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ABSTRACT

This thesis describes an adaptive digital distance 
protection scheme suitable for Teed transmission line 
applications. The scheme utilises the line and source 
impedances in order to measure the exact line impedance at 
the reach point and gives correct discrimination between 
in-zone and out-of-zone faults.

The relay requires some information about the system 
operating conditions at the remote terminals. This data is 
not required in real-time but has to be available at the 
measuring point. Thus, the speed and accuracy during a 
fault is not affected.

The implementation of the scheme requires a central 
computer system where information about the system 
operating conditions can be provided. The update at the 
relay is initiated by the control centre and is 
transmitted by a low-speed channel to modify the setting 
each time the system operating conditions change.

Tests to show the likely scheme performance for 
different loading conditions and for different short 
circuit levels are presented. Some of the more interesting 
results are compared with conventional distance relays for 
solid and resistive faults. These illustrate the advantage 
offered by implementing such scheme.

The relay which is simulated in software, calculates 
the line impedance by solving the first order differential 
line equation. In order to remove the travelling wave 
distortion and exponentials, analogue and digital 
filtering techniques are employed.

Results are presented, on a typical 400kV system, for 
single phase to earth faults and phase to phase faults, 
where particular emphasis is placed on the effect of short 
circuit level and fault inception angle. The relay is also 
tested for closeup faults in the forward and reverse 
direction. Finally, another method to implement the scheme 
is introduced and results are presented showing its likely 
performance.
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY 

The interconnection of load and supply points by means of 

a multi-ended transmission line, rather than by a number 

of separately switched feeders, has certain advantages 

which may outweigh any resulting loss of flexibility in 

system operation. Reduced to their simplest form, a case 

of three points being interconnected by a Teed circuit is 

shown in Figure 1.1. In Figure 1.2 the three points are 

directly interconnected by three plain feeders.

The benefits of Teed circuits can be identified on 

the basis of [1]:

a- Economic saving

The cost difference between one 3-terminal and two 2- 

terminal lines of EHV and UHV transmission networks may 

be substantial. The former requires fewer circuit 

breakers, and can give a higher conductor utilisation. 

On the other hand the Teed system requires switching at 

the three ends in operation compared with two in the 

loop circuit case.
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b- Ecological benefits

Obtaining a site near a metropolitan area, scarcity of 

right of way and other environmental restrictions make 

the building of individual two-terminal lines more 

difficult to justify. One solution is to minimise the 

building of individual two-terminal lines and instead 

to install three-terminal lines.

1.1 Conventional Protection Schemes Applied for Multi- 

Terminal Lines and Their Limitations

The protection of Teed circuits introduces additional 

difficulties to those encountered on two ended circuits 

and it may not be possible to apply feeder protection 

systems designed for simple feeder protection without loss 

of discrimination [2,4]. The almost infinite combinations 

of line arrangements, source strengths, line lengths, 

system loading requirements and system operating

conditions is an important factor which must be considered 

when selecting a protective system for multi-terminal 

feeders.

An illustration of some technical problems involved 

in the protection of multi-ended feeders is summarised in 

the following:

1.1.1 AC Pilot Wire Differential Protection

Unit protection schemes compare quantities derived from 

the input and output currents of a protected circuit. For 

all healthy-system or through-fault conditions, the 

quantities are balanced within the relay, which remains
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inoperative, whilst for internal fault conditions this 

balance is disturbed and relay operation occurs. The 

pilot-wire circuit provides the necessary interchange of 

information between ends of the protected circuit which 

may utilise either the circulating-current or opposed- 

voltage principles [4],

In a Teed scheme, three unegual quantities are 

balanced and this can be done satisfactorily only if the 

characteristic of the current transformers at all ends are 

linear [4], therefore the CT must be designed to be 

substantially linear up to maximum through-fault current. 

Voltage unbalance in a healthy Teed system may occur when 

through fault current from two ends of a Teed system is 

fed to a fault through a third end. Then the CT of the 

third end may saturate while the corresponding CT's at the 

other ends are still within their linear range. The usual 

method of overcoming this difficulty is to circulate the 

bias current and the operating current independently using 

three or four pilot wires. The restraint current will be 

proportional to the scalar sum of the secondary voltage of 

the CT [4], The use of three or four pilot conductors 

also creates inherent difficulties in devising 

satisfactory compensation for pilot-circuit constants. 

The length of the feeder that can be protected by pilot- 

wire is limited by the characteristics of these wires. 

The pilot wire resistance increases with the length of the 

feeder and, as seen by the protection, appears 

increasingly like an open circuit. Similarly, the shunt 

capacitance also increases and tends to become, in effect

3



an ac short circuit across the pilots. If certain 

limiting values of pilot resistance and capacitance are 

exceeded, loss of sensitivity for internal faults and 

maloperation for external faults may occur. Moreover, the 

protection can be unreliable if the current at one 

terminal reverses direction for an internal fault.

1.1.2 Distance Protection of Teed Feeders

Distance protection is widely used in the protection of 

Teed feeders. However, its application requires careful 

consideration. The measurement of impedance in distance 

protection is made from relaying signals derived from the 

primary voltage and current at the relay location only and 

takes no account of the fault current infeed or outfeed at 

the remote circuit termination. In order to avoid 

incorrect tripping for all system operating conditions, 

the common practice is to set the relay for the remote 

short section assuming that there is no infeed from the 

remote end [2,3]. Consequently, with infeed, the relay 

sees an apparent impedance which is greater than the 

actual line value, i.e., it underreaches. In the case of 

an outfeed, the relay sees an impedance which is smaller 

than the actual line impedance, thereby resulting in an 

overreach. Outfeed is a condition that could be 

encountered on Teed systems if there are ties (other than 

the Tee) between the terminating points and the current 

flows out of the circuit for an internal fault.
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1.2 Feeder Protection Based on Travelling Wave Theory

Power system networks are subjected to many forms of 

transients as a result of switching operation, or under 

fault conditions. With increasing operating voltage 

levels, these transients play a large part in determining 

the system insulation level and the circuit breaker duty. 

So many precautions have to be taken to avoid these 

transients completely or at least to minimise their 

effects; at the same time, there are strong economic 

reasons for keeping them as low as possible. On the other 

hand some protection research engineers have attempted to use 

the transients generated by a fault by detecting and

processing them in order to clear the faults with minimal 

time. Also, the availability of fast communication 

channels (particularly fiber optics) opens new dimensions 

in the field of ultra high speed relaying by bringing the 

information at remote terminals together, as a means to 

improve system transient stability and increase the

transfer power capability over existing high voltage

transmission lines.

The occurrence of a fault on a transmission line can 

be considered as equivalent to superimposing a voltage at 

the point of a fault which is equal and opposite to the 

prefault steady state voltage. The postfault voltage and 

current can be considered as made up of the prefault 

steady state components and the fault injected components 

[5]. The superimposed voltage and current component 

contain both the transient components, such as

exponentials and travelling waves, and the difference

5



between the pre- and postfault power frequency components.

A scheme for protection of two terminal line based on 

travelling wave theory filter out the pre-fault steady 

state component [5]. So any signal appearing in the

filter output in an indication of a possible fault. A 

comparison between the change of the voltage and current 

signals, directly after fault inception, will give the 

direction of motion of the first travelling wave. The 

relay operates on the principle that the superimposed 

values of the voltage and current signals are of opposite 

polarity for a forward fault and of like polarity for a 

reverse fault. The protection at the two ends of the line 

are linked via a communication channel and operates in a 

blocking mode. The fundamental requirement of blocking 

schemes is that the line relay sensitivities are set so 

that an external fault is always detected by the blocking 

relay, regardless of whether the tripping or forward 

looking relay detects a fault or not. This could 

introduce problems for inception angles close to the 

voltage zero crossing. In such cases, the initial 

polarities of the voltage and current changes are 

correctly indicative of the direction to fault for only 

2-3 msec, followed by a similar period in which they are 

characteristic of a fault in the other direction [6]. 

Should the forward to reverse sensitivity ratio be too 

high, then it is feasible for the relay to render an 

incorrect decision. In addition a simple comparison of 

the relative polarities of the voltage and current changes 

is not a totally reliable method of determining the

6



direction to the fault. In the case of the protective 

scheme connected to a source of very high capacity, the 

superimposed component of voltage will not be significant 

and incorrect operation may result.

One scheme [1] has succeeded, at least in theory, in 

extending the relative polarity of voltage and current 

changes approach to Teed circuits. By observing the sign 

of the voltage wave with respect to the current wave 

immediately after fault inception, a directional 

discrimination to the fault can be based on the principle 

that for internal faults the current and voltage waves 

created by the fault will be opposite in sign at all 

terminals, while for external faults they will be of equal 

sign at the relay closest to the fault. The relays have 

independent settings in the forward and reverse direction. 

This may cause maloperation in the case of an external 

fault, since it is possible that the terminal seeing the 

fault in the forward direction may start to operate, while 

the remaining terminals would not detect the fault at all 

( the current change being insufficient for each of these 

terminals). The tripping signal is initiated when both 

voltage and current waves exceed a certain threshold. At 

an infinitely strong source, when a fault occurs at the 

far end of a long line, the superimposed components of 

voltage will not be significant and consequently the relay 

could fail to operate.

The performance of the relay has been examined for a 

limited number of system and fault conditions. No mention 

has been made of the outfeed current where, due to the
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presence of circuits external to the Tee ends, certain 

internal faults may cause the current and voltage sensed 

at one end to be similar to those experienced under 

external fault conditions.

Aggarwal and Johns [7] described a new differential 

scheme using the modal signals for the protection of Teed 

circuits. This approach avoids the blind spot problems 

sometimes encountered when using a single summated 

quantity. Also, the use of modal quantities eliminates 

the effect of the mutual coupling between the phases of a 

transmission line. The basic relay operating principle 

relies upon deriving a differential quantity and a bias 

quantity using the instantaneous values of the modal 

current at the three ends. The scheme can be implemented 

using the total or the superimposed time variation of the 

relaying signals. Although the scheme can perform well if 

there is infeed from the three ends of the line, under two 

terminal operation the magnitude of the bias and 

differential signal is the same. This can lead to 

incorrect operation for external faults in particular when 

there is a high degree of CT saturation if the decision 

process as reported by the authors is not employed. 

Limited field experience is available on this topic at 

present. Also the scheme relies totally, as any other 

differential or directional comparison scheme, on the 

communication link between the ends of the line.

From the foregoing, it is evident that the use of 

either unit or non-unit protection may not be satisfactory 

for the protection of Teed lines, and new concepts have to
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be introduced for improving their performance.

However, with present day state of the art digital 

technology, it will be possible to design an impedance 

measuring device which can communicate with a control 

centre where information about the system operating 

conditions can be provided, to adapt its parameters 

according to the new state of the system.

Recent years shows the emergence of new concepts that 

can be applied in the protection of a power system. 

Horowitz, Phadke and Thorp [9] described the results of an 

investigation into the possibilities of using digital 

techniques to adapt transmission system protection and 

control to real-time power system changes. They defined 

adaptive protection as:

"A protection philosophy which permits and seeks to 

make adjustments to various protection functions in order 

to make them more attuned to prevailing power system 

conditions".

At the same time Rockefeller and his associates [8] 

presented the concepts for adaptive protective relaying of 

transmission lines. They defined adaptive protection as:

"An on-line activity that modifies the preferred 

protective response to a change in system conditions or 

requirements".

Distance relays which have been successfully employed 

in plain feeder applications for many years, do not 

provide a generally satisfactory response when applied to 

Teed feeders. The problem stems from the current 

contribution from the active taps, and the difference in

9



relay response when the contribution is, or is not, 

present. Thus, the objective of this thesis is to 

investigate the possibility of applying an adaptive 

distance protection to achieve a reliable protection for 

Teed lines which is comparable to that obtained with a 

two-terminal line. Included also is the simulation of the 

relaying system to determine the likely relay performance 

under different system and fault condition in some 400kV 

applications.

The proposed protection, based on distance measuring 

principles, relies on transmitting the source impedances 

and the load currents from the remote terminals to the 

measuring point. This data is then used to modify the 

impedance seen by a conventional distance relay so that it 

can measure the exact line impedance for faults at the 

reach point and gives the proper discrimination between 

internal and external faults. The adaptivity described 

here refers to the ability of the protection system to 

automatically alter its operating parameters in response 

to changing network conditions to maintain optimal 

performance.

The data from the remote ends are not required in 

real-time during a fault. It only has to be available at 

the relay in time for the next disturbance making use of 

the fact that the system operating conditions vary slowly 

and are cyclical in nature. Thus the speed and accuracy 

of the relay during faults will not be affected. The data 

can be provided to the relay periodically as suggested be 

Rockefeller [8] i.e, by using an up-to-date central

10



impedance model.

Since impedance measurement is based on power 

frequency components of voltage and current signals, 

special filtering needs to be employed to attenuate all 

frequencies other than power frequency.

Distance protection algorithms have evolved over the 

years. Algorithms based on conventional Fourier Transform 

techniques [10,11,12] are effective in extracting the 

fundamental components from highly distorted fault 

waveforms, but their response to a fault is slow. The 

response of the Fourier Transform can be improved by using 

a smaller data window, but small data windows produce 

problems in current offset conditions and are influenced 

by travelling wave components. However, the Finite 

Fourier Transform can be satisfactorily implemented if 

used with appropriate filtering [13].

The main disadvantage of the latter method is that 

the magnitude response of orthogonal filters is not the 

same. Hence, they must be equalised at the power 

frequency which means that any drift by the system 

frequency from nominal frequency causes errors in the 

impedance measurement. Furthermore, low order harmonics 

in the relaying signals have a detrimental effect on the 

performance [14].

A modified method uses two direct samples on the 

relaying signals to solve for the resistive and reactive 

components of the line impedance. This method has the 

advantage of being immune to power frequency changes and 

system harmonics [14].
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1.3 Summary of the Thesis

The fundamental principles of the new adaptive relay are 

described in Chapter 2, which includes the requirements 

and the way the system parameters are employed within the 

relay to restore the zone-1 reach. In order to protect 

the line against all types of faults, the performance 

equations for phase-earth and phase to phase faults are 

derived.

Chapter 3 is concerned with the simulation of a Teed 

transmission line. The symmetrical component technique is 

employed to represent the transmission lines; included 

also is an introduction to the representation of the 

circuit elements and the solution method used in the 

Electromagnetic Transient Programme (EMTP).

The EMTP is fast becoming the preferred software in 

industry and research institutes for the simulation of 

complex power systems.

A complete breakdown of the individual states within 

the adaptive relay, as implemented in software, is given 

in Chapter 4. The various analogue and digital functions 

including prefiltering, analogue to digital conversion, 

digital filtering, impedance calculation, relay 

directionality, digital smoothing of the calculated 

impedance and counting strategy are all explained.

In Chapter 5 the fault area in the impedance plane, 

for different system operating conditions, is defined 

together with the possible improvement the adaptive scheme 

can afford over conventional distance relays. The effect 

of fault resistance on the relay coverage and the relay
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sensitivity for different signals and parameters used 

within the relay is also investigated.

A full relay performance evaluation, on a typical 

faulted Teed system, is included in Chapter 6. The 

operating time of the relay as a function of: fault 

position, fault inception angle, fault type, source 

capacity etc is investigated. Attention is also focused 

upon the relay directional stability and the relay 

behaviour under forward and reverse close-up fault 

conditions. The rest of the Chapter is devoted to an 

investigation of the relay performance on sustained 

faults.

Chapter 7 introduces an alternative method for the 

implementation of the adaptive scheme. The signals and 

parameters are used to adjust the relay setting instead of 

measured impedance. This method reguires two separate 

algorithms to convert the voltage and current signals into 

a measured resistance and reactance. The rest of the 

Chapter is devoted to presenting some results to show the 

difference between the two methods.

A complete concluding summary of the thesis is given 

in Chapter 8 together with some proposals for future work.
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CHAPTER 2

THEORY OF THE ADAPTIVE DISTANCE SCHEME

Conventional distance relays when applied to transmission 

lines of Teed type can measure the correct distance up to 

the Tee point, but from thereon, their reach on one remote end 

is affected by the magnitude and direction of the current 

from the other far end. Since the zone-1 must never 

overreach the remote shortest leg, under all system 

operating conditions, the relay is set without in-feed 

[2,3,15], i.e., assuming a two terminal configuration.

Thus, with in-feed, the relay reach is reduced. This 

Chapter describes a new adaptive digital distance relaying 

scheme which is fundamentally a distance relay which is 

compensated for the fault current from the remote end. 

The relay could give an accurate measurement at the reach 

point and a proper discrimination between internal and 

external faults. The in-feed current can be determined in 

terms of circuit parameters where some of these are 

constant and the others could be considered periodically 

constant. The scheme relies on transmitting and updating 

the system operating conditions at the remote ends by 

means of slow speed non-continuous communication links. 

To aid comprehension of the fundamental operating and 

compensation principle the following analyses refer at the 

beginning to single conductor system and are then extended 

to cover the practical three phase configuration.
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2.1 Single Phase Circuit

The underlying principle of the new technique is best 

illustrated by reference to Figure 2.1, which represents a 

single phase Teed circuit subject to a solid fault at leg 

Q. The measured impedance, using the local current and 

voltage signals, for a relay at end P, is given by:

Vp IpZp + oCq Zq (IP + IR)
Zmp = = —------------------ 2.1

Ip Ip

IR
Zmp — Zp + QlqZq + 0(q Zq ( ) 2.2

Is.

where

Zp = total impedance of leg P-T 

ZQ = total impedance of leg Q-T 

aQZQ = proportional impedance to fault for T-F 

IR is the contribution of fault current from end R 

and can be written as:

Ir. — Irs t Irt 2.3

IRS is the load current 

Irt is the superimposed current 

By relating the superimposed currents at end R to those at 

end P as shown in Appendix 2A gives:

Irs ZpIPT — Vpt
ZmE» Zp + «q Zq + Oq Zq [ + --------------] 2.4

Is- ( ZR + ZRS) Ip

where ZRS is the source impedance at end R and is 

determined from

ZRS

VRT

IRT

2.5

Assuming zero prefault loading 

Ip — I t»t
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0

Then

Z r> + Zpg
ZmP — Zp + cXq Zq + Oq Zq ( ) 2.6

Z r  t  Z RS

Similarly the measured impedance at end P for a fault 

on leg R is given generally by Equation 2.7, and for the 

special case of zero prefault load in Equation 2.8.

Iqs ZpIpT Vp»p
Zmp Zp + QipZ R + otRZ R [ - + ------------] 2.7

Ix> (Zq + ZQS) Ip

Zp + Z p s
2mp Z p. + otRZR + a R Z r. (~ ---- ) 2.8

ZQ + Zqs

Similar measurands could be obtained for the relays

at the other ends.

The basic principle employed would involve

transmitting the values IRS, Iqs , Zr s, Zqs to end P

2r s / Zqs are the effective source impedances looking 

into the busbar remote from the point of measurement for 

the critical fault position i.e., at zone-1 reach. In 

other words for a fault at zone-1 reach on leg R, ZQS 

should be determined and for faults at zone-1 reach on leg 

Q, ZRS should be determined. It should be noted that the 

effective source impedance of the system considered in 

Figure 2.1 is constant for all fault locations, but if 

there are ties between the three generating stations, 

other than the Teed, the effective fault impedance varies 

with fault position. These impedances could be obtained, 

as suggested by Rockefeller et al [8] i.e. by using a 

central computer system to update an impedance model each
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time the system changes. These could be updated 

periodically so as to correspond to the system 

configuration.

Similarly IRS, IQS are steady-state prefault values; 

their values changes only slowly and periodically. 

Updating via a slow speed channel is what is reguired. It 

should be noted that, only one of the remote ends steady 

state currents need to be transmitted to the relaying 

point as the other can be calculated simply from the local 

load current and one of the remote ends current.

How often are the remote source impedances and 

currents required to be updated to the relay ?. If their 

values, for example, are assumed to follow the same 

pattern as the load curve then updating on an hourly basis 

could be a reasonable justification.

In essence, the relay would adapt its setting so as 

to be set optimally irrespective of any prospective fault 

condition. The advantages of this adaptive approach are:

1- A slow speed non-continuous single value 

communication channel is all that is required, as the data 

from the far ends has to be made available at the relay in 

time for the next disturbance. This contrasts sharply 

with the differential scheme where integrity is determined 

largely by the security and dependability of the channel 

itself.

2- Speed of tripping can be retained without having 

to employ wideband (expensive) signalling equipment.

