deal with them. In Fig 1, we have a 

simple radial system with a distance relay, which we intend to underreach remote bus B. To determine 

whether the reach of relay A might exceed bus B, we need to account for the following possible errors. 
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¶ CT error 

¶ VT error (possibly including CVT transient error as a function of SIR) 

¶ Relay error 

¶ Error in our estimate of the line impedance (including not just uncertainty in the sequence 

impedances, but also the differences in the different fault loops) 

In this simple example, we have (at least) four errors which can affect the relationship between the end 

of reach of this relay. Once we have an estimate of the range of these errors individually, we then need 

to know how to combine them to get an overall error. We could assume that all errors act in the 

direction which makes the miscoordination the worst, which is very safe, but this leaves a lot of 

performance on the cutting room floor, as ǿŜ ŘƻƴΩǘ ŀƭǿŀȅǎ ǎŜŜ ǘƘŜ ǿƻǊǎǘ ŎŀǎŜ ƛƴŘƛǾƛŘǳŀƭ ŜǊǊƻǊǎΣ ŀƴŘ 

different errors often effect the final result in different directions, such that the final error is smaller 

than the sum of the absolute values of the individual errors. Alternatively, we can come up with a 

mathematical means to merge these numbers into one number that works adequately in most cases. 

The first thing to note is that errors in these cases act in a multiplicative manner. We can think of the 

ƛƴŘƛǾƛŘǳŀƭ ƴǳƳōŜǊǎ ǘƘŜƳǎŜƭǾŜǎ ŀǎ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ŀ άǘǊǳŜ ǾŀƭǳŜέ ǿƘƛŎƘ ƛǎ ǘƘŜn multiplied by some error 

function which smears out the true value in different ways under different circumstances. We can also 

consider most of our calculations as consisting of multiplications or divisions. We can consider the reach 

of a distance relay to be something like 
Ͻ

Ͻ
Ͻ

, where the exact answer is multiplied by a 

number of error functions to get the real world answer. To see the effect of multiplying by numerous 

ŜǊǊƻǊ ŦǳƴŎǘƛƻƴǎΣ ƭŜǘΩǎ Ǉƭŀȅ ǿƛǘƘ ǎƻƳŜ Dŀǳǎǎƛŀƴ ǇǊƻōŀōƛƭƛǘȅ ŘƛǎǘǊƛōǳǘƛƻƴ ŦǳƴŎǘƛƻƴǎ. The graphs below show 

the distribution of values of two sets of 6,000 random variables with Gaussian error distributions, each 

with a mean of 10 and a standard deviation of 1.0. You will note that they look very similar (because 

they have the same mean and standard deviation) but are not identical. 
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If we multiply corresponding elements of these 

two sets together, we get another set of 6,000 

elements. The mean of this set is 100 (10 x 10) 

and the standard deviation is 14.14. If we 

normalize the standard deviations against the 

mean of the three sets, we find that when we 

multiply two random variables whose standard 

deviation is 10% of the mean, we get a third 

random variable whose standard deviation is 

14.1% of the mean. If we think of this in terms 

of multiplying variables that have an error 

tolerance, the resulting number has a tolerance of Ὁὶὶ Ὁὶὶ . 

Redoing this calculation using a uniform 

probability distribution (where each variable Xi 

is evenly distributed within a range of X ± Err) 

or a triangular distribution (where the 

likelihood drops evenly as we move away from 

the mean) we get the same result. The 

standard deviation of the product is equal to 

the square root of the sum of the squares of 

the individuaƭ ŘƛǎǘǊƛōǳǘƛƻƴǎΩ ǎǘŀƴŘŀǊŘ 

deviations. 

We can take this result and generalize it to any 

number of variables. If we have an arbitrary number of variables X1 .. Xn that are multiplied together in a 

calculation, and each variable has a tolerance of Err1 .. Errn, the final number has a tolerance of 

Б Ὁὶὶ . While this result is only exactly applicable to Gaussian error distributions, the general 

ŎƻƴŎŜǇǘ ƛǎ ά/ƭƻǎŜ ŜƴƻǳƎƘ ŦƻǊ ǇǊƻǘŜŎǘƛƻƴ ŜƴƎƛƴŜŜǊ ǿƻǊƪέ. We will use this result as a foundation for the 

results in 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 that case, the basic process is the same, but instead of using relative errors (ie: percent of the actual 

parameter value), we use absolute errors. In the example above, if we were adding the two sets of 

random variables instead of multiplying them, we would note that 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 sum to be Ὁὶὶ Ὁὶὶ = Ѝρ  ρ = Ѝς, so if these distributions 

represented relay times which occurred in sequence, we could estimate the total time of those two 

relays to be 20 ± Ѝς. 
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4 Combining Errors 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 

Err_Vsys 10% Variation in system voltage 

Err_CTH 10% CT error at high currents 

Err_CTL 3% CT error at low currents 

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 of electro-mechanical distance relays 

Err_21_reach_num 3% Error in reach of numerical distance relays 

Err_50_pu_EM 10% Error in pickup of electro-mechanical inst overcurrent 
relays 

Err_50_pu_num 3% Error in pickup of numerical inst overcurrent relays 

Err_50_pu_XR_EM 30% Error in pickup of electro-mechanical inst overcurrent 
relays due to high X/R only 

Err_50_pu_XR_num 5% Error in pickup of numerical inst overcurrent relays due to 
high X/R only 

Err_51_time_EM 4% Error in operate time of electro-mechanical inverse time 
overcurrent relays 

Err_51_time_num 4% Error in operate time of numerical inverse time overcurrent 
relays 

Err_line_Z12 10% Error in positive or negative sequence impedance for lines 

Err_line_Z0 15% Error in zero sequence impedance for lines 

Err_line_3PZ 10% Error in loop impedance for multi-phase faults 

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

Err_impulse_EM 3 cycles Impulse (overtravel) time for electro-mechanical relays 

Err_impulse_num 1 cycle Impulse (overtravel) time for numerical relays 

Err_timer_EM 4% Error in timing of electro-mechanical 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 

50

A 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 B. The 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 electro-mechanical inst overcurrent 
relays 

Err_50_pu_num 3% Error in pickup of numerical inst overcurrent relays 

Err_50_pu_XR_EM 30% Error in pickup of electro-mechanical inst overcurrent 
relays due to high X/R only 

Err_50_pu_XR_num 5% Error in pickup of numerical inst overcurrent relays due to 
high X/R only 

Err_line_3PZ 10% Error in loop impedance for multi-phase faults 

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

 

We will not calculate the error for every scenario, but we will calculate the possible errors for two 

scenarios and leave the other combinations to the reader. If we have a numerical phase relay, the 

obvious candidates for applicable errors are Err_Vsys, Err_CTH, Err_50_pu_num, Err_50_pu_XR_num 

and Err_line_3PZ, however, note that Err_CTH is always negative, so it will not contribute to overreach 

and we should consider it to be zero.  The numerical relays used in this example operates on the 

calculated fundamental frequency phasor, so error from X/R also is minimal. The estimated total error 

then equals Ὁὶὶ Ὁὶὶ Ὁὶὶͅ ͺ Ὁὶὶͅ ͺ ͺ Ὁὶὶͺ  which 

equals ЍπȢρπ πȢππ πȢπσ πȢπυ πȢρπ ρυȢσϷ. If we want to ensure that this element 

would not operate for faults at bus B, we would want to set the relay to 
Ȣ

ρρψϷϽὍ  

If we have an electro-mechanical ground relay, the applicable errors are Err_Vsys, Err_CTH, 

Err_50_pu_EM, Err_50_pu_XR_EM and Err_line_1PZ. The estimated total error then equals 

ЍπȢρπ πȢππ πȢρπ πȢσπ πȢρυ σφȢτϷ. If we want to ensure that this element would not 

operate for faults at bus B, we would want to set the relay to 
Ȣ

ρυχϷϽὍ  

Underreaching (ie: instantaneous) overcurrent element pickup setting shall be a minimum 

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 sensitive to 

DC transients. 