The scheme would thus retain the desirable features 

of non-unit measurement (distance protection) principles
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and, in the event of no periodic update, the setting could 

revert to values producing a performance that is no worse 

than that of conventional distance protection commonly 

applied to Teed feeders.

2.2 Compensation Method Consideration

Consider for example Equation 2.4 which is the measured 

impedance at end P, for a fault on leg Q, written in the 

form of Equation 2.9.

Z

where

VP

1̂.
Zp aQZQ + gcqZqKq 2.9

IRS ZpIpT — VPT
Kq = ----- + ----------- 2.10

Ip (ZR t ZRS)Ip

If the measured impedance ZmP is as in a conventional 

distance relay, compared with a fixed zone-one boundary 

for example on the basis of 0.8(Zp + ZQ) i.e., 

corresponding to aQ = aQS = 0.8 - 0.2(Zp/ZQ) that extends 

into leg Q then the relay will in general underreach by 

the nature of the measured impedance being greater than 

the actual impedance to the fault (Zp + aQ ZQ) by an

amount aQZQKQ see Equation 2.9. This is the classical 

underreaching phenomena caused by the component of current 

fed from end R that is fed through leg Q over an impedance

aQZQ which in turn causes an additional voltage drop and

therefore increases the apparent impedance measured at end 

P. It is important to mention that, the scheme is

applicable only for line configuration where the relay can 

be set to cover a certain distance beyond the Tee point.
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By using an alternative measurand to Equations 2.4 

and 2.7 written in the form of Equations 2.11 and 2.12, it 

is possible to compensate for the infeed from the remote 

ends R and Q. In this way, the modified measurand 

corresponds exactly to the actual line impedance at the 

critical fault position.

^mPQ — Zmr> — CXq SZqKq Zp + Qq s Zq 2.11

ZmPR zml> — Ôr sZrKr — Zp> + ^r sZr 2 • 12

The scheme in effect comprises two distance relays 

each set for one remote leg. The two relays will measure 

simultaneously and the following questions then arise.

1- In what way would the measurand ZmE,Q behave for a 

fault on leg R and vice versa, how would ZmE.R. behave for a 

fault on leg Q.?

2- In what way would they behave for a fault on leg P.?

Some idea of the answer to this can be gained from

the analytical examples in the next section.

It should be noted that, although the in-feed from 

end R is in general such as to cause underreach, i.e the 

argument of KQ tends to zero, there are a few possible 

operating conditions where the current fed from end R is 

in anti-phase to the current fed from measuring end P. 

This in turn can cause overreaching. A configuration 

where this could be so is sketched in Figure 2.2.

Figure 2.2 illustrates physically instantaneous 

relative directions for the current in the circuit, and it 

is apparent that, in this case, the effective source 

impedance at end R is negative. In the method proposed, 

the source impedances are those that would be measured
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with the circuit in the superimposed state i.e. with all 

source voltages de-energised and the fault excited from a 

superimposed generator as shown in Figure 2.3.

The flow of superimposed current is into the line at 

end R and consequently ZRS is negative. It should be 

noted that the effective source impedances for a circuit 

with feed-rounds varies with the fault position so that it 

is necessary when dealing with such circuits to evaluate 

the source impedances for the extreme fault position 

i.e. with the superimposed circuit energised at the zone-1 

reach point.

2.3 Examples of Teed Circuits

Sketches of some three terminal line configurations will 

be utilised to illustrate the variation of the apparent 

impedance with fault position for a conventional relay 

together with the measurands of the adaptive scheme. For 

simplicity, scalar values of the line and source 

impedances are assumed.

2.3.1 Teed Circuit with Equal Leg Lengths and Equal Source 

Impedances

A single phase Teed circuit is shown in Figure 2.4, which

is taken to be symmetrical, in that the distance from each

bus bar to the Tee point is the same ( Z P  = ZQ = ZR = Z)

and the fault level at the busbars are equal, from which

we can find the corresponding source impedances 

(ZPS = ZQS = ZRS = Zs). Taking the case for a zero 

prefault condition and for scalar values of the system
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impedance. The relays at each end are set to cover 80% of 

the circuit length between each pair of busbars; with 

conventional distance schemes, the fault location that 

corresponds to the limit of operation for any two remote 

infeeding ends is given by:

z + z s
0.8 (Z + Z) = Z + aZ + aZ [------- ] 2.13

Z + Z s

where a is a p.u distance measured from the T point, 

solving for a gives: 

a = 0.3 p.u

The actual fault is at a  = 0.6 p.u

Therefore, the effect of fault infeed is to increase 

the apparent impedance at the terminals and thereby to 

cause the fault to appear more distant than is actually 

the case, i.e. underreach.

By using the adaptive scheme the impedance presented 

to the relay at end P, for a fault along line PQ in 

Figure 2.4 is:

Zjtipq Zp t cXq Zq t a0ZqKq — ocqqZqKq 2.14

since the circuit is symmetrical we can write

ZmpQ — Z + aQZ + Qq ZKq — (XqsZKq 2.15

where

aQ is a per unit distance along line TQ 

aQS is a fractional portion of line TQ, which is 

determined from the following eguation assuming 80% of the 

line PQ is the desired reach.

ZP
aQS = 0.8-0.2(----) 2.16

ZQ
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aQS = 0.6 p.u 

Zp t ZPS
K o  =

+  Z ,
K„ = 1.0

If a fault occurs at the relay reach i.e. ac aQS

the last two factors of Equation 2.15 will cancel each 

other and we are left with Z + aQSZ which is equal to the 

actual line impedance, if aQ > aQS the measured impedance 

will be greater than the setting and if aQ < aQS the 

measurand will be smaller.

Considering a fault along line PTRthen

ZmpR — Z + aRZ + aRZKR — ctRSZKR 2.17

The Zmr,R measurand is equal to the relay setting for

faults at the reach point ( aR = aRS ), higher for 

aR > aRS and smaller for aR < aRS.

From Equations 2.15 and 2.17 we conclude that the two 

measurands give the correct discrimination for faults each 

on its own leg.

Now in what way ZmFQ behaves for faults on leg R, and 

how does ZmRR behave for faults on leg Q ?

Consider a fault on leg Q

ZmPQ Z + aQZ + cXq ZKq — cXq sZKq

ZmpR — Z + cl QZ + aQZKQ — aRSZKR 2.18

For faults on leg R

ZmPR = Z + aRZ + aRZKR — ocRSZKR

JmPQ = Z + aRZ + aRZKR - aQSZK 2.19

The apparent impedance measured with a conventional 

distance relay and the measurands of Equation 2.18 are 

depicted in Figure 2.5 along with the two settings, which
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are identical for this system, SQ = Z + aQSZ and

SR = Z + o ( r S Z .  Based on the logic that, the two

measurands each should be below its own setting for a 

fault to be cleared, it is obvious that the relay gives 

the correct discrimination for all fault location. 

Clearly it can be noted from these graphs that a constant 

impedance is subtracted from the impedance measured by the 

conventional distance relay for all fault locations. 

Similar graphs, which are identical in this case, could be 

drawn for the measurands of Equation 2.19.

In this case, the same graphs could be obtained for 

the relays at ends R and Q.

In Figure 2.4, if the source impedance at the 

relaying point varies, end P in this case, while keeping 

it equal at the other two ends, the relay still gives the 

correct discrimination between internal and external 

faults for all fault location along lines P-T-Q and P-T-R.

2.3.2 Teed Circuit with Equal Leg Lengths and One Remote 

End is Open Circuit

Considering an extreme case, in which the short circuit 

level at one end is reduced to zero, end R, in Figure 2.4. 

Assuming a fault on leg Q the infeed factor KQ, for the 

relay at P, in this case is zero.

Rewriting the measurands given by Equations 2.18 and 

2.19 for Kq = 0.0 gives:

ZmPQ = Z + aQZ 

ZmpR — Z + aQZ — cXrSZKr 

and for a fault on leg R
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Z m P R  2 + a R Z + a R Z K R — otR S Z K R

2mPQ — Z + ®rZ + aRZKR

The above equations are drawn in Figure 2.6 and 

Figure 2.7. It can be seen from these graphs that for a 

fault on leg Q the correct discrimination is obtained, 

while for faults on leg R the relay underreaches. The 

measurand ZmJPQ for the above system coincides with the 

impedance measured with conventional distance relay. This 

is true since for faults on leg Q there is no infeed from 

leg R.

Therefore, it can be concluded that, for this system 

the adaptive scheme will behave equally as a conventional 

relay, but if an on-off signal can be transmitted, in real 

time, from the relay at end R giving an indication that 

the fault is on leg R then the desired reach could be 

achieved. This option will not be considered as it

reduces the merits of the adaptive scheme in that no real

time data is needed from the remote ends.

2.3.3 Teed Circuit with Unequal Leg Lengths and Source 

Impedances

Transmission lines of the same length to the Tee point 

were discussed in the previous sections for different 

source impedances. The general case is that of system 

having arms of unequal length, at the end of which the

source impedances are different. Such a system is shown 

in Figure 2.8.

If the relay at end P is set to reach 80% of the

distance from the relay location to the far ends, the
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variation of the measurands with different fault locations 

along lines PQ and PR are shown in Figure 2.9 and 

Figure 2.10. The relay in this case gives a full 

coverage for faults on leg R (which is shorter than Q) and

it underreaches for faults on leg Q. The maximum

distance that can be protected on line TQ could be

calculated by equating the setting of the line PR with

the measurand allocated for faults on R when the fault is

on Q i.e.:

Z j >  +  Q r S ^ R  —  Z  +  OCq Z q  +  CXq Z q K q  —  Q r s ^ r K r

solving for aQ gives:

®RsZr (1 t Kr)
aQ = -------------- 2.20

ZQ(1 + Kq)

It may be concluded here that, in general the 

adaptive scheme can give an improved coverage over 

conventional distance scheme. The impedance measured with 

conventional schemes is correct for faults along line P-T, 

ZrapQ is correct for faults along line T-Q and ZmPR is 

correct for faults along line T-R. The adaptive scheme 

reach is determined by one of the measurands i.e. ZmE>Q or 

ZmPR if no real time signalling is assumed between the 

three terminals.

2-4 Practical Implementation Consideration 

In order to put the scheme into practice it is necessary 

to manipulate the various signals for its implementation 

in a microprocessor based distance relay. Considering for 

example Equation 2.11, where the measurand is of the form:
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2.21ZrnPQ Zmp» OCq sZqKq 

This can be written as

JmPQ Oq S Z q Kq 2 . 2 2

where

ZpIPT V*.T

0 II 4" ------------ 2.23
Ip.

we can write

( Zr + Zrs ) Ip.

Vp>T= VP - Vp»s 2.24

IPT Ip — Ips 2.25

where

Vr>T and IPT are the superimposed voltage and current 

at end P.

VP and Ip. are the postfault voltage and current at 

end P, and Vp>s and Ip.s are the prefault values.

Vp—cxQSZQIRS—0(qSZQ{ [ ZP( Ip-Ipg ) - (Vp>—Vp»s ) ] / ( ZR+ZRS ) ] }

Vp.(l +

J mPQ = {

8qs Zq

Zr+Zrs

IpS Zp.
) — Gq sZq [IRg- +

Zr+ZrS

2.26

Vp

Zpt+ZR 1 u RS

Qqs Zq Zp.
}

Zr+Zrs

Vp.+ kxVp.- kiVpS+ k2IPS- k31cj
- k; 2.27

where

|ki

I ̂ 2

| k 3 |

Zq

Zr+ZrS

QCq S Zq Zp>

Zr+Zrs

Gqs Zq

/ki = /
Zr+ zR ' "RS

Zq Z p.
/k2 = /__

Zr+ zrs

/is 3 = /_Zq

2.28

2.29

2.30
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The following comments can be made on the above 

factors.

a) The angle of ki is in general negative but is small and 

tends to zero, because /Ẑ , tends to /ZR+ZRS.

b) The component |k2|/k2IRS can be derived by passing 

I p  through a delay circuit adjusted to a value nT -

/k2/W0 where nT is an integer number of multiples of 

the nominal power frequency period T; /k2 is positive 

and hence the negative sign places I p  in the correct 

position. A value of n=5 would ensure that, following a 

fault, the steady state component of I F  is maintained long 

enough until the tripping is initiated.

c) The component Ikxl/kiV^s is similarly derived by 

delaying VR by an amount nT - / k x / W 0 .

d) The component |k3|/k3IRS would need to be derived

from a circuit generating a sine wave of magnitude k3|IRS| 

and adjusted to be in phase with /ÎRS. This could be 

done by periodically transmitting a signal from end R to 

identify, say, the negative to positive zero crossing of 

IRS together with a signal describing its peak value or 

magnitude. This could be achieved by means of a suitable 

array within a digital processor, which provides updating 

of the magnitude and phase of the generated sine wave in 

accordance with variations in |IRS| and / I R 3  observed at 

the remote end. Since /k3 is positive it would be

necessary to delay the output of the sine wave generator 

as described above by an amount nT - /k3/W0.

e) If a voltage signal comprising the 4 components derived 

as indicated in (a) through (d) above is fed to an
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impedance measurement processor together with the locally- 

derived signal Ip then each value of the sampled impedance 

thereby derived can be used in conjunction with the real 

and imaginary components of the constant values 

a Qs ZQ Zp/ZR + ZRS as indicated in Figure 2.11.

Similar arrangement can be made for the measurand 

ZmE>R by using the related parameters (see Appendix 2B) . 

The performance equation is reproduced below.

Vp+k iVp-k iVpS+k 2 Ips-k 3Iqs
Z m P R  — k 2 2.31

Ip.

2.5 Three Phase System

The foregoing analysis and discussions were based on a 

single phase system where the basic principle of the new 

method is outlined. As it is usual in distance 

protection, various measurands corresponding to each 

element will be employed. If the phases of a three-phase 

system are labelled as a, b, c then there are a total of 

ten possible faults that can be seen by the relay [16,38]. 

They are:

a-ground

b-ground

c-ground

a-b

a-c

b-c

a-b-ground

a-c-ground

b-c-ground

a-b-c-ground
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Any fault can be cleared by employing only six relays 

these correspond to three phase-ground faults and three 

phase-phase faults. For example, for an a-b-ground fault 

the a-b, a-ground and b-ground relays will produce the 

correct operation. In the following sections, the fault 

have been divided into two general types; phase-ground 

fault, and phase-phase faults.

2.5.1 Single Phase to Ground Faults

i- For a single phase to ground fault the basic voltage 

and current measurands would be Va and Ia + KIres for the 

a-phase to ground faults.

The impedance measured using the normal residually 

compensated signals would be given by:

ZmPa ~ 2.32
•̂Pa KIresp

As shown in Appendix 2C, the measurand for faults on 

leg Q after the compensation from end R will take the form 

below.

V*
- a c Zqi Kc

+ KI,

where

2.33

i R S a ^ K I f c s R S  1

KQa= ------------ + ----------------------- *
I p a ^ K I r o a P  (Zr i  + Z r s 1 ) ( I p n ^ K I re s E> )

(k~krs)z Rsi ((1+3K)Z P l ^ r e s P T  ^ r e a P T )
[ ------------------------------------------------------------------------------------

( (1+ 3K )ZR1 + (1+ 3K r s )Z R s x )

V p T « t ( I p T a ^ R I r e s P T ) Z P 1  ] 2 . 3 4

the parameters of the above equation are also defined in
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Appendix 2C.

In Equation 2.33, after substitution for the 

superimposed Vrespip/ ^reePTv/ VR>x>„, Ipt® values by,

^resPT — V  xre e TP s E> s 2.35

IresPT = I IT© s P I it© & E»S 2.36

VpTa = - Vpsa 2.37

IpTa = Ipsa 2.38

then, the practical equation could take the following 

form:
i Uqs

ZmE.Q« = ---------  [ ( 1 + ---------- ) V*., -
Ip«"̂ KIresp ZRi + ZRSx

®QS Zqx

( ) Vp>S(a — ( ex.q S ZQ1 ) IRS
2r 1 t ZRS1

(

(

(

(

®QS ZQ1 ZP1
( ®QS ZQ1K ) IresRS^ ( ) Ipsa

Z r i  t  Z RS1

Oqs Zqx ZP x K
) I 3

Zri t Z Rs x 

®QS Zp»x ZRS1(K-KRS)

(Zrx+ZRSx) {(1+3K)Zr 1+(1+3Kr s )Zrs1)} 

®Q3 ZP1 ZRS1(K-KRS)

(Zrx+Zr s i) {(1+3K)ZRx+(1+3Kr s )Zrs1)} 

®qs ZP1 ZQx ZRSx(K-KR3 )(1+3K)

) V,

) Vires sPS

(ZRx+ZRS1){ (l+3K)ZR1+(l+3KRS)ZRSx) } 

otQs ZRx Zqx Zr s1(K-Krs) (1+3K)

) I,

(ZRx+Zr s x){ (1+3K)ZRx+(1+3Kr s )ZRSx) }

®QS Zqx Zpx
( --------------------------)

Z r x  t  Z R s x

) 1roa PS ] —

2.39
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1
ZmpQa — { Vr« + KiVpa — KjVpga —

Ipa^^lresp

K2 Irs® — K3IreBRS + K4VreaP —

~ KsIj-esr> + KsIresPS t

K  6 I f  s «  t  K  -7 I r e s P S  } —  K 6 2 . 4 0

where
®QS ZQ1

Ki = ----------
2ri t ZrS1

^2 — ®QS 2Q1

K3 — cXqq Zqi K

®qs ZP1 ZrS1(K-KrS)
k4 = -----------------------------------

(ZR1+ZRS1) {(1+3K)ZR1+(1+3KRS)ZRS1)}

®qs ZP1 ZQx ZRSx(K-KRS)(1+3K)
Ks = -----------------------------------

( ZRx+ZRsl) { ( 1+3K)Zr1 + ( 1+3Kr.s )ZRal) }

®QS Zqx ZP1
k6 = ------------

In short Equation 2.39 can be written as:

Z R 1 + Zrs 1

®QS zq i ZP1K

Zrx + Zrs 1

The following points should be noticed:

1) For a balanced system the steady state residual 

currents and voltages are zero.

2) The steady state voltages and currents may be derived as 

suggested for the case of a single phase representation. 

These will be explained further in Chapter 4.

For a symmetrical system the residual steady state 

voltages and currents are zero, therefore Equation 2.40 

is reduced to the form:
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IP„+KI
-{ VPa+ KJp» - KxV*

P*a ' iXXresP

k2ir«„ + k4v4 v res I? - K= I5 x re s I?

Kg Ipsa } — Kg

ii- Similarly, for the a-ground fault on leg R, the 

measurand Z m P R a  will take the form:

Vpa

2.41

where 

KRa>=

+ KI3
— Ors Zrx Kr 2.42

^■QSa^^^resQS

I^.+KII?«. 1 iX1resP (Zqi+ Zq s x ) ( Ip0^KIreap)

(K-Kq s )Zq si ((l+3K)ZP1IresPT- VreaPT)

((1+3K)ZQ1+(1+3KQS)ZQS1)

V p T a ^ f I p T a ^ K I r e s pT ) Z p i  ] 2.43

The practical equation is given by:

Ir>«+KIPa 1 iX1resP

®RS ZRx

[ ( 1 + ---------  ) V*.
2qi t ZQS1

a R S  ZR1
( ) VPSa — ( CfRs ZR1 ) Iqsi

Zq I t ZQSx

( OErs Zr1K ) IresQS^ (
OrS Z R1 Zj

ZQ1 + z
) Ipsa t

QS 1

(
®rs ZR1 ZP1 K

) Ireaps
Zq I t Zq S1

®RS ZP1 ZQg p ( K-Kq s )

(Zq x +Zq s i ) {(1+3K)Zq x+(1+3Kq s )ZQS1)}

®RS ZP1 Zq S1(K-Kq 3)

(Zq x +ZQs x ) {(1+3K)ZQ x+(1+3Kq s )Zq Sx )} 

Qrs Zpx ZRx Zq Sx(K—Kq s )(1+3K)

(ZQx+ZQS1){ (1+3K)ZQx+(1+3Kq s )Zqs1) } 

®rs ZP1 ZR1 ZQS1(K-Kq s )(1+3K)

) vresp -

) Vre.sps - 

) IreaP t

( Zq x + Z q s  X ) { ( 1  + 3 K ) Z q x +(  1 + 3 Kq s  ) Zq s x  ) }

®RS ZR1 Zpx( -------------------------- )
Zqx t ZqSx

) Iire sPS ]-

2.44
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In short Equation 2.44 can be written as:

1
= --------- { VR«+ K'Jp» - K' Jps, -

Ipa^KIj-esp

K ‘2^030 — K ‘3 I re s Q S t K i^reeP ~

K ’4 8PS - K 5-̂ resP t K S^resPS t

K ‘6 Ipsa t K ‘7 IresPS *-r-
* 1 « 0) 2.45

where

, ®RS ZRXK x = ----------
Zqi t ZQS1

K 2 — ®R.S ZR1

K 3 — ocRS Z Ri K 

, ® r s  Zp»j. ZQ S 1 ( K - K q s  )

(Zq i + Z q s i ) { ( 1+ 3K ) Z Q 1 + (1+ 3K q s )Z Q S 1 )}

. _ ® r s  ZP 1  ZR 1 ZQ S ! ( K — K q s ) (1+ 3K )

(Zq i +Zq s x ) {(1+3K)ZQ1+(1+3KQS)ZQS1)}

, aRS ZR1 ZP1
K 6 = -------------

Zq I t ZQS1 

, ZRx ZP1K
K -7 = --------------------------

Zq I t ZQS1

Equations 2.40 and 2.45 are the general expressions 

for the a-phase to ground faults. Similar expressions 

appiy for the b and c phases

2.5.2 Phase to Phase Faults

For the b-c element the following modified measurands 

could be employed ( see Appendix 2D).

Z m P Q b c  Z x n P k s c  —  U q s  Z q i  K Q t>c 2 . 4 6

This should be compared with ZRX + aQS ZQ1 for the faults 

on Q. 

and

JmPRbc 2rnE>t>c Kr 2.47
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is compared with ZP1 + a R S  Z R 1  f o r  faults on leg R. 

where

Zm E ’fc? o

^Qbc

KrIic

Vv

Ipb Ipc

I P b c  

^RSbc

^Pbc

iQSbc

Zpl IpTbc — VpTbc 

(2r 1 + ZR9l)Ipbo

2 p l  I p T b c  —  ^ P T t > c

( ZQ 1 + Zqs x ) Ipt,o

2.48

2.49

2.50

2.51

2.6 Summary

In this Chapter an adaptive distance scheme for the 

protection of Teed circuits is introduced. The basic 

requirements, the performance equations and suggestions 

for its implementation in a microprocessor based distance 

relay have been discussed. In general, the scheme gives 

an improved coverage over conventional distance relays. 

The optimum performance can be achieved if the remote 

faulted leg can be identified locally; i.e. without real 

time signalling from the far ends, but this has not been 

accomplished.
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P Q

Fig. 2.1 Typical three teminal line with current contribution for a fault on leg Q

Z r

P Q

Fig. 2.2 Faulted Teed system with out-feed



Fig 2.3 Teed system in the superimposed state with current distribution

Fig. 2.4 Symmetrical Teed system
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Zps = 0.1 Zq s  = 0.2

Fig 2.8 Teed system with different leg lengths & source impedances
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Fig 2.11 Basic arrangement of the adaptive distance relay



CHAPTER 3

PRIMARY SYSTEM SIMULATIONS

Digital computers nowadays are very powerful tools in 

engineering fields. They can be used to accurately 

simulate and test a system or component before they are 

actually built or manufactured.

The importance of digital computers in design and 

test stages of the components of power systems is well 

known. Advanced methods are now available for modelling 

and testing complex power systems on a digital computer 

[17,18,19]. These simulation programmes provide not only 

the steady state, but also the transient response. They 

are of great values to protective relays designers, new 

designs can be tested in laboratories before they are 

actually installed on the system. In particular, for Very 

and/or Ultra-High-Speed protection schemes, where the 

measurement is carried out in a very short time after 

fault inception, the waveforms from which measurement is 

made must contain all transient phenomena which occur in a 

real system after a short circuit fault. These simulation 

programmes provide, in numerical forms, the voltage and 

current waveforms at the relaying points.

In the early stages of the project a Fortran program, 

based on phasor values, was developed for the fault 

analysis of a Teed system, in which the changes in fault 

resistance, fault position, line length and source 

impedances are easily made. A connection matrix method of 

analysis has been used to represent faults of any type by
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the choice of the matrix elements as described in 

reference [20]. The loop-current and nodal-voltage 

methods of analysis have been used in separate programmes 

for the prefault and fault calculations. A brief

description of these methods is given in this Chapter.

At a later stage the Electromagnetic Transient

Program [EMTP] became available and is used for the 

primary system simulation. This package can be used to 

solve any network which consists of interconnection of 

resistances, inductances, capacitances, single and 

multi-Ti-circuits, distributed-parameter lines, frequency 

dependent parameters, and certain other elements.

3.1 Prefault Calculation

Balanced operation i.e. each of the three phases of any 

part of the system has currents and voltages which are 

equal and 120° displaced with respect to each other, is 

the basis of the simplicity for three phase calculations. 

To maintain balanced operation each item of system plant 

must be symmetrical i.e. have identical impedances in each 

line, equal mutual impedances between phases and ground, 

and equal shunt admittance to ground/neutral. This is the 

case with machines and transformers, it is valid for 

transmission lines if these are fully transposed. For 

balanced conditions, a single phase representation gives 

the necessary solutions, and this is considered in the 

present simulation.

Figure 3.1 shows a system that contains a general 

configuration of a Teed system in which a double Teed
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circuit is assumed and a remote ties exist between the 

three terminals. In what follows, it is assumed that the 

voltages and currents are sinusoidal, which means that 

they can be represented in phasor terms. Furthermore the 

system impedances are calculated at the power frequency 

i.e. 50 Hz, and the line shunt capacitance is neglected. 

Hence, the effective line impedance is equal to the 

positive sequence impedance component. The lines series 

impedance is calculated from the line length and the 

impedance per unit length. The source impedances are 

calculated from the short circuit levels(SCL) at the 

terminals using the following equation:

Ze = (Voltage)2 / SCL 3.1

In order to model a multi-node system it is 

convenient to represent it by a general admittance 

relationship in the frequency domain:

I = Y.V 3.2

For the evaluation of voltages and currents at 

various points of the system a systematic method based on 

the loop currents is used [20,21]. In a network if all 

the branches are replaced by lines, we obtain what is 

called a linear graph, or simply graph of the network. 

For example, for the system shown in Figure 3.2 the graph 

is drawn in Figure 3.3 on which also the basic loop 

currents are depicted. For this specific example the loop 

incidence matrix [C], whose elements are 0,1,-1, is:
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Element

[C] =

Loopl Loop2

1 1 0
2 0 1
3 -1 -1
4 1 0
5 0 1
6 -1 -1

ng the same

3.3

By using the same routine for the circuit of

[C] =

3. 1 the [C] matrix .is :

-1 -1 -1 -1 1 1 0
1 1 0 0 0 -1 -1
0 0 1 1 -1 0 1

-1 0 0 -1 0 0 0
0 -1 -1 0 0 0 0
1 0 0 0 0 0 0
0 1 0 0 0 0 0
0 0 1 0 0 0 0
0 0 0 1 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1

3.4

In order to calculate the loop impedance matrix 

[ZLoc>S3]; first the branch and source impedances are 

calculated and stored in the square primitive impedance 

matrix [Z] and then [ZLoop] is computed from:

[ZLoop]= [C]te[Z][C] 3.5

where [C]fc is the transposed matrix of [C].

The general equation for relating the loop currents 

and loop voltages is:

[ ̂ Loop ] [ Z Loop ] [ I I jC iop ] 3.6

where

[ELoop] = [CJ^E] 3.7

[E] is the vector of source voltages

The loop currents are calculated by writing 

Equation 3.6 in the inverted form i.e.:
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■^Loop ] [ ^ L o o p  ] [ ^  Loops ] 3.8

where

[YLooe>] = [ Z ^ p ] “1 3.9

The following relation holds for branch currents, Ito/ 

and the loop currents:

[Ib] = [C][ILoop] 3.10

The voltage at the source busbars is:

[V] =[E] - [Z„][I.] 3.11

with

[Zs] = 3 x 3  source impedance matrix 

[Is] = vector of the source currents 

The Tee point voltage is determined from:

Vt = Vs - ZtIt 3.12

where

Vs is any element of the vector [V]

Zt is the impedance of the branch connected to the 

Tee point and It is the current in the same branch.

The voltage at any point on the line connected to the 

Tee point is given by:

VCT = Vt + aZtIt 3.13

where a is a p.u. line length measured from the Tee point 

The above equations give the voltages and currents 

for a single phase system. As it is a balanced system the 

other phase values can be derived simply by shifting the 

above calculated quantities by 240 and 120 degrees.

Figure 3.4 shows the flow chart for the prefault 

calculation.
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3.2 Short Circuit Studies

The symmetrical component technique is employed in the 

short circuit analysis. This permits the complex 

behaviour of the system to be analysed in terms of three 

independent phase-sequence circuits i.e.; positive, 

neqative and zero sequence circuits. For example, the 

three phase impedance matrix [z] given by Equation 3.14, 

in which the diagonal elements represent the self 

impedances and the off-diagonal elements are the mutual 

impedances, the symmetrical component transformed 

impedance matrix is given by Equation 3.15:

3.14

[z-o] = [T]-1 [z] [T] 3.15 

where [T] is referred to as the symmetrical component 

transformation matrix

[T] =
1
1
1

1 1 
a2 a 
a a2

3.16

[ z s c ]
Zo
0
0

0 0
Z_h 0
0 z_

3.17

where z o r  z + ,  z_ are the zero, positive, and negative 

sequence impedances respectively.

z0=zB+2zm 3.18

z+=z_=zB-zm 3.19

The matrix [ z B C ] is diagonal, indicating decoupling
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between the three sequence components.

The following simplifications are assumed in the 

short circuit analysis:

- Lines are perfectly transposed

- No positive and negative mutual coupling exist between 

the double circuits.

- Line capacitance is neglected.

- The sources are general and their associated impedances 

are calculated from the short circuit levels(SCL) at the 

terminals according to the following equation:

Ze = (Voltage)2 / SCL 3.20

In order to involve the digital computer in short 

circuit calculation the nodal-voltage method of network 

analysis is used to assemble the bus impedance matrix 

[Ztous] [20,21]. Since there is no coupling between the 

sequence impedances, the bus impedance matrix in terms of 

sequence quantities can be obtained by forming the 

positive, negative, and zero sequence bus impedance 

matrices independently. In order to facilitate faults on 

the lines connected to the Tee point, nodes are assumed to 

exist between the Tee point and the terminating busbars as 

shown in Figure 3.5. In this general system, from the 

knowledge of the positive-sequence impedances of the 

sources and transmission lines the primitive positive 

sequence impedance matrix [Z+] is formed. Figure 3.6

shows the graph of the system of Figure 3.5. From this

graph the bus incidence matrix A whose elements are 0, 1,

-1 is constructed [20]. The A matrix has the value:
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-1 0 0 0 0 0 0 0
0 0 0 -1 0 0 0 0
0 0 0 0 -1 0 0 0
1 0 0 0 0 0 0 -1
0 -1 0 0 0 1 0 0
0 0 0 1 0 -1 0 0
0 0 -1 1 0 0 0 0
1 0 -1 0 0 0 0 0
0 -1 0 0 0 0 1 0
0 0 0 0 1 0 -1 0
0 0 -1 0 1 0 0 0
1 0 0 0 -1 0 0 0
1 0 0 -1 0 0 0 0
0 0 0 -1 1 0 0 0
0 -1 0 0 0 0 0 1

The positive sequence bus impedance matrix Z-Htous is 

obtained from:

[Z_bus]= [A]fc[Z^][A] 3.22

Since all elements considered are of static type and 

the sources are of general type, it is assumed that the 

negative-sequence bus matrix [Z_faus] is equal to the 

positive bus matrix [Z+toue].

The zero-sequence impedance bus impedance matrix 

[Zobus] is similarly computed from the A matrix and the 

zero sequence primitive impedance matrix [Z0]* It should 

be noted that the bus incidence matrix A is identical for 

the three sequence components.

[ZQfaus]= [A]t[Z0][A] 3.23

An important tool for investigating the present 

approach of fault voltage and current calculation by using 

the separate programmes, is the principle of 

superposition. When a fault occurs in a power system the 

postfault voltage and current are given by:

Vpo st-fault V j p x r o — fault + ^superimposod 3.24

I jpo st—fault ^-pre—fault + Isuperimposed 3.25
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The superimposed components are obtained by replacing 

the fault by its equivalent impedance [Zf] in series with 

the prefault voltage at the fault point, and by short 

circuiting all the active sources. The superposition of 

the resulting signals and the prefault values produced by 

the load flow program then yield the postfault values.

Figure 3.7 

superimposed

shows the 

state.

system of Figure 3.5 in the

Having constructed the positive, negative, and zero

sequence bus impedance matrices and stored in the

computer, the symmetrical component postfault voltages and 

currents, for a system with n nodes, are computed from the 

following general formulas [21]:

[Vfe,faus] = [V°a,bus] + [Ze,faus] [I*.,bu.] 3.26

where

s stands for symmetrical component transform. 

[Vfs,bue] = 3n unknown postfault voltage vector 

[V°B,bus] = 3n prefault bus voltages vector and is 

known from the load flow calculation.

[Zs,t,u»] = 3n x 3n symmetrical component bus

impedance matrix.

[1*̂ ,1=,«»] = 3n unknown bus current vector 

Equation 3.26 can be written for each node as:

[Vfel] II <
0

n F i-
-
i

[ Z  B  leg ]

[V£eq] =  [V°Bq] - [Zs<aq] [ I ^ c g ] 3.27

[Vfen] =  [V°sn] - [Zsnq] [ I * - « * ]

The voltage vector at the fault point q is:
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[v*.q] = [Zfa] [IfSC3] 3.28

or

= [Yfs] [V4eq] 3.29

where [Yfs] is the fault admittance matrix whose elements 

are defined in reference [2 0 ] for all types of faults.

Substituting from Eqn. 3.29 for [Ifsq] the qth Eqn. 

of 3.27 and solving for the postfault voltage [V4.,] 

yields:

[Vfs<3] = { [U] + [ Z sc3q ] [ ] }-1 [V°e<g] 3.30

where U is a 3x3 identity matrix.

The postfault current at the faulted bus q is 

obtained by substitution of Eqn. 3.30 into Eqn. 3.29 then: 

[I*-**] = [ Y£ s ] { [ U ] + [Zsqq][Yfs]}-1[V°stg] 3.31

The voltages at buses other than q can be obtained by 

substituting for [Ifsl3] from Eqn. 3.30. Then 

[VfBi]=[V°si]-[Zsiq][Yfs]{[U]+[Zaqq][Yfs]}“1 [V°Bq] 3.32

Fault current [I£ed.j] flowing through the element ij 

of the network is given by:

[ 1%^] = [ysi;i][[V£si] - [Vfs;1]] 3.33

All formulas give the voltages and currents in terms 

of the symmetrical components. The actual phase values 

are obtained by multiplying the sequence components values 

by the symmetrical transformation matrix [T]. For 

example, for the phase currents we have:

[Iph,id ] = [T] [Ifsij] 3.34

3.35
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where Ia, Ifa, Ic are the phase currents of phase a, b, c 

respectively.

Figure 3.8 shows the flow chart for the fault 

calculation.

3.3 System Simulation Using the EMTP

The Electromagnetic Transient Program [EMTP] is a general 

program which can be used for the studying of power 

systems problems as well as some electronic circuits [19].

In this section the basic numerical eguations for

individual power system components used in the EMTP shall

be explained for illustration.

Implicit in this explanation is the use of time-

domain representation [19,22,23]. Considering, for

example, the circuit in Figure 3.9 which shows the details 

of a single-phase network elements just for a region 

around node 1. The node voltages are used as state 

variables in the EMTP. It is therefore necessary to 

express the branch currents, i12, i13, etc., as functions 

of the node voltages.

For an inductance, the relationship between voltage 

and current is given by the differential eguation: 

di
v = L ---- 3.36

dt

Applying the trapezoidal rule of integration, using 

the central difference, with time step T to the 

differential equation yields:
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v(t)+v(t-T) i(t)-i(t-T)
3.37-----------  = L

2 T

solving for i(t) gives

T
i(t) = i(t-T) + --- (v(t)+v(t-T)} 3.38

2L

It is assumed that the variables are known for time 

t-T, representing initial conditions of the computation. 

That is, we want to advance the solution one time step, 

from t-T to time t. Regrouping Equation 3.38 gives:

v(t)
i(t) = ----  + i

R
where

3.39

3.40

1
I = i(t-T) + ---- v(t-T) 3.41

R

Here the resistor R is constant, independent of time, 

while I represents a known current source which varies 

with time. Figure 3.10a shows the equivalent resistive 

circuit for the inductive element L.

Equation 3.41 can be written for the inductive 

element between nodes 1 and 3 of Figure 3.9 as

1
iia(t) = Ixa(t-T) + --- { Vx(t) - V3(t)} 3.42

R

with Ix 3 (t-T) known from the values of the preceding time 

step.

1
Ii3(t-T) = i13(t-T) + --- { Vx(t-T) - v3 (t-T)} 3.43

R
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For a capacitive element the differential equation

relating the voltage and current is: 

dv
i = C ---- 3.44

dt

The difference equation is:

i(t)+i(t-T) v(t)-v(t-T)
------------ = c ----------- 3.45

2 T

solving for i(t) gives

2C
i(t) = - i(t-T) + ---- (v(t)-v(t-T)} 3.46

T

i(t)

where

R =

v(t)

R

T

2C

+

I = - i(t-T) -

I

1

R
V(t-T)

3.47

3.48

3.49

An equivalent resistance network is shown in 

Figure 3.10b. Its form is identical with that for the 

inductance.

Equation 3.47 can be written for the capacitive 

element between nodes 1 and 4 of Figure 3.9 as

1
i1 4 (t) = I1 4 (t-T) + --- (v1 (t) - v4 (t)} 3.50

R

1
Ii4 (t-T) = - ii4 (t-T) ----  {vx(t-T) - v4 (t-T)} 3.51

R

The branch equation for the resistive component 

between nodes 1 and 2 in Figure 3.9 is:

1
ii2 = --- {Vi(t) - v2 (t)} 3.52

R
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For completeness the equivalent circuit for the 

resistance is shown in Figure 3.10c.

For the transmission line between nodes 1 and 5, the 

well-known partial differential equation (the wave 

equation) which apply at each instant of* time t and each

position x on the line, assuming lossless line, is:

6v(x,t) 6i(x,t)
------- = - L -------  3.53

6x 6t

6i(x,t) 6v(x,t)
------- = - C -------  3.54

6x 6t

The general solution, given by D'Alembert, is

i(x,t) = f].(x-st) + f 2 (x+st) 3.55

v(x,t) = Z fi(x—st) - Z f2(x+st) 3.56

where

Z=VL/C (characteristic impedance) 3.57

s=l/VLC (speed of wave propagation) 3.58

Multiplying Eqn.3.55 by Z and add to Eqn.3.56, then

v(x,t) + Z i(x,t) = 2 Z fi(x-st) 3.59

The expression (v + Zi) will be constant at the other 

end of the line after a time to get from one end to the 

other. Therefore, for the branch between nodes 1 and 5 in 

Figure 3.9 we can write:

vs(t-r)+ Z iSi(t-r) = vx(t) - Zils(t) 3.60

where

line length
r = ------------  (travel time of the line) 3.61

s

1 1
iis(t) = ---  Vi(t) - ---- v5(t-r) - i5i(t-r) 3.62

Z Z
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iis(t)
1

Vx(t) + Ils(t-r) 3.63

where

Z

Iis(t-r) 

and analogous 

is1(t) =

where

Isi(t-r)

1
--- vs(t-r) - i51(t-r)
Z

v5(t) + I51(t-r)

1
--- Vj(t-r) - iis(t-r)
Z

3.64

3.65

3.66

Figure 3.10d shows the corresponding equivalent 

impedance network, which fully describes the lossless line 

at its terminals. Topologically the terminals are not 

connected; the conditions at the other end are only seen 

indirectly and with a time delay r through the equivalent 

current source I.

References [19,22,23] gave a detailed treatment for 

mutual coupling and multiphase networks, the scalar 

quantities of a single branch are simply replaced by 

matrix quantities, and these will not be discussed here.

To summarise, the ordinary differential equations of 

uncoupled linear R, L, C elements are transformed by the 

trapezoidal rule of integration into equivalent constant 

resistors and known time-varying current sources. 