4.1.2 Distance Relay Zone 1 And Zone 2 Reach Settings 

21

A B
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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 fault at B. In this scenario, the list of 

errors to consider is: 

Error Symbol Value Description and notes 

Err_CTH 10% CT error at high currents (but 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 of electro-mechanical distance relays 

Err_21_reach_num 3% Error in reach of numerical distance relays 

Err_line_3PZ 10% Error in loop impedance for multi-phase faults 

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

Since we can see that both electro-mechanical and numerical relays have the same accuracy, 

ǿŜ ŘƻƴΩǘ ƘŀǾŜ ǘƻ ŘƛŦŦŜǊŜƴǘƛŀǘŜ ōŜǘǿŜŜƴ ǘƘŜƳ ǿƘŜƴ ŘƻƛƴƎ ǘƘŜ ŎŀƭŎǳƭŀǘƛƻƴǎ. Again, we will not 

consider every combination of variables. If we have a zone 1 ground relay, the actual errors to 

consider are Err_VT, Err_CVT_trans, Err_21_reach and Err_line_1PZ. The error equals 

ЍπȢπσπȢπυ πȢπσ πȢρυ ρφȢτϷ. If we want to ensure that this element would not 

operate for faults at bus B, we would want to set the relay to ὤ Ͻρ πȢρφτ

ψσȢφϷϽὤ . If we are analyzing ŀ ȊƻƴŜ н ǇƘŀǎŜ ǊŜƭŀȅΣ ǿŜ ŘƻƴΩǘ ƘŀǾŜ ǘƻ ǿƻǊǊȅ ŀōƻǳǘ 

CVT transients, since those will have dissipated by the time the zone 2 timer expires, so the 

errors to consider are Err_CTH, Err_VT, Err_21_reach and Err_line_3PZ. The error equals 

ЍπȢρπ πȢπσπȢπσ πȢρπ ρτȢψϷ. If we want to ensure that this element would 

always operate for faults at bus B, we would want to set the relay to ὤ Ͻρ

πȢρτψ ρρτȢψϷϽὤ . 

Underreaching phase distance element reach shall not exceed [90% abs, 85% rec] of 

minimum protected line impedance, including outfeed where it is a possibility. 

Underreaching ground distance element reach shall not exceed [85% abs, 80% rec] 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 for N-0 or N-1 tripping. 

4.2 Coordinating Pickup of One Relay Against Another 

4.2.1 Pickup Coordination of Two Instantaneous Overcurrent Relays 

We will start with the simplest possible case. We have two overcurrent relays in series, with no load 

between them. 
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We want to ensure that for a fault beyond bus B, whenever the relay at A picks up, that the relay at B is 

assured of picking up as well. We have four possible sources of error here. The CTs at A and B may have 

errors in their responses, and the relays at A and B may also have errors. Let us assume that the CTs are 

IEEE C class accuracy rating, the CTs are operated near the knee-point, and that the relays are 

Westinghouse CO IIT elements. CT 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 issues. System 

voltage changes the fault current, but it is identical for both relays. The CO instruction manual says that 

the IIT has an accuracy of +/- 10%, so we will use that for the error for relay A and relay B. Using the 

formula from Section 3, our total error is Ὁὶὶͺ Ὁὶὶͅ ͺ ͺ Ὁὶὶͅ ͺ ͺ

ЍρπϷ ρπϷ ρπϷ ρχȢσϷ. This is a good general result, however, if the relay pickup settings 

are substantially below the CT knee-point, we can take advantage of the fact that CT error at reasonably 

low currents is lower than the rated error and reduce the CT error in our margin. If we assume the 3% 

error near rated current for C class CTs, we now have 

Ὁὶὶͅ Ὁὶὶͅ ͺ ͺ Ὁὶὶͅ ͺ ͺ ЍσϷ ρπϷ ρπϷ ρτȢυϷ. If instead, 

we leave the CT error at 10%, but switch to numerical relays with 3% overcurrent pickup accuracy, our 

required margin drops to ЍρπϷ σϷ σϷ ρπȢωϷ. 

The BC Hydro coordination rules document states: 

For overcurrent elements, Backup Relay element pickup must be a minimum of [110% abs, 

120% rec] of the current seen at the Backup Relay for a fault at the pickup of the Primary 

Relay element. 

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

possibility that the actual current at both relay locations is not equal. The obvious scenario is 

where there is infeed between the two relays, but the less obvious scenario is where we need to 

account for line charging current. If we are coordinating two 67N elements for a POTT scheme 

on a long line, the line zero sequence charging current at the fault level where the forward 

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 Zone 2 Phase Mho Reach Against Adjacent Zone 2 

BU Pri

ZBU ZPri

Z1BU Z1Pri

Z2BU

Z2Pri

Effective start of 

Pri Z2 reach

Margin

 

In this scenario, the primary relay has a zone 1 reach set, and we want to ensure that the 