Simultaneous solution then requires the interconnection of 

such resistors and current sources, resulting in a linear 

resistive network that must be solved at each time step.
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3.4 Network Solution in the EMTP

At any instant of time, the sum of currents at node 1 in 

Figure 3.9 must be equal to zero i.e.:

i X 2 ( b ) + i X 3  (t ) + 1X 4 (t ) + ixs ( t )=0 3.67

If Equations 3.42, 3.50, 3.52, 3.63 are inserted into 

Equation 3.67, then the node equation for node 1 becomes:

1 T 2C 1 1
{ ---- + ---- + ---- + ---- } Vi (t) ---- v2(t) -

R 2L T Z R

T 2C
---- v3(t) -----  v4(t) =
2L T

- Ii3(t-T) - 1x4(t-T) - Ixs(t-T) 3.68

which is simply a linear algebraic equation in unknown 

voltages, with the right hand side, which is so-called the 

past history term [19], known from values of preceding 

time steps.

For a network with n nodes, a system of n such equations 

can be formed,

[G][v(t)] = [I] 3.69

with [G] = n x n nodal conductance matrix,

[v(t)] = vector of n node voltages,

[I] = vector of n known past history terms.

The actual computation in the EMTP proceeds as follows: 

Matrix [G] is built and triangularised with ordered 

elimination and exploitation of sparsity [22]. In each 

time step, the vector on the right hand side of

Equation 3.69 is assembled from the historic terms, then 

the system of linear equation is solved for [v(t)], using 

the information contained in the triangularised
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conductance matrix.

3.5 Example Teed System Faulted Response Using the EMTP

The system shown in Figure 3.11 was simulated with the 

fault at F being an a-earth fault occurring at the pre-

fault maximum of the a-phase voltage. The line data is 

given in Appendix 3A. The lines are assumed continuously 

transposed and represented by a distributed parameter 

model. The primary system voltage and current variations 

for relay positions P, Q, R are shown in Figures 3.12, 

3.13, 3.14 respectively.

Figures 3.15, 3.16, 3.17 show the primary measurands 

at P, Q, R when the lines are represented by lumped 

parameters model and the line shunt capacitance is 

neglected.
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Fig. 3.1 General Teed system
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Fig. 3.2 Single circuit Teed system

5

Fig. 3.3 System oriented connected graph



Fig. 3.4 computational flow diagram for pre-fault calculation



Fig. 3.5 General Teed system with extra nodes inserted on the 
line connected to the Tee point

Fig 3.6 Graph of the system of Fig 3.5



eg [V superimposed]

Fig. 3.7 Circuit representing the superimposed state



Fig. 3.8 computational flow diagram for fault calculation
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Fig. 3.9 Details of a network around node no.l
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Fig. 3.10a Equivalent resistive circuit (bottom) for uncoupled, linear inductive
element (top)
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1= —i(t—At) -  V(t-A t)
V  n R

Fig. 3.10b Equivalent resistive circuit for uncoupled, linear capacitive element
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Fig.3.10c Equivalent resistive circuit for uncoupled, linear resistive
element
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CHAPTER 4

DIGITAL DISTANCE RELAY

Power systems are obviously analogue in nature. The fault 

currents and voltages at the measuring point must be 

conditioned and eventually digitised for the computer 

relay to properly analyse the signals.

The first step in relaying is to secure information 

from the lines, a process typically accomplished through 

the use of current and voltage transformers. It is 

necessary for the received data from the current and 

potential transformers to be filtered by analogue methods 

according to the data reguirements of the particular 

digital relaying technique being implemented. The purpose 

of this analogue filtering is to permit the transfer of 

certain frequencies and to attenuate other frequencies. 

The conversion of the instantaneous value of an analogue 

signal, a current or voltage, to a digital form is 

performed by an analogue to digital converter (ADC) and 

made available to the processor. The principal feature of 

the ADC is its word length, expressed in bits, which 

affects the ability of the ADC to represent the analogue 

signal with a sufficiently detailed digital 

representation. A digital filter is essential to all 

relaying applications. The analogue data samples are 

corrupted by noise from many sources. A power system 

transient is a very complicated function of time , and a 

substantial portion of its spectrum is noise as far as the 

relaying application is concerned. In addition, there may
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be noise contributed by the A/D converters. In order to 

obtain accurate results, the digital filter must separate 

the desired components of the analogue signals from the 

noise components. This function is handled by the digital 

filter program. The filtered data of the voltage and 

current signals is used to calculate the fault impedance 

using the appropriate algorithm which can be implemented 

in the processor to produce numerical quantities from 

sequences of data samples. The derived quantities are 

compared against various preset relay characteristics and 

the result of the comparison determines whether a trip or 

no-trip decision is made.

4.1. Primary System Interface

The primary system interface comprise the C.V.T and C.T 

transducers.

4.1.1 Capacitive Voltage Transformer (C.V.T)

Although electromagnetic voltage transformers (V.T.s) meet 

modern protection requirements, at the higher transmission 

line voltages, the C.V.T provide the most economical means 

of obtaining the supply voltage for protective relaying. 

The device utilises the inherent voltage divider effect by 

connecting the primary of the auxiliary voltage 

transformer across a portion of the capacitor divider at 

the grounded end. Unfortunately, transient errors 

generated by C.V.T.s during rapidly changing conditions 

can have detrimental effects on the operation of 

protective relays [24,25,26]. These transients are
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functions of C.V.T parameters, angle of incidence of

primary fault, burden impedance and power factor . From

the modelling point of view, the C•V.T.s have a well

defined transfer function derived from their circuit

elements and structures, from which the corresponding time 

domain responses are obtained via inverse Fourier methods.

The effect of any modifying function f(t), upon a 

time domain variation x(t), may be determined by a 

convolution thus :

y(t) = f(t) * x(t)
'+00 
f (r) x(t-r) dr 4.1

where y(t) is the modified version of x(t), and r is a 

dummy variable of integration.

If the time scale is divided by ' n+1' discrete 

samples into 'n' sections of width T, Equation 4.1 can be 

evaluated via simple numerical integration, which gives:

n
y(n) = S f(k) • x(n-k) • T 4.2

k=0

Hence, the primary voltages at any sample 'n', are 

found using the relevant impulse response f(k),

together with the profile of the input signal. Figures 

4.1.a and 4.1.b illustrate the impulse and frequency 

responses of the C.V.T. which was used in the present 

study.

The phase voltages are applied to the C.V.T. at their 

pre-fault peak, to ensure that, at the fault instance no 

transients are present except those generated by the 

faults.
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The C.V.T. ratio in the simulation is taken as

400xl03/110 for the 400 kV system.

4.1.2 Current Transformer (C.T)

It is assumed that the C.T. can reproduce in the secondary 

the proper current waveform found in the primary over the 

range of frequencies expected, and therefore the C.T. is 

simulated as a step down factor. The saturation of the 

C.T. core is neglected. The ratio considered is 2000/1.

It was suggested in Chapter 2 that a periodic signal 

which corresponds to the magnitude and phase of the remote 

load current is transmitted from the remote ends of a Teed 

line to the relay location. It should be noted that in 

the present simulation the actual remote currents are 

available and are processed continuously in the same way 

as the current at the measuring point.

4.2 Digital Relay Structure

The digital relay was simulated using a program written in 

standard FORTRAN. The relay can be divided into an

analogue part which is mainly instrumentation and signal 

filtering and a digital part which include signal 

conditioning, impedance calculation and decision logic. 

Figure 4.2 shows the structure of the simulated relay. A 

description is given below.

4.2.1 Secondary Voltage Transformer

This is an instrument voltage transformer used for the 

purpose of signal level adjustment according to the
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Analogue to Digital A/D converter requirements. The 

frequency response of such a transformer is taken to be 

ideal over the operating range of interest.

4.2.2 Current Interface

This is to convert the current into a proportional 

voltage. There are different devices, such as shunt 

resistance, the Hall effect device or a transformer with 

an air gap followed by an integrator, which can be 

employed [16]. This device is not simulated in the relay 

simulation. Instead a simple scaling factor was 

considered for signal level adjustment. The scaling 

factor is introduced to limit the voltage equivalents of 

the phase current inputs to ±10 V. The choice of the 

factor depends entirely upon the setting philosophy 

adopted for the relay. The range of current levels 

encountered in integrated networks is extremely large and 

it is necessary to limit or clip the input current if the 

latter is very high. This permits a larger gain for low 

current level faults, but introduces some degree of non-

linearity into the process. Also the analogue filter used 

in the relay (discussed later) can suffer from saturation 

if the signal exceeds the power supply level available. 

Therefore, it is essential, at this stage, to adjust the 

signal level so that during external faults saturation or 

clipping is avoided even under the worst possible 

conditions.

4.2.3 Current Clip Detector
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Any current clipping is detected at this analogue stage. 

If the fault current is very high (i.e. close-up faults) 

and causes saturation of the analogue electronic component 

of the relay, the clip detector will indicate the fact. 

This may be used by the relay to initiate the trip 

directly, irrespective of impedance measurement.

The residual currents, one derived from the currents 

at the local end and the other from the currents of the 

remote end, are formed at this stage by adding the three 

phase currents. The residual voltage is also formed at 

this stage by adding the three phase voltages.

4.2.4 Analogue Filter

It is necessary that considerable attention be given to 

the analogue prefiltering of the voltage and current waves 

before presentation to the digital relay. For a sampling 

freguency of fe the Nyguist freguency is fs/2. All 

components above fs/2, if unfiltered, will be mapped down 

into the dc - fs/2 Hz spectrum by the digital process. 

This is known as aliasing. The anti-aliasing analogue 

filter is used to filter out the freguencies above the 

Nyguist freguency. A second order low-pass Butterworth 

filter is suggested, the transfer function of which takes 

the standard form of:

w2
G(s) = -------------------- 4.3

s2 + 2•d •wn •s+ w2

The choice of the cut-off freguency and required 

attenuation largely depends upon the digital stages of the 

relay. From the modelling point of view the filter is
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implemented using the recursive equation which is derived 

from the transfer function of Equation 4.3 as shown in 

Appendix 4A. Figure 4.3 shows the frequency and impulse 

response of the analogue filter used where the desired 

cut-off frequency is 800 Hz.

4.2.5 Change in Data Sampling Rate

Although the relay operates at 4 kHz sampling frequency, 

the primary system simulation is derived at 8 kHz, 

allowing for an accurate simulation of the anti-aliasing 

filter. The sampling frequency of the relaying signals is

reduced in time to 4 kHz at this stage by taking every

other sample.

4.2.6 Analogue to Digital Converter

This is taken to be of 14 bit (13+sign) structure. The 

twelve available signals, three phase voltages, three

local phase currents, the local residual current, the 

local residual voltage, the three phase currents and the 

residual current from the remote end, are sampled 

simultaneously by twelve sample and holds and then scanned 

by a multiplexer to a single A/D converter. This stage 

represents the link between the analogue and digital parts 

of the process.

The 14 bit converter (13 bit + sign) has 16384

quantisation levels (-8192 to 8191). The minimum input 

value of -10V is converted to the number -8192. The 

conversion gain of the A/D converter is then simply 

8192/10=819.2 and the quantisation error is 2-14 pu.
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It was shown in Chapter 2 that a particular arrangement of 

voltage and current signals is required for real time 

impedance calculation. Consider Equation 2.40, reproduced 

below, which represents the case of a single phase to 

ground fault:

4.2.7 Formation of Relaying Voltage and Current Signals

1
ZmPQ« = --------- { +  KxVPa - -

I p o ^ K I resP

K 2 Ir s « - K 3 IreaRS + K 4V lresp —

KiVreeps — K 5 Ir e o p t K 5 Ir e s pg +

K<5 Ipsa K 7 I ire B P S } - K 6 4.4

This equation is represented by the block diagram of 

Figure 4.4.

The phase voltage at P, (VPa) is available as sampled 

data. The product Ki.Vpa is made available by using a 

recursive equation derived from the definition of Kx (see 

Appendix 4B). The equation can be regarded as a digital 

filter with the voltage samples as inputs. The output 

from the filter can be stored to provide, after a fault 

has occurred, the product K x V F S e x l where VPSa is the steady 

state phase voltage at P.

Similarly, the phase current at P (Ij>a), the residual 

voltage at P (VresE>), the residual current at P (IreeP), 

the remote end phase current (IRa) and the remote end 

residual current (IresR) are available as sampled data.

They are used as inputs to filters derived from the 

definitions of K2 - K7 and K (see Appendices 4C-4I) in 

order to provide the products K2IRa, K3Ira„R, K4Vrosp,

Ks I re B P  t K 6 Ipn and K7I s p> .
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These products are stored to provide, after a fault 

has occurred, values for K2IRSa, K3IresRS, K4VresPS,

^5 I rea PS / Kglpga aild K7IresPS .

In the simulation, the buffers used to store the 

pre-fault (steady state) values were each 240 samples 

(i.e. 3 cycles) long . It should be pointed out that if a 

fault occurs and the relay does not make a decision within 

3 cycles, then the buffers will run out of prefault 

samples. It will be shown in the next Chapters that this 

does not have serious consequences.

4.2.8 Digital Filter

The main pre-filtering process is performed by the FIR 

(Finite Impulse Response) filters which have well defined 

transient responses and steady state frequency rejection 

characteristics.

Ideally, the duty of the filtering process is to 

filter out the dc component and all the frequencies other 

than the system frequency. However with Ultra-High-Speed 

operation in mind, the filtering of all unwanted 

frequencies is very difficult to achieve, since a long 

filtering process delays the transition of signals from 

prefault to postfault [27,28].

It is decided to design a filter with the following 

characteristics:

i) The filter length must be as short as possible in order 

to make the post-fault information available for 

processing in as short a time after the fault as possible. 

The time allowed for filtering depends upon the required
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minimum operating time by the relay.

ii) To have a zero at dc. This rejects any dc off-set. 

Although the differential equation algorithm used to 

calculate the line impedance recognises the dc exponential 

component as a valid component, owing to the fact that 

voltage and current interfaces introduce some transients 

which are not related to the line equation, the final 

impedance measurement may be corrupted. It can be shown 

that if the dc components in the signals are not true 

reflections of the dc transients in the line model, the 

final impedance estimates oscillate at a frequency equal 

to the power frequency. Moreover the exponential 

component in the current affects the determinant (D) of 

matrix 4.15 (derived later) which may, in turn, cause ill 

conditioning of the solution [13]. Therefore it is 

essential to reject any dc components from voltage and 

current.

iii) To filter any travelling wave frequency. The main 

pass-band must be as narrow as possible with the second 

zero as close as possible to the system frequency. The 

side lobes must also be small.

The required filter is constructed by combining two 

filters [29]. The first has 9 points in impulse response 

and gives dc rejection and also has zeros at 0.5, 1, 1.5 

and 2 kHz and has equal peaks at 0.25, 0.75, 1.25 and 1.75 

kHz. Equation 4.5 gives the filter transfer function in 

digital form. The second filter is a low-pass filter with 

6 points in impulse response. Its transfer function is 

given in Equation 4.6.
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< Z >
a0Z°+a8Z“ 8 4.5

Y

X< Z >

< z )

X< Z >

= b0Z0+b1 Z-1 +b2Z- 2  

+b3Z~3+b4Z-4+b5Z- 5

where:

4.6

ao=1 . 0  and a8=-l.0

and

bo=0.2439, b1=0.2148, b2=0.3022

b3 b2, b^-bj., bs—bo

Using the convolution theorem the overall impulse 

response of the filters can be obtained by convolving the 

two impulse responses as given below:

h(t)=hl(t)*h2 (t)
+ 0 0

hl(r) h2(t-r) dr 4.7

in discrete form Equation 4.7 can be written as:

h(k) = X hi ( k)*h2 (n-k)lc—O 4.8

It must be noted that, as one of the convolution 

properties, since hl(k) and h2 (k) are finite the resulting 

h(k) will be of finite duration. Equation 4.9 gives the 

transfer function of the overall filter in digital form. 

It can be deduced that the filter has 14 points on its 

impulse response which corresponds to 3.5 msec when using 

a sampling frequency of 4 kHz.

1 < z >
----- = a0Z°+a1Z x+a2Z 2+a3Z-3+a4Z~4+a5Z-5+a6+a.7

z >
+aaZ-8+a9Z-9+a1 0Z":L0+a1.iZ-:L1 +a1 2 Z-:L2+a1 3 Z- :L3 4.9

where :
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ao=0.4576, a^O.4051, a2=0.5671, a3=a2, a4=alf a5=a0 

a6=0 .0, a7=0 . 0

a8 i ^9 3io S2 , 3n'9ioi 3i2=39i 9i3 = 9e

Figure 4.5 illustrates the impulse and frequency 

responses of the overall filter.

It can be seen, from the frequency response, that the 

side-lobes at high frequencies are not low enough compared 

to the gain at the power frequency. Also, the frequency 

components higher than the system frequency and lower than 

approximately 0.4 kHz are amplified by the filter. These 

components are usually associated with fault positions 

which are far from the relay points [10,27,30].

Since these components are not filtered from the 

system signals, the resulting measured reactance and 

resistance are affected. The attenuation of these

frequencies is left to an averaging filter which will be 

described in Section 4.4.

4.2.9 Impedance Calculation Algorithm

During the past two decades, several algorithms for 

distance protection have been proposed based on real time 

impedance measurement. These algorithms can be

categorised into two main types.

a) The first type is mainly based on the model of the 

waveform it self, i.e. the voltage and current

[12,13,31,32] .

b) The second type involves a model of the system rather 

than the waveforms. In particular a series R-L model of 

the faulted line implies that the instantaneous terminal
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voltage and current must satisfy a first order 

differential equation [10,31,32]. This equation forms the 

basis for the digital algorithm used here.

Consider the transmission line model shown in 

Figure 4.6. The relationship between the relaying 

voltage, v<t), and current, i<t>, is given by the 

expression,

< t > = Ri<t> + L —  i <t > 4.10

If the relay produces two linearly independent 

eguations from the relaying signals (v<t) and i<t>), then 

it is possible to calculate the line parameters, R and L 

[12,32]. This can be achieved by considering two points 

on the relaying measurands which are apart in time by Td

sec. The two simultaneous equations can then be written

as:

Vi<t> = R ii<t> + L i ' x < t > 4.11

= R iz(t > t b i ' 2 < t > 4.12

where:

xi<t) = i<^>

x2(t) = 1< t- Td)

d
and

d
1 2 < t ) = 12 < t ) dt

which may be written in the matrix form of Equation 4.13:

i < t >

2 < t >

-1 < t >

-2 < t >

i' 1 < t >

2 < t >

R

L
4.13

Inverting the 2x2 matrix in 4.13 to solve for R and L
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Hence the twopoint of solution is delayed by m samples, 

simultaneous equations from the line model can be 

expressed as;

v*_m = R • iit-m + L-i'k_m 4.16

Vic — n — in - R ile-n-m + L l ic-n-m 4.17

where:

i'lc-m =

1 * = 
lc — n — m

^k-2m

2 m- Ts

tic —n tic— n—2m

2•m •Ts

The main factors which determine the value of n are 

as follows:

1- 'n' must not correspond to an angular displacement of 

kn  (k=0 , 1 , 2 , ...) of the fundamental component of the 

relaying signals [29].

2- In order to reduce the window width of the algorithm, 

which in turn avoids long operating times by the relay, 

'n' must be close to unity.

3- To avoid ill conditioning of the algorithm under all 

operating conditions (to preserve independence of the 

solutions), when executed on a fixed word length 

processor, 'n' must be greater than unity [35].

A value of 6 has been suggested for n [14] which 

proved to be adequate for practical purposes and is used 

in the digital distance relay. The current

differentiation is considered between 7 samples which 

corresponds to m=3. Therefore Equation 4.16 and 4.17 can 

be expressed in matrix form:
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Vic— 3 ile- 3 i * le — 3 R

Vic— 9 lie — 9 1 ' It—9 L

where:

lit - lit- 6
1  ' It— 3 “

6-T.

l i t -  6 -  l i t -  X 2
1 ' It — 11 ~

6 • Ts

Inverting the 2x2 matrix in 4.18 to solve for R and L 

yields:

R 1 i'lt-9 “ i ’ le- 3 Vie-3

L Die-3 - lit- 9 ile- 3 Vie-9
4.19

where:

D ~  ilt— 3 ' i ' It— 9 — i ' It— 3 ‘ ilt— 9

R and L can therefore be expressed as:

1
R [ Vit— 3 • i ' it— g — vk;_ 9 • i 1 jc_ 3 ] 4.20
Die- 3

1
D [ Vit- 9 ' ilt- 3 — Vjc_3 ' ilt_g ] 4.21

Die- 3

Note that the algorithm has a window of 13 samples, 

which corresponds to 3.25 msec when using a sampling rate 

of 4 kHz.

The reactance is calculated by multiplying the 

measured L by the fundamental frequency of the power 

system. Hence:

X = w0 •L
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4.2.10 Impedance Conditioning

Once the discrete values of the resistance and inductance 

are calculated from the voltage and current signals, a 

further conditioning according to Equation 2.40 is 

required. The real, Rc, and the imaginary parts, Xc, of 

the complex division are shown in Appendix 4J. The real 

part is subtracted at each discrete value of the

resistance and the imaginary part is subtracted at each 

discrete value of the reactance.

R-t — R— Rc 4.22

xt =x-xc 4.23

4.3-Relay Characteristic and Decision Logic 

4.3.1-Production of Quadrilateral Characteristic 

Conventional distance relay characteristic defines the 

region where the fault loop impedance converges after 

fault inception on a transmission line. It is usually 

plotted on an impedance diagram with R and jX axis. In 

general, the shape of quadrilateral characteristics 

required for the adaptive scheme are similar to those used 

in plain feeders with the exception that their negative 

boundary should be extended to cover the close-up faults, 

this will be discussed in future Chapters. Figure 4.10

shows a typical quadrilateral characteristic. The 

resistive reach is expanded to cover high fault

resistance.

A trip is initiated if:

XQ < w0L-Xc < X,- 4.24

Ro < R-Rc < Rr+(w0L-Xc )  c o t ( f > Z jX  4.25
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where <pT j X  is the angle of the line's positive phase 

sequence impedance.

Because division operations in a microprocessor are 

considered undesirable, the relay algorithm carries out 

none of the divisions involved in the calculations of the

line resistance and reactance. Thus the quantities

available to the relay are actually

Dm = Ik- 3'1 ' 1c- 9 “ i ' Jt— 3 ' ik-9 4.26

Rm = Vk_ 3 ' i ' it—9 — Vit_9 ‘ lit- 3 4.27

1m = Vjt_9 ’ 1 It — 3 — Vit-3 ' lit- 9 4.28

where:

i'K-3=ik — ilc— 6 4.29

i'*-9=ik- 6 ~ llc-X2 4.30

SO

Dm = 2 • m • Ts•D 4.31

Rm = 2•m •Ts•DR = DmR 4.32

Lm = D L  =
DmL

4.33
2.m.Ts

To allow Dm, Rm and Lm to be used instead of D, R and L, 

Equations 4.24 and 4.25 can be rearranged as follows. 

Multiplying Equation 4.24 by Dm and dividing by 2mT„w0 

gives (for m=3):

XQ DmL X0 Xr
------- Dm < -------------- Dm < --------Dm 4.34

6 T s w0  6 T h  6 T s w q  6 T s wq

multiplying Equation 4.25 by Dm gives:

R0Dm < RDm
DmL

ReDm < Rx-Dm + (6 T SW0  ------
6 T S

Xc

6 T „w 0
COt0Li

4.35
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Relationships 4.34 and 4.35 can be simplified in the form 

of Equations 4.36 and 4.37.

KjCo ■ Dm  ̂Dm — KXc ■ Dm  ̂Kxr ' Dm 4.36

R<=> ' Dm  ̂Rm ~ Rc ' Dm  ̂Rr- ' Dm t ^Rr ' Lm — Kc ' Dm 4.37

where the constants KXo, KXc,, Kxr and KRo are given by:

XQ
KXo = -----  4.38

6•Ts■w0

K x t r  = ----- 4.39
6•Ts•WQ

Xc
Kxc = -----  4.40

6•Ts•w0

KRr = 6 Ts wo 'C0t^L1 4.41

Kc = Xc • cot0L;L 4.42

Thus digital division is avoided by the relay logic.

4.3.2-Directional Reactance (XM)

A distance protection relay must maintain consistency of 

performance for faults within the protected zone. 

However, the constraints of Equations 4.36 and 4.37 allow 

unwanted operation for reverse faults (faults behind the 

relay). This is very important in the proposed adaptive 

relay because, as Figure 4.11 clearly shows, a measured 

reactance for a fault behind the relaying point can behave 

similarly to that of a forward fault. In order to make 

the relay truly directional, a polarising signal is 

required for the calculation of the directional reactance 

XM. The optimum polarising signal is one that maintains

its vectorial position regardless of what system

parameters, type of fault, fault location or fault
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resistance occurs [33]. The use of memory to store pre-

fault voltage signal or by using sound phase voltage is 

normally adequate in maintaining the directional stability 

of the relay.

The directional reactance measurement uses the

delayed samples of the voltage in conjunction with the 

undelayed samples of the current component. This can be 

implemented by using a voltage memory bank, to hold the 

pre-fault samples of the voltage signals. It should be 

mentioned that the polarising signal used is derived from 

the actual phase voltage and not from the total voltage 

signal used for line impedance calculation. Within the 

simulation a memory of 3 power frequency cycles is used in 

the directional reactance calculation.

The measured directional reactance, XM, is compared 

with the directional reactance setting, Xm a , and hence an 

additional constraint is added to that of Equations 4.36 

and 4.37 as follows:

X m a  ^  w q L m  4 . 4 3

or

XM LMDm
------- • Dm < ---- 4.44
6 • Ts • w0 6TS

Equation 4.44 can be written as:

LmDiti
Km 'Dm < 4.45

6TS

where:

Xma.
Km=------- 4.46

6■Ts•w0

LMDm/6Te is directly obtained from the expression:
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=  V R  _ G — N  ' j-K— 3 —  Vk; — N  i k — 9 4 . 4 7

6TS

N is the number of delayed samples which in this case 

is equal to 240 at 80 samples per cycle (50 Hz system 

frequency). Figures 4.12 and 4.13 illustrate the

measured XM and Xt for reverse (just behind the relaying 

point) and forward (at the reach point) faults

respectively.

4.3.3-Decision Logic

The measured impedance is compared with the predetermined 

characteristic of impedance which specifies a zone in the 

impedance plane. The tripping criterion, which is based 

on a single impedance estimate can lead to the degradation 

in protection integrity because, in practice, a 

significant fluctuation in impedance estimates occurs

after fault inception. The algorithm simulation shows 

that a fault just beyond the relay reach can cause

impedance estimates falling within the relay 

characteristic boundary [34]. The impedance transients 

can be illustrated for voltage maximum faults, where the 

relaying voltage signals are severely contaminated by 

travelling wave harmonics, and voltage minimum faults 

where the impedance estimates show a downward transient 

droop.

The relay trip mechanism comprises a trip counter 

which increments when any calculated impedance sample 

falls within the characteristic and decrements if a sample 

is outside the relay boundary. If the trip counter

LjylDm
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reaches a preset trip level, then tripping is initiated 

[27,34] .

The relay characteristic is divided into fast and 

slow counting regions which allow more time for the relay 

to reach a trip decision for faults near the boundary and 

also produce fast operation for close up faults. A 

typical characteristic with divided counting zones is 

shown in Figure 4.14.

The trip decision making process starts by detecting 

the disturbance. The disturbance detection is performed 

by monitoring the superimposed value of the line current. 

The process can be generally summarised as follows:

The trip level is set at 45. This means that when 

the trip-counter reaches this value a trip is initiated. 

The increment, INC, is 9 over the first 80% of the 

characteristic, 4 between 80% and 95%, and 1 from 95% to 

the reach point. The increments beyond the reach point 

are negative. Their size are the same as those of the 

increments at corresponding distances before the reach 

point. With this change in counting strategy, faults 

occurring close to the reach point will take longer to 

trip. For close-up faults the relay is required to be 

fast because the damage caused by high fault current is 

severe, and also the stability of the integrated power 

system may be jeopardised. On the other hand, for 

boundary faults near the forward reach of the relay the 

relay must be accurate in deciding whether the fault is 

inside or outside the protected zone. The speed of 

operation for such faults is the second priority.
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4.4-Impedance Transient Suppression

When the window of the algorithm includes both prefault 

and postfault samples the results could traverse the 

entire relay characteristic and as the window moves into 

the fault values the results change more smoothly. Also, 

transients which cannot be eliminated completely by pre-

filter will, in general, give rise to the corruption of 

the calculated impedance. Two separate measures are taken 

to overcome these situations:

i) In order to prevent a tripping during the transition 

from prefault to postfault it is advisable to monitor the 

rate of change of the measured reactance D X t and compare 

it with the reach point boundary DX*. and then to alter 

the counting increment, INC, accordingly. Figure 4.15 

shows how the D X t/dt value is calculated; d(D'Xt)/dt is 

the difference between two D X t values spaced by Ns 

samples apart and Nd samples from the most recent value of 

D-X-fc. Values of 6 and 3 are recommended for Ns and Nd 

respectively [35].

The value of the counter increment,INC, is modified 

in the following way:

If |d(D•Xt)/dt| > |DXr/2| then INC=0

If |DXr/2| > |d(D •Xt)/dt| > |DXr/4| then INC=INC/4

If |DXr/4| > |d(DXt)/dt| > |DXr/8| then INC=INC/2

If |D•Xr/8| > |d(DXt)/dt| then INC unchanged

Figure 4. 16 shows the behaviour of the measured

reactance with and without counter inhibition using this 

method for a fault just beyond the relay reach with a 

fault angle of 60 degrees. It can be seen that the use of
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this method prevents the relay maloperating. 

ii) Although the purpose of controlling the increment 

value was to prevent maloperation during the transition 

period from prefault to postfault, there are other 

transients caused by the travelling waves and capacitive 

voltage transformer (CVT) which cannot be removed 

completely by pre-filter, due to restriction on window 

length. These transients will, in general, give rise to 

the corruption of the calculated resistance and reactance 

values. However, it is possible to remove the R and X 

distortion by the use of a selective signal averager which 

is only invoked after a potential fault inception [35].

Eguation 4.48 describes the operation of the signal 

averager having been invoked to average a signal Y at time

sample ' n ' .

( n-tk )
m

= s -
jL-O

3 ll ;v if k

m = 10 if k

It can

Y(n -+- 1c — d_ >
4.48

m+1

increases by one point from its initial value of one, at 

each sampling interval, following invocation. The maximum 

window length is 10 points. Figure 4.17 shows the 

freguency and impulse response of the averager when the 

averaging window is fully extended to 10 points. The 

averaging process starts 3.25 msec (window of the 

algorithm) after the first increment, this ensures that 

all the calculated values of the resistance and reactance 

are entirely post fault values. Figure 4.18 shows the
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measured R and X with and without the averager, for a 

single phase to earth fault at the relay reach point.

4.5 Scheme Tripping Logic

The foregoing discussions and simulations are for one 

relay, but as outlined in Chapter 2, the scheme comprises 

two relays which will operate simultaneously. Therefore 

an identical processing is made for the other relay; i.e., 

for Eguation 2.45.

A tripping scheme can be defined as one which 

requires the operation of both relays. The overall 

protection scheme operating time will, in general, depends 

on the setting of the relay allocated for the remote 

shortest leg because the other relay will see the 

impedance well within its boundary; i.e. in the fast 

counting region.
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Fig 4.4 Basic signal arrangement for single phase to ground fault
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Fig. 4.6 Transmission line model

Fig. 4.7 Solution formation using time spacing
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d(DXt)/dt = DXt(n-Nd)-DXt(n-Nd-Ns)

Fig. 4.15 Calculation of d(DXt)/dt used for counter inhibition
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CHAPTER 5

ADAPTIVE SCHEME PERFORMANCE EVALUATION

In this Chapter a detailed evaluation of the performance 

of the adaptive scheme is presented. The assessments are 

based on the primary system phasor values and in this way 

the errors which could be introduced by the transducers 

and the hardware are avoided. The line is assumed 

perfectly transposed which is a normal practice when using 

distance protection. Non-transposition errors are small 

and are usually neglected in distance relaying schemes 

[36,37] .

As part of the performance evaluation of the adaptive 

scheme, a number of tests were carried out to demonstrate 

the improvements achieved in reach point accuracy in 

comparison with conventional relays. The area covered by 

the impedance, for all fault conditions, and the factors 

influencing the size and shape of these areas is also 

discussed. The effect of fault resistance is studied to 

assist in the selection of the protection setting. The 

sound phase measurements are investigated. The relaying 

equation may be over demanding from the hardware point of 

view, and the investigations are therefore extended to 

quantify the contribution of various signals involved in 

order to simplify the relay. An example is given to study 

the relay sensitivity to possible errors introduced when 

the remote source impedance is different from the set 

value used in the relay.
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5.1 Improvement in Relay Reach Over Conventional Relays

Before pursuing the analysis in detail, it is important to 

point out the improvements in the zone- 1  reach that the 

adaptive scheme can offer over conventional distance 

relays; this is demonstrated in the following examples. 

The 400kV Teed system shown in Figure 5.1 is assumed to be 

purely inductive, the fault is a three phase fault and the 

prefault loading condition is zero. In this case 

Equations 2.27 and 2.31 derived for a single phase system 

are applicable. The relays considered are located at P, 

the conventional distance relay is set to cover 80% of the 

physical line from the relaying point to the remote 

nearest terminal. The adaptive scheme, as discussed in 

Chapter 2, comprises two relays; one is set for 80% of the 

line P-T-R, which in ohms is equal to SR=j37.66, and the 

other for 80% of the line P-T-Q which corresponds to 

SQ=j56.4 ohms.

The apparent impedance measured at end P for a fault 

on Section TR at the critical fault location is:

ZmE> = j61.6 ohms

The maximum distance that could be protected along line TR 

measured from the Tee junction can be found by equating 

the measured impedance with the selected setting i.e.:

Zp + ocR Zr + Qr Zr Kr = Zp + t̂ Rs ZR 5.1

®RS Zr
0Cr 5.2

Zr t Zr Kr

0.6 x j23.54 

j23.54 + j23.54 x 1.69 

= 0 . 2 2 2 p.u
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Therefore the total underreach along line PR is:

%UR =23.6

The maximum distance that may be protected along Section 

TQ can be calculated from:

®RS Z jr.

Qq 5.3
Z Q + Z Q Kq

= 0.093 p.u

giving a total underreach along line PQ of:

%UR =25.8

It should be noticed that the underreach, on Section TQ, 

implies that the relay can cover a shorter physical 

distance than that on the Section TR.

By employing the adaptive scheme, Section TR can be 

protected completely to the reach point, while for faults 

on Section TQ the relay underreaches. The amount of 

underreach could be calculated from the following 

equation:

®RS ZR(1 + Kr)
aQ = ---------------  5.4

ZQ( 1 + Kq )

%UR =6.0

The foregoing values for %UR are for an arrangement 

where tripping requires the operation of both adaptive 

relays. From the above results it is clear that the 

adaptive scheme has great advantage over conventional 

distance protection regarding the zone-1 reach. For the 

above configuration the amount of underreach has changed 

from 23.6% for faults on Section TR to a full coverage, 

and that for faults on Q has reduced from 25.8% to 6%.

By considering the system of Figure 5.1, but with a
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different fault level at the relaying point i.e., 2.5 GVA, 

the apparent impedance for a fault at the critical fault 

location on Section TR is found to be j45.85 ohms, 

compared with the j37.66 ohms setting. It is clear that 

the relay will underreach. The amount of underreach is 

13.75% where the calculations for faults along Section TQ 

give the percentage underreach of 16.25. By applying the 

adaptive scheme the relay can give a full coverage for 

faults on line PR and it underreaches by 3.77% for faults 

on Section TQ. Again the adaptive scheme gives a better 

coverage over conventional distance schemes.

For certain operating conditions a full coverage of a 

whole Teed circuit could be achieved; this can be so if 

the fault level at the three terminals, in Figure 5.1, is 

assigned the following values: P = 2 GVA, R =0.48 GVA and 

Q = 35 GVA. The apparent impedances for faults at the 

critical fault point on Section TR and on Section TQ are 

equal to j66 ohms. With traditional distance relaying the 

relay would underreach by 25% for faults on Section TR and 

by 8% for faults on Section TQ. With the adaptive scheme 

the measurand which is allocated for faults on Section TR 

gives the correct discrimination between internal and 

external faults. The measurand which is allocated for 

faults on Section TQ also gives the correct discrimination 

for Section TR.

Similarly, for faults on Section TQ both measurands 

give the correct discrimination.
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It cannot be taken for granted that the remote short 

section can be protected completely for all system 

operating conditions. The measurand allocated for faults 

on the remote longer section could underreach for faults 

on the shorter one. In Figure 5.1, if the fault levels at 

P, R and Q are 1, 0.2 and 35 GVA respectively, then the 

apparent impedance measured at end P for a fault at the 

critical fault location on Section TQ will be:

Zmr> = j 6 3 .8 ohms

where the measurands and the settings value are:

Z  m P Q = j56.66 ohms

S q = j56.66 ohms

Z m P R = j13.6 ohms

SR = j 37.66 ohms

These figures ensure that, when Zm3?Q and SQ, Z m F R  and SR 

are compared with each other simultanously, the longer 

section can be protected completely.

The apparent impedance measured at end P for a fault on 

Section TR at the critical fault location is:

Zmr> = j 87.8 ohms 

where the measurands value are

Z m P Q  j 8 0 . 5 ohms

Z m P R  =  j 3 7 . 6 6 ohms

The maximum distance that could be protected along 

Section TR measured from the Tee point can be found from 

the following equation

Qqs Zq(1 + Kq )
a R  =  ----------------  5.5

ZR(1 + K r )

a R  = .376
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%UR 14.

On the other hand, with conventional distance schemes the 

relay would underreach by 29% for faults on R and by 6 .8% 

on Section TQ, when it is compared with the setting of the 

shorter section i.e. with SR.

Therefore, with reference to the zone-1 reach, it is 

clear from the above examples that, the adaptive scheme 

would again give substantial improvement.

5.2 Fault Area in the Impedance Plane

As mentioned in Chapter 2 the adaptive scheme comprises 

two distance relays, each of which gives the exact line 

impedance at the reach point on its allocated remote 

section. For in-zone faults the impedance will be smaller 

than the actual line impedance, and for out of zone faults 

the impedance will be greater than the actual value. The 

behaviour of the scheme, for different fault location and 

loading conditions, applied to a typical 400kV system, 

(Figure 5.1), was studied. The two adaptive relays 

considered are located at end P (one is set for 80% of the 

line P-T-R and the other for 80% of the line P-T-Q). The 

task is to identify the extremes of the measured impedance 

for different fault locations in order to assist in the 

selection of the protection settings. The familiar R/X 

impedance plane provides a convenient tool to visualise 

the behaviour of the measured impedance for various 

operating conditions. Typical impedance loci, for a 

three-phase fault along line P-T-R, are shown in 

Figures 5.2 and 5.3, where the system source strength are
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as indicated on the diagrams. For each fault location the 

load angle was varied at each source point from 0 to 15°. 

Figure 5.2 shows the impedance presented to the 

conventional relay. The part of the locus on the right of 

the line locus corresponds to power being exported from P 

prior to fault inception, and the part on the left to 

power being imported at P. Point A marks the actual line 

impedance at the 80% of the line P-T-R which corresponds 

to 0.6 p.u of the line TR calculated from the Tee point. 

For faults at this location the relay would see the 

impedance marked aR=0.6 on the graph. Thus, the effect of 

this difference between the actual and the measured 

impedance will make the relay underreach. Figure 5.3 

illustrates the impedance presented to the adaptive relay 

allocated for this path of the Tee. Clearly, it can be 

seen that the impedance corresponds to the actual line 

impedance at the reach point for all loading conditions. 

For in-zone faults the reactive component would always 

fall short of the relay reactive reach. Also for close-up 

faults the relay would see a negative reactance. The 

incursion into the negative region is determined from the 

relative strength of the sources and the reach beyond the 

Tee point. The weaker the fault level at the point of 

measurement compared with that at the far ends and the 

longer the line section beyond the Tee junction, the 

higher the incursion into the negative region. Therefore, 

it is necessary to shape the protection characteristic so 

as to make sure that the impedance measured for close-up 

faults will fall within the relay boundary. This can be
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easily achieved in a digital computer based distance 

relay.

The measured resistance is correct at the reach 

point; for internal faults the resistance could take a 

larger or smaller value than the actual line values and 

this depends mainly on the direction of the prefault 

current. The maximum negative resistance will be 

encountered when the power flow, prior to the fault, is 

exported from P and R. The maximum positive resistance is 

encountered when the power is exported from Q and imported 

at P and R, which in effect is the opposite trend compared 

with that of the conventional relay (Figure 5.2). These 

resistances could be contained within the relay 

characteristics as these are usually extended to cover 

certain fault resistance values. The measurand behaviour 

when a fault resistance is encountered will be discussed 

in a later section.