ōŀŎƪǳǇ ǊŜƭŀȅΩǎ ȊƻƴŜ н ŜƭŜƳŜƴǘ ǿƛƭƭ ŀƭǿŀȅǎ άǊǳƴ ƻǳǘ ƻŦ ǊŜŀŎƘέ ōŜŦƻǊŜ ǘƘŜ ǇǊƛƳŀǊȅ zone 1 relay 

does. This is important to ensure that we do not have to achieve time coordination between 

the backup zone 2 and the primary zone 2. In this scenario, we have two independent sets of 

errors to deal with. Using the methodology from Sec 4.1.2, we can say that the primary zone 

relay could have a reach as short as ур҈ ƻŦ ǘƘŜ ǎŜǘǘƛƴƎ ό/±¢ ŜǊǊƻǊ ŘƻŜǎƴΩǘ ŎƻƳŜ ƛƴǘo play in 

the time that the backup relay can operate) and the backup zone relay could have a reach as 

high as 115% of the setting. Assuming that our relays are set in percent of line impedance, 

we can come up with the inequality that ρρυϷϽὤς Ͻὤ  ὤ ψυϷϽὤρ Ͻὤ  

ρρυϷϽὤς  ρ ψυϷϽὤρ Ͻ
ὤ

ὤ
 

ὤς  ψχϷχτϷϽὤρ Ͻ
ὤ

ὤ
 

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 maximum 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 difference is less than the minimum time 

coordination margin. 

In order to compare this result to the BC Hydro coordination rules, we first need to calculate 

the apparent impedance of the effective start of the Primary zone 2 element. Using the same 

assumptions as above, we can see that the Primary zone 2 element starts at 100% (ZBU) + 85% 

(Z1Pri·ZPri) = 185%. Our 150% calculated backup zone 2 setting is then 81%, as opposed to the 

BC Hydro recommended 90% absolute limit. Why the difference? 

1. First, we have simply added the two margins (error in Z1Pri and error in Z2BU) together, 

instead of combining them in an RMS fashion. This gives us an absolutely worst-case 
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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 station). 

3. CT errors on the backup relay should only act to reduce the backup relay reach and should 

therefore be ignored. 

This points out an issue with the methodology developed in this paper. Applying it effectively in multi-

relay coordination scenarios may result in a fairly complex model, as errors that contribute to each 

ǊŜƭŀȅΩǎ reach may not necessarily contribute to the actual margin between the two relays. 

4.3.2 POTT scheme Zone 3 vs Zone 2 

BU Pri

ZBU ZPri

Z2BU

Z3Pri

Margin

End of Pri 

Z3 reach
 

In a hybrid POTT scheme (with echo), we want to ensure that our reverse looking zone 3 distance (pilot 

blocking) element can see every fault that can be detected by the associated zone 2 distance (pilot 

tripping) element at the other end of the line. This is nearly the same problem that was solved in the 

previous section, except that we are solving for the other variable (previously we assumed Primary 

reach and solved for Backup relay reach, here we assume Backup relay reach and solve for Primary 

reach). We start with ρρυϷϽὤς Ͻὤ  ὤ ψυϷϽὤσ Ͻὤ  and rearrange to get: 

ὤ ψυϷϽὤσ Ͻὤ ρρυϷϽὤς Ͻὤ  

ψυϷϽὤσ Ͻὤ ρρυϷϽὤς Ͻὤ ὤ  

ὤσ ρρψϷϽρρυϷϽὤς Ͻ
ὤ

ὤ
ρρψϷϽ

ὤ

ὤ
 

ὤσ ρσφϷϽὤς Ͻ
ὤ

ὤ
ρρψϷϽ

ὤ

ὤ
 

ὤσ ρσφϷϽὤς ρρψϷϽ
ὤ

ὤ
 

For the case where primary and backup line impedances are equal and the Backup zone 2 relay is set to 

125% of the line impedance, this gives the result that the Primary zone 3 relay needs to be set to at least 

52% of the line impedance. However, because there is typically no downside to setting a POTT scheme 

ȊƻƴŜ о ŜƭŜƳŜƴǘ ƭƻƴƎŜǊ ǘƘŀƴ ǊŜǉǳƛǊŜŘΣ ǿŜ ǘȅǇƛŎŀƭƭȅ ŘƻƴΩǘ ŜǾŜǊ ǎŜŜ ŀ ȊƻƴŜ о ŘƛǎǘŀƴŎŜ ŜƭŜƳŜƴǘ ǎŜǘ ǘƘƛǎ 

short. Another reason for setting the zone 3 reach longer than the theoretical required reach is that we 
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want zone 3 to pick up at least as fast (or faster) than the corresponding zone 2 element. By extending 

ǘƘŜ ȊƻƴŜ о ǊŜƭŀȅ ǊŜŀŎƘΣ ǿŜ Ŏŀƴ ǎǇŜŜŘ ǇƛŎƪǳǇ ŦƻǊ Ŧŀǳƭǘǎ ǿƛǘƘƛƴ ǘƘŜ ȊƻƴŜ н ŜƭŜƳŜƴǘΩǎ ǊŜŀŎƘ ŀƴŘ ƎŜǘ ōŜǘǘŜǊ 

coordination in the time domain. This is another example of 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 

4.4.1 CTIs 

The CTI can be considered to be the 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 not trip. The 

CTI is the accumulation (including margin) of a number of parameters in the two relaying systems. In a 

typical protection scheme, the CTI may need to account for: 

¶ Primary relay processing time, including any positive variations 

¶ Operating time of any trip auxiliary or lockout relay associated with the Primary relay (labelled 

ŀǎ ά¢ǊƛǇ ǎŜƴǘέ ƻƴ ǘƘŜ ŘƛŀƎǊŀƳ. See Sec 2.6.1) 

¶ Breaker interrupting time (including variation) of the breaker associated with the Primary relay. 

Depending on your protection philosophies, you may also consider adding breaker failure PN 

ŎƭŜŀǊƛƴƎ ǘƛƳŜ ƛƴ ƘŜǊŜ ƛŦ ȅƻǳ ŘƻƴΩǘ ǿŀƴǘ ȅƻǳǊ ōŀŎƪǳǇ ǊŜƭŀȅ ǘƻ ƻǇŜǊŀǘŜ ŘǳǊƛƴƎ ŀ ōǊŜŀƪŜǊ ŦŀƛƭǳǊŜ 

event 

¶ Negative variations in Backup relay processing time 

¶ Reset/dropout/ impulse/coasting time of the Backup relay 

Fault 

Initiation

Primary 

Relay
Relay

pickup

Processing

time

Decide

to trip

Trip

sent

Breaker

interrupts

Fault 

Cleared

Backup

Relay (bad)
Relay

pickup

Processing

time

Decide

to trip

Trip

sent

Breaker

interrupts

Backup

Relay (good)
Relay

pickup

Processing

time

Decide

to trip

Reset

Time

CTI (bad)

CTI (good)

 

When using circuit breaker interrupting time, we should use the rated interrupting time, not the 

measured main contact opening time. Note that IEC allows breakers to actually interrupt 0.5 to one 

cycle slower than the rated interrupting time during a close-open cycle. 
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One other item to consider when doing time coordination is that if fast reclosing is involved, we 

also must look at the reset time of both relays. If our Primary relay is an instantaneous 

overcurrent, but our Backup relay is an inverse time overcurrent, a phenomenon known as 

άǊŀǘŎƘŜǘƛƴƎέ Ŏŀƴ ƻŎŎǳǊΣ ǿƘŜǊŜ ǘƘŜ .ŀŎƪǳǇ ǊŜƭŀȅ ŘƻŜǎƴΩǘ ƘŀǾŜ ǘƛƳŜ ǘƻ Ŧǳƭƭȅ ǊŜǎŜǘ ōŜǘǿŜŜƴ 

reclosures, and therefore starts each new event further along the time dial, eventually 

miscoordinating with the upstream relay. Modern numerical relays often give the choice between 

a near instantaneous reset, or one which more closely emulates that of electro-mechanical relays. 

4.4.2 Time Coordination of Two Inverse Time Relays 

51 51

A B

 

When coordinating two inverse time relays, we first assume that we are coordinating the two relays on 

the right side of the curve, as the left side is in the domain of pickup coordination. At 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 ignored. There is a variability of the curves in the relays, as well as the 

actual setting of electro-mechanical relays vs issued settings, so we need to account for that error in 

both relays. There is also the impulse time of the Backup relay, trip auxiliary time in the Primary system 

and breaker interrupting time. If we assume a pair of electro-mechanical relays that are being 

coordinated around a point where the Primary relay timing is 500 ms, and that this point corresponds to 

a relay current around 8x pickup, we can assume an inherent 5% (2 x 1.5 cycles) timing error on each 

relay, a 8% (2.5 cycles) timing error for a 10% Primary relay CT error, 3 cycles of impulse time for the 

Backup relay, plus Primary relay trip auxiliary time (0.5 cycle) and Primary breaker interrupting time. 