In conventional distance schemes applied to Teed 

feeders, the maximum underreach will be encountered when 

the source strength at the point of measurement is minimum 

and those at the far ends are maximum [3]. Figures 5.4 

and 5.5 illustrate the variation of the measured impedance 

for various fault locations, along line P-T-R, when the 

fault level at the relaying point is 3.5 GVA and that at 

the remote ends is 35 GVA. As shown in Figures 5.3 and 

5.5, the measurand gives the correct line impedance at the 

reach point. It is clear that the combination of low 

source capacity at P together with a high source capacity 

at the far ends causes a higher incursion into the
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negative region, also the area covered by the resistive 

component is increased which is mainly due to the load 

current being comparable with the fault current at the 

relaying point.

Another point which is worth noting is that the 

maximum incursion into the negative region is roughly 

equal to the difference between the conventional and the 

adaptive measurand at the reach point. In theory this 

could take very high value when the source strength at the 

point of measurement is extremely low compared with that 

at the far end, but if we restrict these values within the 

recommended practical limits (for example, for a 400kV 

system the maximum value is 35 GVA and the minimum is

3.5 GVA [38]) the relay boundary can be specified without 

jeopardising the system operating conditions.

The relay performance for faults on the line P-T-R in 

Figure 5.1 has now been discussed fully. Now the relay 

allocated for the line P-T-Q will be discussed. Figures

5 .6 and 5.7 show the impedance measured by the 

conventional and the adaptive relay for faults along the 

line P-T-Q, for a fault level of 35 GVA at the terminals. 

It is clear that the adaptive relay gives the exact line 

impedance at the reach point. For internal faults, the 

region where the impedances fall are similar to those of 

Figure 5.3, but are generally spread over a wider area. 

This is because line Section TQ beyond the Tee point • is 

longer than the line Section TR . Figures 5.8 and 5.9 

show the measured impedances when the fault level at the 

relaying point is reduced to 3.5 GVA. The point to be
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noticed in Figure 5.9 is that, the incursion into the 

negative region is increased compared with that of 

Figure 5.5 which is due to the longer line section beyond 

the Tee point.

The response of the relay allocated for faults along 

line P-T-Q, when the fault is on the P-T-R, is shown in 

Figures 5.10 and 5.11. It can be seen that the reactive 

component can fall well inside the reactive reach, but the 

measured resistance could take larger values compared with 

when the fault is on Section TQ, (Figures 5.7 and 5.10). 

This is because the relay does not respond correctly to 

the direction of the load current in this path; 

nevertheless these values can be contained within the 

relay characteristics. Figures 5.12 and 5.13 illustrate 

the impedance measured by the adaptive relay allocated for 

faults along line P-T-R when the fault is on the line 

P-T-Q. Since the two adaptive relays cannot identify 

locally the remote faulted section, the relay allocated 

for the remote short section determines the zone- 1  reach 

on the remote long section. It may not be possible for 

the ZmPR measurand to identify, on Section TQ, a unique 

distance where simultaneously the resistive and reactive 

components can correspond to the exact line impedance 

unless the system is symmetrical and unloaded. Therefore, 

when calculating the reach on the remote longer section 

the reactive component is considered, the resistive 

component is normally of little consequence as the relay 

resistive reach is usually extended to contain certain 

fault resistance.
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5.3 Scheme Behaviour on an Interconnected Teed System

The system shown in Figure 5.14 represents a Teed system 

with external ties between the generating stations; these 

ties are considered so remote that they do not have any 

mutual coupling with the Teed line. For this 

configuration, the effective source impedance would vary 

with the fault position. If the adaptive relay is to 

operate correctly, the remote source impedance which is 

utilised by the adaptive relay, needs to be calculated for 

a fault at the critical fault position, i.e. at zone- 1  

reach.

Figure 5.15 shows the variation of the source 

impedance at busbar Q for a three phase fault along line 

P-T-R. This impedance is calculated, as mentioned in 

Section 2.2, from the superimposed voltage and current at 

end Q. It is clear that the effective source impedance 

can vary considerably with the fault position. Thus the 

measured impedance will be affected if the remote source 

impedance is not calculated at the reach point. The 

effect, which errors in estimation of the remote end 

source impedance has on the impedance measurement, will be 

evaluated in a later section.

For the system under consideration the variation of 

the conventional and the ZmI?B. measurands for different 

fault locations along line P-T-R are shown in Figures 5.16 

and 5.17. It can be clearly seen that the adaptive relay 

is accurate at the reach point and performs correctly to 

discriminate between internal and external faults.

87



5.4 Effect of Fault Resistance

Fault resistance modifies the apparent impedance presented 

to the relaying system. This resistance is usually 

represented as an R component on the R-X plane, although 

in practice an apparent reactance component also exists, 

resulting from source impedance angle differences, load 

current flow, etc [39]. For Teed configurations the 

current at the fault point is a combination of the 

currents fed from the three ends and the local end relay 

cannot correctly take this into account. This in turn 

could substantially increase the value of the resistance, 

especially when the source capacity at the relaying point 

is weak compared to that at the remote ends. The adaptive 

relay effectively compensates for the infeed current at 

the reach point and therefore it is expected to behave, at 

the reach point, as a conventional relay applied to a 

plain feeder. Figures 5.18-5.20 show the measured 

impedances for single phase to earth faults along line 

P-T-R. For each fault location fault resistances of 0, 2, 

5 ohms were assumed. In order to provide the basis for 

selecting the relay reach characteristics, the source 

capacity at the relaying point is taken as 3.5 GVA and 

those at the far ends are 35 GVA.

Figure 5.18 shows the apparent impedance for a zero 

prefault loading. For the fault at the reach point a 

small change in the apparent reactance can be seen, 

resulting from the impedance angle difference of the 

infeeds. The fault resistance is greatly magnified due to 

the infeed from the R terminal; thus a 5 ohms fault
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resistance is seen by the relay as 30 ohms. On the same 

graph, for comparison purposes, the impedance presented to 

the conventional relay is included and it can be seen that 

the adaptive scheme effectively shifts down the fault area 

as seen by the conventional relay. For instance, 

considering the line at the reach point (aR=0 . 6 on the 

graph), the two relays see approximately the same 

resistance, but the reactive reach, which is usually the 

main consideration in distance protection, is true only 

for the adaptive measurand.

An underreach or overreach could occur due to the 

effect of the load current which flows in the line but not 

in the fault. Figure 5.19 shows a case of underreach, the 

line loading is indicated on the graph by the phase shift 

of the voltages at the terminals. The measured reactance 

has its greatest value when power is exported from Q and 

imported at P and R.

Figure 5.20 shows a condition for overreach. Faults 

at the relay boundary cause a considerable reduction in 

the reactance due to the direction of flow of the load 

current. As the fault moves towards the point of 

measurement, the higher fault current tends to swamp out 

the influence of load current. The zone-1 limit almost 

excludes the aR=0.8 locus in Figure 5.20 which ensures 

that selectivity is maintained over the fault resistances 

considered; these values can be sufficiently broad to 

include the most common fault resistances encountered in 

practice.
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5.5 Investigation into Sound Phase Measurements

A complete distance protection terminal requires the 

relays to measure correctly for all types of phase and 

earth fault, and, because the fundamental basis of correct 

measurement differs for single phase to earth faults and 

faults involving more than one phase with or without 

earth, different relay connections are required in each 

case. This is arranged by employing separate relays for 

phase and earth fault measurements, on the basis that the 

faulted phase or phases will measure a lower impedance 

than those associated with the healthy phases.

Figure 5.21 illustrates the impedances presented to a 

6-element distance scheme for phase to earth faults. The 

loci refer to close-up solid faults on the protected 

circuit. It is seen that, for high source capacity behind 

the point of measurement, the healthy phase relays will 

approach the reactive axis of the complex-impedance plane, 

and that operation of healthy relays is likely to occur. 

The difference between the adaptive and conventional relay 

is that the latter approaches the origin of the impedance 

plane as shown in Figure 5.21.

The operation of healthy phase relays for faults 

within the protected feeder, in addition to the faulted 

phase relay, is not usually important, except in cases 

where distance relay operation is required to provide a 

discriminative control of auto-reclosing sequences by 

indicating which phase is faulted [40]. It should be 

noted that this phenomena is not new but it occurs in 

conventional distance relays applied to plain and multi-
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terminal lines.

5.6 Suitability of the Adaptive Scheme for Use on a System 

with Outfeed Conditions

In this section the applicability of the adaptive relay 

will be investigated for a system with outfeed conditions, 

i.e., the fault current could flow outwards for an 

internal fault. The outfeed and its effect on the 

impedance measurement can take different forms. This will 

be illustrated in the following examples.

Figure 5.22 shows a system for which there is no 

source on the remote terminals; this may not be a 

practical case, in particular, for a 400kV system, but it 

nevertheless helps to illustrate the point. The effects 

of current distribution on the impedance measurement is 

illustrated in Figure 5.23, which shows the variation of 

the measured reactance for different fault positions on 

line P-T-R. It can be seen that the apparent reactance, 

for faults beyond the Tee point, is smaller than the 

actual line value i.e., an overreach condition. The 

adaptive relay can perform correctly on such a system 

provided that it is supplied with the correct value of the 

remote source impedance which has, in this case, an 

effective negative value. The variation of the adaptive 

measurand is displayed on the same graph. It is clear 

that it gives the exact line value at the reach point and 

correct discrimination is achieved.

Figure 5.24 shows a system for which fault current 

flows outward at the point of measurement for an internal
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fault. The fault current at the relaying point, for 

faults on the remote section(TR) flows inwards for a 

section of the line and then reverses, to become an 

outfeed rather than infeed for the other section. The 

effect of this current distribution on conventional and 

adaptive relays is illustrated in Figure 5.25 which 

displays the variation of the measured reactance for 

different fault locations. It can be seen that the 

adaptive relay can perform correctly for faults up to the 

reach point, the reactance being smaller than the line 

value, but for external faults an overreach results. 

Also, for a certain fault location the relay will see an 

infinite impedance because the current will cease to flow 

in the relay, if this point happens to coincide with the 

zone- 1  reach then an incorrect performance will occur. 

Therefore, careful consideration should be given before 

applying the adaptive scheme for systems with outfeed 

conditions as the relay will not perform correctly for 

certain operating conditions. But, at the same time, it 

must be realised that the conventional relay also will not 

operate correctly on such systems either.

5.7 Contribution of Various Signal Components within the 

Adaptive Relay Measurands

The most common type of fault that could occur on a 

transmission line is a single phase to earth fault 

[40,41]. As mentioned in Chapter 2, for the relay to 

measure accurately for such fault, various signal 

combinations must be used. In order to show the likely
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magnitude and behaviour of each signal involved, the 

system of Figure 5.1 is considered again. The source 

capacity, at the relaying point is assumed to change from 

a minimum of 3.5 to a maximum of 35 GVA for specific 

system loading and source conditions at the remote ends. 

In this analysis the reach of the relay is governed by the 

measurand allocated to faults on line P-T-R. The relay 

considered is at end P and the fault is a solid single 

phase to ground fault at the reach point on Section TR. 

The value of the impedances measured using various signals 

(namely VPa, K'^Vp«, K i*VPga, K'2 *IQSa, K'4* V „ bE,, 

K '5*IreBP, K'6*IPSa, K'6) were evaluated as a percentage 

of the actual line impedance at the reach point in the R 

and X direction as shown in Figures 5.26 - 5.29; the 

following conclusions can be made:

1- K '  K'5*IjresI. have a negligible effect on the 

measurand this being mainly due to two factors; firstly 

the residual voltage and current, at the relaying point, 

are small for faults at the reach point, secondly the 

constants K ' 4 and K's which are functions of the system 

impedance tend to be very small especially when the relay 

can be set to cover a certain distance beyond the Tee 

point. Their collective contribution to the measured 

reactance varies from 0.1% to 4% and no more than 10% to 

the resistance for extreme system operating conditions. 

Practically speaking their effect can be ignored for two 

reasons; first their contribution is very small and 

secondly they may be subjected to uncertainties in 

determining some of their parameters such as the seguence
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impedances of the sources.

2- The steady state currents at the relaying point IPSa 

and at the remote end IQS« are the main factors in 

adjusting the resistive component of the impedance; this 

resistance can have negative or positive values depending 

on the direction of power flow prior to a fault. Their 

effect on the measurand reactance is extremely small and 

does not exceed 1.0%. For the condition when the power is 

exported from Q and imported at P and R the steady state 

currents, for internal faults, cause the relay to measure 

a resistance which is greater than the actual line 

resistance and this would reduce the resistive coverage. 

Nevertheless, this could be no problem as the resistive 

setting is extended to contain a finite fault resistance.

3- The measurand is considerably influenced by

and K'1 *VPSei; which are thus the main factors in adjusting 

the reactive and resistive components of the impedance. 

The contribution of these factors to the measured

impedance depends on the system operating conditions at 

the relaying and remote end. In effect, the weaker the 

source at the relaying point (compared with the source at 

the remote end) the greater is their contribution.

The prefault voltage VPSa is higher than the postfault 

voltage, VPai, neglecting fast transients. VPa gets 

smaller as the fault becomes closer to the relaying point. 

This makes the relay measure an impedance which is smaller 

than the actual line impedance and may be considered 

advantageous in that a better coverage can be achieved 

when an arc resistance is encountered.
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4- The constant factor K ' 6 is one of the major 

determining factors in adjusting the measurands and its 

possible magnitude for the different system conditions 

considered is illustrated in Figures 5.26 to 5.29.

Therefore, while the optimum accuracy of the relay is 

achieved by inclusion of all signal components, there are 

some which can be ignored with negligible error on the 

measurand and other signals have insignificant effect on 

the reactive component. The relay can be simplified 

dramatically if small errors in estimating the measured 

impedance can be tolerated.

Figure 5.30 shows the relay measurement when the 

signals K 2 *Iqs«/ K 4*VjresJp, K s*Iresp/ K are not 

considered; effectively, this reduces the signals to the 

case of the three phase fault with the steady state 

currents ignored (Equation 2.31). The normal residual 

current is added to the phase current. Comparing it with 

Figure 5.20, where all signals were used, it is obvious 

that there is no dramatic difference between the two 

cases. The reactive component has barely changed (the 

variation from the exact value accounts for about 1 %) and 

the resistive part has increased by a small margin, in 

particular around the boundary. This may justify the 

application of the adaptive scheme in a simplified state. 

It can be noticed that the system operating condition 

considered is one of the worst since the source capacity 

at the point of measurement is relatively weak compared 

with that at the far ends.
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5.8 Relay Sensitivity for Errors in the Remote Source

Impedance

The remote source impedance, which is required to be 

updated periodically in the relay, is the key factor for 

applying the adaptive scheme. If this impedance is not 

estimated correctly then an error in the relay measurement 

can be expected. In general, the relay will overreach if 

the true source impedance is greater than the value fixed 

in the relay, and underreach when the actual source 

impedance is smaller than the value used in the relay.

The measured and the actual line impedance do not 

have a simple linear relationship. The relay measures the 

exact line impedance at the reach point only; for in-zone 

faults the measured reactance, in particular, will be 

smaller than the actual line reactance; and, for out-of- 

zone faults the measured reactance will be greater than 

the actual value. This can be regarded as an advantage to 

discriminate between internal and external faults near the 

boundary. To illustrate this point a three phase fault is 

applied around the reach point on line TR. For the 

selected operating condition the measured and the actual 

line values are depicted in Table 5.1. It can be seen 

that a bigger margin between the measured and actual 

reactance is encountered when the source strength is small 

compared with that at the remote end.

In order to show the likely magnitude of errors on 

the relay accuracy, when the remote source impedance 

utilised by the relay, does not represent the actual 

system value, the power sources, in Figure 5.1, are
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assumed to be capable of creating a fault of 10 GVA. The 

fault considered is a single phase to earth fault along 

line P-T-R which means that the effects of the source 

impedance at end Q on the measurement accuracy need to be 

evaluated.

After extensive investigations , two cases (apart 

from the one where the source impedance utilised by the 

relay is the true value of the system) were considered:

a- when the actual source impedance is half the value 

used in the relay; in terms of fault level this represents 

20 GVA.

b- when the actual source impedance is twice the value 

used in the relay; in terms of fault level this represents 

5 GVA.

It should be noted that the value of the source impedance 

fixed in the relay represents the 10 GVA source strength. 

For the above cases, the variation of the measured 

reactance for different fault locations is shown in 

Figure 5.31. From this graph, it can be seen that the 

relay is not very sensitive for the variation in the 

remote source impedance, for instance, the 1 0 0% increase 

in the remote source impedance accounts for a 2.9% 

overreach, and for the 1 0 0% decrease the underreach is 

2.6%. These results may suggest a simpler approach for 

the practical implementation of the scheme, for example, 

the remote source impedance may not be required to be 

updated periodically as suggested in Chapter 2. The 

history of the limits of the operating conditions could 

also be used to fix an average value for the remote source
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impedance in the relay and only the operating status of 

the remote circuit breaker (whether open or closed) need 

to be transmitted.

5.9 Summary

From the foregoing results and discussions, it is clear 

that the adaptive scheme gives an improved coverage over 

conventional distance schemes. The relay can be used on 

systems with outfeed conditions provided that this does 

not occur at the point of measurement. The relay requires 

many signals to be manipulated in order to measure the 

exact line impedance at the reach point. It has been 

shown that ignoring some of these signals had an 

insignificant effect on the measurand.

Also, it has been shown that the measurand is not 

sensitive to large variations in the remote source 

impedance. In this respect, the scheme could be 

implemented with minimum information from the remote 

terminal which is not required in real time.
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Table 5.1
Variation of measured impedance with fault position 
Ra =actual line resistance 
Xa =actual line reactance 
Rm =measured resistance 
Xm =measured reactance 
—  No-load condition

SCL P=3.5 (GVA) 
SCL Q=35 (GVA) 
SCL R=35 (GVA)

resist
&

react 
(ohms)

Fault position ( % of reach )

80 90 95 100 105 110

Ra 1.8 2.0 2.2 2.3 2.4 2.5

Xa 30.1 33.9 35.7 37.7 39.5 41.4

Rm 1.8 2.0 2.2 2.3 2.4 2.5

Xm 22.6 30.0 34.0 37.7 41.3 45.2

SCL P=3.5 (GVA) 
SCL Q=3.5 (GVA) 
SCL R=3.5 (GVA)

Rm 1.6 1.95 2.1 2.3 2.5 2.6

Xm 25.1 31.3 34.5 37.7 41.2 44.3

SCL P=35 (GVA) 
SCL Q=3.5 (GVA) 
SCL R=3.5 (GVA)

Rm 1.6 1.95 2.1 2.3 2.5 2.6

Xm 28.6 32.5 35.0 37.7 40.2 42.8
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Fig. 5.22 Teed system causing outfeed for an internal fault.
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Fig. 5.24 Teed system causing outfeed at the relaying point.
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Fig.5.26 Impedance measured by various signals, vs 
fault level at the relaying point.

Fault levels (GVA) Q=35 R=35
Load angle (degrees) P=15. Q=0.0 R=10
1 = VPa/Ipa+KIreap (Conventional measurement)
2 = K'1VE.a/IE.»+KIr-esE.
3 — K iV p S a / I P a + K I reeP

4 = k ;6

5 — K 2 1QS a* / Ipa"^~KI reeP

6 — K filpsa/Ipa^KLesP
7 — K 4V r e a p / I p « +K I reaP

8 — K s I r e s p / I p « ^ K I resp
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Fig.5.27 Impedance measured by various signals, vs 
fault level at the relaying point.

Fault levels (GVA) Q=35 R=35
Load angle (degrees) P=0.0 Q=15 R=10
1 = VPa/Ipa+KIrssP (Conventional measurement)
2 = K ’iVpa /IP a + K I r e s p

3 = K ’iVP S a / I p a + K I reeP

4 = k ;6

5 — K 2 loSa/Ipo^KIj-eeP
6 — K 6lpsa/ipa^"KIresP
7 — K 4 V r e e p / I P a + K I re s p

3 — K 5 Ireep/Il»«tKI
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Fig.5.28 Impedance measured by various signals, vs 
fault level at the relaying point.