This adds up to 9 cycles plus Primary breaker interrupting time, plus two x whatever tolerance your 

company allows for time dial setting. If the Backup relay is numerical, we can shave two cycles off to 

account for the reduced impulse time of the numerical relay, and 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 inverse time, or 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 cycles rec] plus the rated 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 coordinating 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. 
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4.4.3 Breaker Failure Timers 

Protection 

trip Pri

Rated Breaker time
Subsidence + 

O/C dropout
Margin

Timer setting

Timer

error

BF Trip

 

In a typical breaker failure scheme, a timer is initiated when the breaker is tripped from the 

ǇǊƻǘŜŎǘƛƻƴΣ ŀƴŘ ƛŦ ŎǳǊǊŜƴǘ ƘŀǎƴΩǘ ŎŜŀǎŜŘ ōŜŦƻǊŜ ǘƘŜ ǘƛƳŜǊ ŜȄǇƛǊŜǎΣ ŀ ǘǊƛǇ ƛǎ ǎŜƴǘ ǘƻ ŀŘƧŀŎŜƴǘ ōǊŜŀƪŜǊǎ 

or adjacent protection zones. In this logic scheme, the required margin consists of the rated breaker 

interrupting time, an allowance for subsidence current, another for the dropout of the overcurrent 

element (these are often considered as one item), some error on the timer, possible skew between 

breaker failure initiation and breaker tripping, debounce timing on the breaker failure relay input, and a 

final margin to account for other factors. If we assume a 3 cycle rated interrupting time breaker with 

+0.5 cycle tolerance (very common nowadays) and a breaker failure relay designed for fast reset (5/ 8 ς ¾ 

cycle dropout), we could theoretically have a 5 cycle breaker failure timer. Considering the impact of a 

ōǊŜŀƪŜǊ ŦŀƛƭǳǊŜ ǇǊƻǘŜŎǘƛƻƴ ƻǇŜǊŀǘƛƻƴΣ ƛǘ Ƴŀȅ ōŜ ǿƻǊǘƘǿƘƛƭŜ ǘƻ άǘƘǊƻǿ ŀ ŦŜǿ ƳƻǊŜ ŎȅŎƭŜǎ ŀǘ ǘƘŜ ǇǊƻōƭŜƳέ 

to account for sticky trip coils and breakers that doƴΩǘ ƳŜŜǘ ǎǇŜŎΣ ōǳǘ ǎǘƛƭƭ ƛƴǘŜǊǊǳǇǘ ŎǳǊǊŜƴǘ. If we are 

using hardware designed for this purpose, breaker failure timer settings of 3 to 4 cycles plus rated 

breaker interrupting time are feasible. 

4.4.4 Distance Relay Timer Settings 
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In this scenario, we have a Primary zone 1 distance relay with no intentional time delay, and we wish 

to set the time delay on the Backup zone 2 distance relay to ensure that the Backup relay will never 

trip for faults that the Primary relay clears. It is assumed that the reaches of these two elements 

have already been coordinated. We start by calculating the time required for the Primary relay to 

clear the fault. This includes the pickup time of the Primary relay, the time required for any trip 

auxiliary or lockout relays, plus the interrupting time of the slowest circuit breaker. To this we need 

to subtract the Backup relay pickup time and then add the dropout/reset/coasting time of the 

Backup relay and the error in the timer used to delay the zone 2 element. 

The first task is to determine the pickup time of both relays. As noted in Sec 2.6.3, depending on SIR and 

the fault location vs reach, distance relays can slow down considerably. Even if we assume that the 

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

relays have nearly the same effective reach. At this point, science fails us, and we have to fall back on 

art. In Sec 2.6.3, ǿŜ Ŏŀƴ ǎŜŜ ǘƘŀǘ ƛŦ ǘƘŜ .ŀŎƪǳǇ ǊŜƭŀȅΩǎ ƭƛƴŜ Ƙŀǎ twice ǘƘŜ ƛƳǇŜŘŀƴŎŜ ƻŦ ǘƘŜ tǊƛƳŀǊȅ ǊŜƭŀȅΩǎ 
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