Fault levels (GVA) Q=3.5 R=35
Load angle (degrees) P=15. Q=0.0 R=10
1 = Vpa/Ipa+RIresP (Conventional measurement)
2 = K ’iVpa / I P a + K I r e a p

3 = K i V p S a /I p a+ K I reBP

4 = K 6
5 ~ K 2 lQSa/lpa‘*'KIresP
6 = K elpSa/ipa^KlreaP
7 — K 4 V re s p / I p a + K I reaP

3 K  s l r e e p / l p a ^ ^ l r e s p
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Fig.5.29 Impedance measured by various signals, vs 
fault level at the relaying point

Fault levels (GVA) Q=15 R=35
Load angle (degree) P=15 Q=0. R=10
1 = Vpa/IPa+KIresP (Conventional measurement)
2 = K ' i V p a /IP a + K I resP

3 = K' 1VE.s«/IPa+KIrosP
4 = k ; 6
3 — K 2 lQSa/La‘*'KIreeP
6  —  K 6 I p s a / Ipa^KIresP

7 = K 4 V r esp/Ipa'*'KIreep

3 K  5 l r e e p / I p a " ^ ^ I r e a P
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Measured impedances for single line to ground 
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CHAPTER 6

RELAY TEST

Chapter 4 has described how the impedance estimates are 

calculated from the voltage and current signals, and, how 

filtering is employed to render the impedance estimates 

such that they are not dominated by noise. Also described 

is how the counting strategy was used to give the relay 

more time for faults close to the boundary and a shorter 

time for faults well inside the characteristics.

This Chapter presents the results of applying the 

adaptive relay to a faulted Teed system. Particular 

attention is focused on the relay operating time as a 

function of fault position and the relay directional 

stability. The final section of this Chapter looks at the 

measurand behaviour after the relay has run out of the 

steady state values of the voltage and current signals.

The majority of the faults considered are of single 

phase to earth type; which were generated by the EMTP 

using a distributed parameter model of the line.

Throughout the test the source is considered to have X to 

R and zero to positive sequence impedance ratio of 30 and

1.0 respectively. The line data, which is assumed 

transposed, is given in Appendix 3A.

6.1 Relay Operating Time

6.1.1 Single Phase to Earth Faults

The relay is tested for the a-phase to earth solid faults, 

using the system shown in Figure 6.1, for different source
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capacities, fault inception angle, fault location and 

loading conditions. The fault position is expressed as a 

percentage of the relay reach which was set to 80% of the 

physical length of the line P-T-R. The fault inception 

angle was varied from 0° to 150° in steps of 30°.

The trip characteristics used during the test are 

shown in Figure 6.2. The upper limit of the reach was set 

at 37.6 ohms corresponding to 80% of the line P-T-R. The 

lower limit of the characteristics was set at -25 ohms 

which can be considered large enough to meet the 

requirements of the adaptive relay. The left hand side of 

the characteristics was set at -15 ohms. The right hand 

limits has a slope of 8 6° and intercepts the 'R' axis at 

30 ohms (this value being close to half the maximum 

loading capacity of the line). The reach of the 

directional unit characteristics was set at 3.76 ohms 

which represent 10% of the forward reactive reach. It 

should be noted that the above limits are primary values 

and in the relay simulation these were scaled down 

according to CT and CVT ratios.

As mentioned in the previous Chapter, the reach

point, on the remote sections of the Teed line, is

determined for all cases by one of the two relays

(Section 5.2 ) . Therefore, for all foregoing cases only

the relay which has been allocated for the remote short

section is considered.

The relay measures correctly after a time of 3 cycles 

of power frequency ( the 3 cycles is required by the relay 

to store the steady state values of the voltages and
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currents). Based on the above requirement, the system is 

simulated over 10 cycles (5 prefault and 5 postfault). 

This results in a 2 cycles period during which the relay 

measures correctly when the system is in no fault state 

and a 3 cycles postfault period during which the relay 

makes the decision. The relay behaviour when the 

buffers, which is used to hold the values of the steady 

state voltages and currents, has run out of these steady 

state values is described in a later section.

The test results are shown in Tables 6.1 to 6.10. It 

can be seen that for fault inception angles of 90°, the 

operating time tends to be slightly higher than those for 

faults when the inception angle is 0°. This is mainly due 

to the travelling wave effects which the relay cannot 

eliminate totally due to the restrictions on the delay of 

the filtering process (the high frequency component can be 

reduced to the desired limit but this will take a longer 

time which in turn effects the operating speed of the 

relay). In general, faults that fall within 85% of the 

relay reach (along line P-T-R) is cleared in less than 10 

msec. Most faults between 85% to 95% of the reach can 

generally be cleared in less than 1 2 msec, but operating 

times of up to 30 msec were observed in the case of a weak 

source at the relaying point.

Expected for faults, on Section TQ, the relay 

underreaches; underreach in this context means that the 

relay covers a distance which is shorter than that on 

Section TR. Faults up to 85% of relay reach can be 

cleared in less than 10 msec for all system operating
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conditions. Although most faults between 85% to 92% could 

be cleared in less than 15 msec but some restraint is 

observed for faults beyond 87% of the reach in particular 

for the case when the short circuit level at the relaying 

point is minimum and that at the remote ends is maximum. 

All faults beyond 95% of the reach of the relay cause 

restraint.

Figures 6.3 and 6.4 show the operating time versus 

fault position for fault inception angles of 90° and 0°, 

for faults along line P-T-R and P-T-Q with the system 

loading and operating conditions as shown on the graphs. 

The sharp rise of the curves near the boundary is due to 

the fact that the measurand sees a reactance which is 

smaller than the actual line reactance for in-zone faults 

and a reactance which is larger than the actual line 

reactance for out-of-zone faults.

Figures 6.5 and 6 . 6 display the relay operating time 

when the fault level at the three terminals is 3.5 GVA. 

This situation leads to a severe distortion in the voltage 

and current signals. From the travelling wave theory the 

weaker the impedance at the point of discontinuity the 

higher is the reflection of the transients [42]. The 

relay maintains a fast operating time (less than half a 

cycle) which imply that the combination of signal 

filtering and counting strategy employed (as discussed in 

Chapter 4) copes well to eliminate, due to travelling wave 

effect, any distortion of the measured impedance.
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6.1.2 Comparative Performance of Adaptive and Conventional 

Relays

Figures 6.7 and 6 . 8 display the operating time versus 

fault position for the conventional and adaptive relays 

for fault inception angles of 0 and 90 degrees 

respectively. It should be noted that the forward setting 

of both relays are identical, 80% of the physical line 

length of the line P-T-R (Figure. 6.1), the local fault 

level is 3.5 GVA and that at the far ends is 35 GVA, the 

loading condition is zero. It is evident that, due to the 

infeed effect, the conventional relay underreaches by 

about 2 0% and gives an operating time of less than 10 msec 

for the majority of faults that fall within its 

characteristics. On the other hand the adaptive relay 

maintain the fast operating time of the conventional 

relays and goes further in giving the desired reach.

For faults along the path P-'T-Q the adaptive relay 

covers a distance which is shorter than that on 

Section TR. A favourable reach compared with that of the 

conventional is accomplished as illustrated in Figures 6.9 

and 6 .1 0 , it can also be seen that both relays have 

similar operating time for the closeup faults.

Figures 6.11 to 6.14 show the relays performance when 

the local and remote fault levels are 3.5 GVA. Again, 

both relays have a fast operating time and the adaptive 

relay gives the expected reach. Comparing Figures 6.7 and 

6 . 1 1  it can be noticed that the conventional relay gives a 

better reach when the fault level at the three terminals 

are identical.
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6.1.3 Phase-Phase Faults

Figures 6.15 and 6.16 show the relay performance for the 

b-c phase fault. Figure 6.15 shows the operating time 

when the fault inception angle was such that the b-c 

voltages were equal in magnitude and sign (voltage 

difference between the two phases is zero which coincides 

with the voltage maximum at the a-phase). The travelling 

wave effect in this case is minimal. On the same graph 

the conventional relay performance is displayed, it can be 

seen that the relay has an operating time which is almost 

identical to the adaptive relay, but it underreaches due 

to the infeed effect.

Figure 6.16 shows the relay operating time for

maximum voltage difference between the two phases; this 

situation leads to maximum travelling wave effect. 

Comparing Figures 6.15 and 6.16, it can be noticed that 

the effect of the travelling wave is to increase slightly 

the relay operating time but in both cases an operating 

time of less than 10 msec is maintained for most of the 

fault locations.

For faults along line P-T-Q the relay reach and 

operating time is shown in Figures 6.17 and 6.18. The 

relay in this case covers distance which is shorter than 

that on section TR but when compared with the conventional 

relay reach, which is shown on the graph, it can be seen 

that the adaptive relay gives a better reach.

6.2 Directional Reactance Behaviour

It is a common practice in distance protection to set the
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relay characteristics with some incursion into the 

negative region of the impedance plane. This is mainly to 

allow the relay to clear closeup faults in particular when 

a fault resistance is encountered. The extension of the 

characteristics into the negative region, however, can 

result in the relay operation for reverse faults. This 

was overcome by employing a directional unit which actuate 

correctly the associated relay protection [13]. One of 

the requirements of the proposed adaptive scheme is to 

offset the relay characteristics for a considerable value 

into the negative region to accommodate the impedance 

values for the closeup faults. The same directional 

technique used in the conventional distance relays is 

found adequate to provide the directional discrimination.

In this section the relay directional stability is 

investigated for forward and reverse faults; as outlined 

in Chapter 4, the directional unit uses the undelayed 

samples of the current signal with the delayed voltage 

samples. Figure 6.19 shows the measured reactance and the 

directional reactance behaviour, for the phase a-earth 

fault immediately in front of the relay location. 

Clearly, the measured reactance falls in the negative 

region, and the directional reactance, XM, gives an 

indication that the fault is in the forward position. The 

directional reactance setting, Xm a , was taken as 1 0 % of 

the relay forward reach.

Figure 6.20 shows the relay measurement for a fault 

just behind the relaying point; the relay will see the 

fault as a forward fault, in this case the tripping
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decision relies fully on the directional unit behaviour. 

It can be clearly seen that the directional reactance 

falls in the negative region i.e., outside the directional 

reactance setting, thus, preventing the relay operation.

In order to illustrate why the relay measures a 

positive impedance for a reverse fault, consider the first 

three terms of Equation 2.45, VPa , K'1 *VPa and K'1 *VI>Sa. 

For a fault just behind the relay, the voltage signals 

VPn and K'1 *Ve.„ will immediately collapse to zero while 

the steady state signal K'i*VPSa will be maintained for 

the delaying period considered in the relay simulation 

(3 cycles), when this signal is divided by the operating 

signal, IPa + K*I^esI., which in this case is in the 

reverse direction, an impedance which fall in the forward 

direction results. It should be noticed that the other 

terms in Equation 2.45 also have an influence on the 

measurand behaviour but the above argument has been used 

for illustration.

6.3 Relay Behaviour on a Sustained Fault

The correct operation of the relay requires that the 

prefault values of the voltage and current be used in 

conjunction with undelayed samples. In the relay 

simulation a buffer is used to hold the prefault samples 

for three cycles (see Section 4.8). However, if the fault 

is not cleared within this period, the buffer will run out 

of prefault samples and this leads to the question how 

will the relay behave under this condition?. Figure 6.21 

shows the measured reactance for an internal fault, where
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it can be clearly seen that, within the three cycles, the 

relay identifies the fault as an internal one but when the 

buffer is filled with the post values a larger reactance 

is encountered. It should be noted that the system 

simulation in this section uses a lumped parameter model 

of the line.

On the basis of the result shown in Fig 6.21, it is 

clear that the relay would not operate incorrectly or 

unnecessarily, but in effect it measures a higher 

reactance which can be very useful in providing better 

selectivity for external faults. It is, however, 

instructive to explain how the individual terms of 

Eguation 2.45, which is reproduced below, affect the 

measurement during this period.

1
ZmE»Ra = -------------------{ V P a + (K'iVp, - K ’xVpa«) - K ' 2 IQStt -

Ip a "^ K Ire!ep

K 3 l r e s Q S + (K 4 ^ r e s P 1 * t- <

( ^ 5 1  x r e  s p* - K s I r e s P S ) +

K e I p s a  t K' V I  XT <3  s E»S }

1 ft

It should be noted that the K',s which were defined 

in Chapter 2; when multiplied by currents have impedance 

dimension. However when multiplied by the voltages, it 

becomes dimensionless.

1- The voltage VPa divided by the phase current with the 

correct proportion of the residual current gives the 

performance of the conventional relay.

2- The signals K ’̂ V e»« and K'1 *VI?sa will cancel each 

other as the time passes, K'1 *Ve.s« is the delayed version 

of the signal K ,a.*VJ?s. Since these signals the former is
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added and the later is subtracted their effect in the

above equation will be nullified after the three cycles

delay considered.

Similarly, if the relay cannot make a decision

within the specified time (3 cycles), the signals

(K-4*Vr e s P  — K  4 * V 3resi>s ) and (K' - K' E»S ) will

cancel each other.

3- As it was suggested in Chapter 2 the prefault current 

from the remote end, IQSa, need to be transmitted, to the 

relaying point, periodically. Therefore, the probability 

of the fault to coincide with the instant of transmitting 

can be considered extremely low. Even if this is to 

happen it can be arranged such that if this current is 

above a certain limit, which could be the maximum loading 

current, then no signal can be received. Practically, the 

factor K'2*IQs« can be ignored totally because as it was 

shown in Chapter 5 its effect on the measurement accuracy 

and in particular on the reactive component is 

insignificant.

4- The factors K'3*IreBQS and K '7*IreSpS, which are the 

residual steady state currents can be ignored without 

practically introducing any errors. It should be noticed 

that the common practice in distance relaying schemes, 

using residual or sound phase compensation methods, is to 

set the relay assuming a fully transposed line [36,37] 

which practically means that these values are zero.

5- If the buffer is filled with post values after the 

three cycles considered in the relay simulation, the 

steady state current Ie>s« becomes the actual fault
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will boost thecurrent. In this case the term K'6*IPSa 

voltage signal and this results in a greater measured 

impedance. If the fault is external the relay will not 

operate in the normal state and after the 3 cycles the 

relay will measure a higher value which is desirable. For 

internal faults the relay is expected to initiate a 

tripping signal in less than 3 cycles but for faults near 

the boundary the relay may require a longer time, in this 

case the relay underreaches. This problem can be overcome 

easily by an arrangement to periodically update the steady

state value of the local current, as for the case of the

remote current,IQSa, (see Section 2.4) •

5- Hitherto, the relay behaves, in particular the

reactive component, in a similar way to that of a

conventional relay with the exception that the constant 

term, K'6/ is still subtracted at each instant from the 

measured impedance. Therefore, a performance that fall 

between two limits can be expected; the upper is that of 

the conventional relay and the lower is that of the 

adaptive relay before the buffer run out of the prefault 

values. The measured reactance before and after the relay 

runs out of the steady state values is shown in 

Figure. 6.22. It is clear that a performance, for the 

period when the buffer is filled with post fault values, 

is within the limits stated above the relay could 

underreach but no unnecessary operation occurs. An 

alternative arrangement can be made to disregard the term, 

K 6, if no decision is made after the 3 cycles. Therefore 

a performance identical to that of the conventional relay
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will be expected.

6 .4 Summary

In respect of the foregoing investigation, the relay 

maintains a fast tripping time as in the case of the 

conventional digital relay. Whatever the system operating 

condition and regardless which is the faulted remote 

section of the line, a tripping time of less than half a 

cycles has been achieved for the faults that fall within 

85% of the reach point. The relay requires a longer 

operating time (one power cycle or more) for faults that 

fall near the reach point. For closeup faults (reverse or 

forward) the relay maintains the proper discrimination, 

and in the case where the relay runs out of the steady- 

state values of the currents and voltages, unnecessary 

operation does not result.

Ill



Table 6.1 Operating time (msec) VS fault location

End P End Q End R

SCL(GVA) 35. 35. 35 .

Load angle(degree) 15. 0 . 0 10

P
1

T Q1

Relay setting =80%

1

of line (P-R)

1

— R

Fault
Location

(*)

Inception Angle ( degree )

0 30 60 90 1 2 0 150

0.0 P 8.25 7.00 6.75 7.75 8.25 8.25

37.5 P 8.25 7.00 6.50 8.50 8.50 8.25

62.5 T 8.25 7.75 8.25 9.00 8.50 8 .75

81.25 R 8.50 8 . 0 0 9.00 8.75 8.50 8.50

87.5 R 9.75 8.50 10.25 1 0 . 0 0 9.75 9.75

95.0 R 9.75 9.25 10.50 1 0 . 0 0 9.75 1 0 . 0 0

97.5 R 14.50 13.25 16.50 16.75 16.50 16.75

100 R NO OP NO OP NO OP NO OP NO OP NO OP

102.5 R NO OP NO OP NO OP NO OP NO OP NO OP

100 Q NO OP NO OP NO OP NO OP NO OP NO OP

97.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

95 Q NO OP NO OP NO OP NO OP NO OP NO OP

92.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

87.5 Q 13.00 11.75 17.00 16.75 10.50 12.25

81.25 Q 9.75 8.75 10.25 1 0 . 0 0 9.75 9.75

* = % of relay reach 
NO OP = No operation 
P = fault on leg PT 
T = fault at the Tee point 
R = fault on leg TR 
Q = fault on leg TQ



Table 6.2 Operating time (msec) VS fault location

End P End Q End R

SCL(GVA) 35. 3.5 3.5

Load angle(degree) 15. 0.0 10

Fault Inception Angle ( degree )
uuuaLj.̂

(*)
J l l

0 30 60 90 1 2 0 150

0 . 0 P 7.75 7.00 6.25 7.50 8 . 0 0 7.75

37.5 P 8 . 0 0 7.00 6.50 8 . 0 0 8.25 7.75

62.5 T 8.25 7.75 8.25 8.50 8.50 8.25

81.25 R 9.50 9.25 9.50 1 0 . 0 0 9.25 9.00

87.5 R 9.50 9.00 9.25 9.75 9.75 9.25

95.0 R 10.25 10.25 10.75 10.75 10.75 1 0 . 0 0

97.5 R 16.50 15.75 13.75 22.75 25.75 19.50

100 R NO OP NO OP NO OP NO OP NO OP NO OP

102.5 R NO OP NO OP NO OP NO OP NO OP NO OP

100 Q NO OP NO OP NO OP NO OP NO OP NO OP

97.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

95 Q NO OP NO OP NO OP NO OP NO OP NO OP

92.5 Q 16.50 15.25 14.75 17.00 15.00 13.50

87.5 Q 9.25 9.25 9.50 1 0 . 0 0 9.75 9.50

81.25 Q 8.50 8.25 8.75 8.75 8.50 8.25

* = % of relay reach 
NO OP = No operation 
P = fault on leg PT 
T = fault at the Tee point 
R = fault on leg TR 
Q = fault on leg TQ



Table 6.3 Operating time (msec) VS fault location

End P End _Q End R

SCL(GVA) 3.5 35. 35 .

Load angle(degree) 0 .0 . 15. 10

P
1______

T

Relay setting =80% of line (P-R)

-R

Fault
Location

(*)

Inception Angle ( degree )

0 30 60 90 1 2 0 150

0.0 P 8.25 8 . 0 0 7.75 8.50 8.25 8 . 0 0

37.5 P 8 .75 8.25 8.75 9.25 9.00 8.25

62.5 T 8.50 8.25 9 .00 9.25 9.00 8 . 0 0

81.25 R 8.50 8.25 9.25 9.25 9.25 8 . 0 0

87.5 R 8.25 8.50 9.50 1 0 . 0 0 9.25 8 . 0 0

95.0 R 9.25 9.00 11.25 1 2 . 0 0 1 0 . 0 0 1 0 . 0 0

97.5 R 15.00 13.25 17.75 19.75 12.50 14.50

100 R NO OP NO OP NO OP NO OP NO OP NO OP

102.5 R NO OP NO OP NO OP NO OP NO OP NO OP

100 Q NO OP NO OP NO OP NO OP NO OP NO OP

97.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

95 Q NO OP NO OP NO OP NO OP NO OP NO OP

92.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

87.5 Q 16.00 17.25 15.00 2 2 . 0 0 20.50 18.50

81.25 Q 8.25 8.75 9.00 1 0 . 0 0 10.25 8 . 0 0

* = % of relay reach 
NO OP = No operation 
P = fault on leg PT 
T = fault at the Tee point 
R = fault on leg TR 
Q = fault on leg TQ



Table 6.4 Operating time (msec) VS fault location

End P End Q End R

SCL(GVA) 3.5 35. 35.

Load angle(degree) 15. 0.0 10

Fault Inception Angle ( degree )
u u u a u n .

(*)
J L l

0 30 60 90 1 2 0 150

0 . 0 P 8 . 0 0 8 . 0 0 8.25 8.25 8 . 0 0 8.25

37.5 P 8.75 9.00 9 .00 9.25 8.75 8.75

62.5 T 8.50 8.25 9.25 9.25 8.75 8.75

81.25 R 8.50 8.50 9.25 8.75 8.75 9.00

87.5 R 8.50 9.00 9.75 9.25 8.50 9.25

95.0 R 9.50 9.75 1 2 . 0 0 1 1 . 0 0 10.75 1 2 . 0 0

97.5 R 16.50 15.00 22.25 20.75 18.75 19.25

100 R NO OP NO OP NO OP NO OP NO OP NO OP

102.5 R NO OP NO OP NO OP NO OP NO OP NO OP

100 Q NO OP NO OP NO OP NO OP NO OP NO OP

97.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

95 Q NO OP NO OP NO OP NO OP NO OP NO OP

92.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

87.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

81.25 Q 1 0 . 0 0 9.25 10.25 10.50 1 0 . 0 0 8.75

* = % of relay reach 
NO OP = No operation 
P = fault on leg PT 
T = fault at the Tee point 
R = fault on leg TR 
Q = fault on leg TQ



End P End Q End R

Table 6.5 Operating time (msec) VS fault location

SCL(GVA) 3.5 3.5 3.5

Load angle(degree) 15. 0.0 10

Fault Inception Angle ( degree )
U W  L - . L v .  

(*)
J l l

0 30 60 90 1 2 0 150

0 . 0 P 8.50 7.50 8.25 8.50 8.25 8.250

37.5 P 8 .75 8 . 0 0 8.75 9.00 8.75 8.50

62.5 T 8.50 8.50 9.00 9.25 8.75 8.50

81.25 R 8.50 8.75 8.75 9.25 8.75 8.75

87.5 R 8.75 9.50 1 1 . 0 0 1 0 . 0 0 8.50 9.75

95.0 R 11.50 21.75 2 0 . 0 0 29.50 10.75 27.00

97.5 R 17.25 50.75 41.75 NO OP NO OP 42.25

100 R NO OP NO OP NO OP NO OP NO OP NO OP

102.5 R NO OP NO OP NO OP NO OP NO OP NO OP

100 Q NO OP NO OP NO OP NO OP NO OP NO OP

97.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

95 Q NO OP NO OP NO OP NO OP NO OP NO OP

92.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

87.5 Q 15.75 13.25 1 1 . 0 0 12.50 9.75 13.75

81.25 Q 9.75 9.00 9.50 1 0 . 0 0 9.75 8.75

* = % of relay reach 
NO OP = No operation 
P = fault on leg PT 
T = fault at the Tee point 
R = fault on leg TR 
Q = fault on leg TQ



Table 6 . 6 Operating time (msec) VS fault location

End P End _Q End R

SCL(GVA) 3.5 3.5 3.5

Load angle(degree) o • o 15. 10

p
1______

T Q

Relay setting =80% of line (P-R)

-R

Fault Inception Angle ( degree )

(*) 0 30 60 90 1 2 0 150

37.5 P 8.25 8.25 8.50 8.25 8 . 0 0 8.25

37.5 P 8.75 8.50 8 .75 8.75 9.00 8.25

62.5 T 8.50 8.50 8.50 9.25 9.00 8 . 0 0

81.25 R 8.50 8.50 8.50 8.50 9.25 8 . 0 0

87.5 R 8.75 8.75 1 0 . 0 0 9.50 9.75 8.25

95.0 R 11.50 12.50 16.50 47.25 29.25 27.00

97.5 R 13.25 32.75 NO OP NO OP NO OP 27.50

100 R 35.50 NO OP NO OP NO OP NO OP NO OP

102.5 R NO OP NO OP NO OP NO OP NO OP NO OP

100 Q NO OP NO OP NO OP NO OP NO OP NO OP

97.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

95 Q NO OP NO OP NO OP NO OP NO OP NO OP

92.5 Q 12.25 12.25 11.50 29.00 28.00 26.25

87.5 Q 9.50 9.25 8.75 9.50 9.75 8.50

81.25 Q 8.50 8.25 8.50 8.75 9.00 8 . 0 0

* = % of relay reach 
NO OP = No operation 
P = fault on leg PT 
T = fault at the Tee point 
R = fault on leg TR 
Q = fault on leg TQ



Table 6.7 Operating time (msec) v s fault location

End P End _ Q End R

SCL(GVA) 1 0 . 1 0 . 1 0 .

Load angle(degree) 0 . 0 15. 10

p
1______

T

Relay setting =80% of line (P-R)

-R

Fault Inception Angle ( degree )
L u t a  l  

(*)
J l l

0 30 60 90 1 2 0 150

0 . 0 P 7.75 7.25 6.75 6 . 0 0 8 . 0 0 7.75

37.5 P 8.25 7.25 6 .75 6 . 0 0 8.25 8 . 0 0

62.5 T 8.25 6.50 6.50 8 . 0 0 8.50 8.25

81.25 R 8.25 6.50 8.25 8 . 0 0 9.00 8 . 0 0

87.5 R 9.50 7.50 8 . 0 0 8.50 8.75 8.25

95.0 R 10.25 9.00 9.00 9.50 10.25 9.25

97.5 R 11.75 10.25 9.75 9.50 11.25 10.25

100 R NO OP 12.75 11.50 10.75 31.25 NO OP

102.5 R NO OP NO OP NO OP NO OP NO OP NO OP

100 Q NO OP NO OP NO OP NO OP NO OP NO OP

97.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

95 Q NO OP NO OP NO OP NO OP NO OP NO OP

92.5 Q NO OP NO OP 13.50 NO OP NO OP NO OP

87.5 Q 9.75 8.50 8.50 9.25 1 0 . 0 0 9.25

81.25 Q 9.25 7.50 8.25 8.50 8.75 8 . 0 0

* = % of relay reach 
NO OP = No operation 
P = fault on leg PT 
T = fault at the Tee point 
R = fault on leg TR 
Q = fault on leg TQ



Table 6.8 Operating time (msec) VS fault location

End P End Q End R

SCL(GVA) 25. 35 . 1 0 .

Load angle(degree) 0 . 0 15. 10

P 1I1 Q___l

Relay setting =80%

1

of line (P-R)

— R

Fault Inception Angle ( degree )

(*) 0 30 60 90 1 2 0 150

0 . 0 P 8 . 0 0 7.00 6.25 6. 0 0 7.50 7.75

37.5 P 8.25 7.00 6.75 6 . 0 0 8 . 0 0 7.75

62.5 T 8 . 0 0 6.50 6.50 7.50 8.25 8 . 0 0

81.25 R 8.25 6.50 7.75 8 . 0 0 8.75 8 . 0 0

87.5 R 9.50 8.25 7.75 8.25 8.75 8 . 0 0

95.0 R 10.25 8.75 8.75 9.25 1 0 . 0 0 9.25

97.5 R 9.75 10.25 9.25 9.00 9.75 1 2 . 0 0

100 R 15.50 13.50 10.25 10.50 NO OP NO OP

102.5 R NO OP NO OP NO OP NO OP NO OP NO OP

100 Q NO OP NO OP NO OP NO OP NO OP NO OP

97.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

95 Q NO OP NO OP NO OP NO OP NO OP NO OP

92.5 Q 16.25 12.50 1 0 . 0 0 10.75 NO OP NO OP

87.5 Q 9.50 8.75 8.25 9.25 1 0 . 0 0 9.25

81.25 Q 8.75 7.50 7.75 8.25 8.75 8 . 0 0

* = % of relay reach 
NO OP = No operation 
P = fault on leg PT 
T = fault at the Tee point 
R = fault on leg TR 
Q = fault on leg TQ



Table 6.9 Operating time (msec) VS fault location

End P End Q End R

SCL(GVA) 20. 20. 20.

Load angle(degree) 0.0 15. 10

Fault
Location

(*)

Inception Angle ( degree )

0 30 60 90 1 2 0 150

0.0 P 8 . 0 0 7.00 6.25 8.50 8 . 0 0 7.25

37.5 P 8.25 7.00 6.50 8.50 8.25 7.75

62.5 T 8.25 7.75 6 .75 8.75 8.50 8.25

81.25 R 8.25 6.50 8.25 8.25 9.00 8 . 0 0

87.5 R 9.50 7.25 8.25 10.25 1 0 . 0 0 8 . 0 0

95.0 R 9.50 8.25 9.75 10.75 1 0 . 0 0 9.25

97.5 R 16.50 1 2 . 0 0 13.50 17.25 16.75 16.00

100 R NO OP NO OP NO OP NO OP NO OP NO OP

102.5 R NO OP NO OP NO OP NO OP NO OP NO OP

100 Q NO OP NO OP NO OP NO OP NO OP NO OP

97.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

95 Q NO OP NO OP NO OP NO OP NO OP NO OP

92.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

87.5 Q 9.50 8 . 0 0 9.25 10.25 1 0 . 0 0 9.25

81.25 Q 8.50 7.00 9.00 10.25 9.75 8 . 0 0

* = % of relay reach 
NO OP = No operation 
P = fault on leg PT 
T = fault at the Tee point 
R = fault on leg TR 
Q = fault on leg TQ



End P End Q End R

SCL(GVA) 20. 20. 20.

Load angle(degree) 15. 0.0 10

Table 6.10 Operating time (msec) VS fault location

Fault Inception Angle ( degree )

(*) 0 30 60 90 1 2 0 150

0 . 0 P 7.75 7.25 7.00 8 . 0 0 7.75 7.50

37.5 P 8.25 7.50 7.00 8.25 8.25 7.75

62.5 T 8.25 7.75 8.25 8.75 8.50 8.25

81.25 R 8.50 8.25 8.50 8.75 8.50 8.25

87.5 R 9.75 9.00 9.25 9.75 9.25 9.00

95.0 R 9.75 10.25 10.25 10.75 10.50 1 1 . 0 0

97.5 R 16.50 15.50 15.50 17.75 16.75 19.75

100 R NO OP NO OP NO OP NO OP NO OP NO OP

102.5 R NO OP NO OP NO OP NO OP NO OP NO OP

100 Q NO OP NO OP NO OP NO OP NO OP NO OP

97.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

95 Q NO OP NO OP NO OP NO OP NO OP NO OP

92.5 Q NO OP NO OP NO OP NO OP NO OP NO OP

87.5 Q 1 0 . 0 0 10.75 11.25 11.25 11.25 1 0 . 0 0

81.25 Q 9.75 8.75 9.50 1 0 . 0 0 9.75 8.75

* = % of relay reach 
NO OP= No operation 
P = fault on leg PT 
T = fault at the Tee point 
R = fault on leg TR 
Q = fault on leg TQ



p Q

Fig. 6.1 Teed system used for relay testing.

X1Q1

F i g . 6 . 2  R e l a y  t r i p p i n g  c h a r a c t e r i s t i c



F i g . B . 3  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — R 
S C L  ( GV A )  P - 3 S  Q - 3 5  R - 3 5
L o a d  a n g l e  ( d e g s )  P — 15 Q— 0 . 0  R — 10

F i g . 6 . 4  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — Q 
S C L  ( GVA)  P - 3 5  Q - 3 5  R - 3 5
L o a d  a n g l e  ( d e g s )  P — 1 5  Q — 0 . 0  R — 10



F i g . 6 . 5  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — R 
S C L  ( GVA)  P - 3 . 5  Q - 3 . 5  R - 3 . 5
L o a d  a n g l e  ( P e g s )  P — 0 . O Q— 1 5  R — 10

F i g . 6 . 6  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — Q 
S C L  ( GVA)  P — 3 . 5  Q - 3 . 5  R - 3 . 5
L o a d  a n g l e  ( d e g s )  P — O . O Q — 15 R — 10



F i g . 6 . 7  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — R 
F a u l t  i n c e p t i o n  a n g l e  - 0  d e g s .
N o - l o a d  c o n d i t i o n
SCL_ ( G V A )  P - 3 . 5  Q — 3 5  R - 3 5

F i g . 6 . B  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — R 
F a u l t  i n c e p t i o n  a n g l e  — SO d e g s .
N o — l o a d  c o n d i t i o n
S C L  ( G V A )  P - 3 . 5  Q — 3 5  R - 3 5



F i g . 6 . 9  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — Q 
F a u l t  i n c e p t i o n  a n g l e  — 0 c t e g s .
N o - l o a d  c o n d i t i o n
S C L  ( GV A )  P - 3 . 5  Q — 3 5  R - 3 5

F i g . 6 . 1 0  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — Q 
F a u l t  i n c e p t i o n  a n g l e  — 9 0  d e g s .
N o — l o a d  c o n d i t i o n
S C L  ( G V A )  P - 3 . 5  Q — 3 5  R - 3 5
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0 r l i I i i i i  i __ I_________

C) 1  2 3 4 5 6 7 8 9 1 0

Fault position </£ oF reach) X10̂

F i g . 6 . 1 1  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — R 
F a u l t  i n c e p t i o n  a n g l e  — 0 P e g s .
N o - l o a d  c o n d i t i o n
S C L  ( GV A )  P - 3 . 5  Q — 3 . 5  R - 3 . 5

F i g . 5 . 1 2  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — R 
F a u l t  i n c e p t i o n  a n g l e  — 9 0  d e g s .
N o - l o a d  c o n d i t i o n
S C L  ( G V A )  P - 3 . 5  Q - 3 . 5  R - 3 . 5



F i g . B . 1 3  R e l a y  o p e r a t i n g  t i m e  v a  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P - T — Q 
F a u l t  i n c e p t i o n  a n g l e  — 0 P e g s .
N o - l o a d  c o n d i t i o n
S C L  ( GVA)  P - 3 . 5  Q - 3 . 5  R - 3 . 5

F i g . 6 . 1 4  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — Q 
F a u l t  i n c e p t i o n  a n g l e  — SO d e g s .
N o — l o a d  c o n d i t i o n
S C L  ( GV A )  P - 3 . 5  Q - 3 . 5  R - 3 . 5



F i g . 6 . 1 5  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  b — c f a u l t s  a l o n g  l i n e  P — T — R 
V o l t a g e  m i n i m a  f a u l t s  
N o — l o a d  c o n d i t i o n
S C L  ( GVA)  P - 3 . 5  Q — 3 5  R - 3 5

F i g . 6 . 1 6  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  b — c  f a u l t s  a l o n g  l i n e  P — T — R 
V o l t a g e  m a x i m a  f a u l t s  
N o — l o a d  c o n d i t i o n
S C L  ( GV A )  P - 3 . 5  Q — 3 5  R - 3 5



F i g . 6 . 1 7  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  b — c f a u l t s  a l o n g  l i n e  P — T — Q 
V o l t a g e  m i n i m a  f a u l t s  
N o - l o a d  c o n d i t i o n
S C L  ( G V A )  P - 3 . 5  Q— 3 5  R - 3 5

F i g . 6 . I B  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  b — c  f a u l t s  a l o n g  l i n e  P — T — Q 
V o l t a g e  m a x i m a  f a u l t s  
N o — l o a d  c o n d i t i o n
S C L  ( G V A )  P - 3 . 5  Q — 3 5  R - 3 5
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F i g . 6 . 1 9  M e a s u r e d  r e a c t a n c e  v s  T i m e  s h o w i n g  
t h e  m e a s u r e d  r e a c t a n c e  a n d  t h e  d i r e c t i o n a l  
r e a c t a n c e  f o r  a f a u l t  i n  f r o n t  o f  t h e  r e l a y

________  M e a s u r e d  r e a c t a n c e
--------------- D i r e c t i o n a l  r e a c t a n c e
.............  D i r e c t i o n a l  r e a c t a n c e  s e t t i n g

F i g . 6 . 2 0  M e a s u r e d  r e a c t a n c e  v s  T i m e  s h o w i n g  
t h e  m e a s u r e d  r e a c t a n c e  a n d  t h e  d i r e c t i o n a l  
r e a c t a n c e  f o r  a f a u l t  b e h i n d  o f  t h e  r e l a y

________  M e a s u r e d  r e a c t a n c e
---------------  D i r e c t i o n a l  r e a c t a n c e
.............  D i r e c t i o n a l  r e a c t a n c e  s e t t i n g



F i g . B . 2 1  M e a s u r e d  r e a c t a n c e  v s  T i m e  s h o w i n g  
t h e  r e l a y  b e h a v i o u r  b e f o r e  a n d  a f t e r  t h e  
b u f f e r  r u n s  o u t  o f  m e m o r y

.............  F o r w a r d  r e a c t i v e  r e a c h
________  A d a p t i v e  m e a s u r a n d

X1Q-1 ---------------C o n v e n t i o n a l  m e a s u r a n d

F i g . 6 . 2 2  M e a s u r e d  r e a c t a n c e  v s  T i m e  s h o w i n g  
t h e  r e l a y  b e h a v i o u r  b e f o r e  a n d  a f t e r  t h e  
b u f f e r  r u n s  o u t  o f  m e m o r y  ( a f t e r  m o d i f i c a t i o n

.............  F o r w a r d  r e a c t i v e  r e a c h
________  A d a p t i v e  m e a s u r a n d
--------------- C o n v e n t i o n a l  m e a s u r a n d



CHAPTER 7

ALTERNATIVE METHOD FOR IMPLEMENTING THE ADAPTIVE SCHEME

The discussions and results presented so far are based on 

adjusting the measured impedance to give the exact line 

value at the reach point and the proper discrimination 

between internal and external faults. This Chapter 

introduces an alternative way to implement the adaptive 

scheme. Basically the same reguirements and derivations 

as discussed in Chapter 2 are valid. The difference is in 

the implementation within the computer relay, i.e., 

instead of manipulating the signals to change the measured 

impedance these can be used to adjust the relay setting so 

that it can correspond to the apparent impedance at the 

reach point. It is not the intention in this chapter to 

repeat fully the analysis, instead, only some key points 

and results will be presented to show the difference 

between the two methods.

7.1 Basic Mathematical Equations

Some equations will be recalled from Chapter 2 to 

illustrate how the scheme can be implemented.

The measured impedance for a fault along line P-T-R is 

VP
Z mp — — Zp + aRZR + oiRZRkR 7.1

I*.

The relay conventional setting is:

SR = Zp + Qr s Z r  7 .2

If the relay is to measure correctly its setting should be 

adjusted in a way such that the measured impedance and the
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setting are equal at the reach point, in mathematical 

terms this can be expressed as:

ZR t 0Cr.Zr + otRZRkR = ZF  + aRSZR + otRSZRkR 7.3

In the above equation if aR is equal to aRS the two sides 

will be identical this implies that the fault is at the 

reach point, if aR > aRS the fault will looks as external 

and if aR < aRS the fault can be identified as internal.

For the system shown in Figure 7.1, the variation of 

the measured impedance with fault position is shown in 

Figure 7.2 if this is to be compared with the fixed 

setting then the relay will underreach. The apparent 

impedance at the reach point being equal to 2.08 pu and 

the setting is 1.6 pu. By increasing the setting by the 

factor aRSZRkR the apparent impedance and the setting are 

equal at the reach and the relay gives the correct 

discrimination.

The equations and illustration discussed above are for a 

single phase system the same argument is also applicable 

for the phase-earth and phase to phase faults of a three 

phase system.

7.2 Practical Implementation Consideration

For practical implementation Equation 2.31 can be written 

as

V p> k iVp-k lVps + k 2 ^PS-k 3 Iqc;
Z m P R  =  t  -  k  2  7 . 4

Ip Ip

Simply, the second and third terms of the above equation 

should be used to adjust the relay setting i.e.,

subtracted from the fixed setting of the conventional
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relay.

Then the modified setting becomes:

k iVp-k iVp>s+k 2-tps-k 3Iqs
SmR=ZP + aRSZR — t k 2 7.5

I P

The relay can be implemented by feeding the above signals 

and constants to an impedance measurement processor and 

comparing each value of the sampled impedance with the 

samples of the impedance derived from the local voltage 

and current. Figure 7.3 shows the basic relay 

arrangement.

Comparing Figures 7.3 and 2.11 it is clear that to 

implement the new option the relay reguires two separate 

algorithms to convert the current and voltage samples into 

a measured resistance and reactance.

Similarly the same process is applicable for the 

three phase system and the analysis will not be repeated 

in this chapter.

7.3 Relay Test

The relay was implemented in software, following the same 

procedures as in Chapter 4, which includes the signal 

conditioning, filtering, impedance calculation algorithm, 

directionality, transient suppresion and trip decisions.

The relay was tested using the three phase system 

described in the previous chapter (Figure 6.1).

Figure 7.4 shows the measured reactance and the adaptive 

setting for the a-phase to earth fault just inside the 

reach point where it can be clearly seen that the relay 

sees the fault as an internal one. Also on the same graph
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the conventional fixed reactive setting is shown. 

Figure 7.5 displays the measurements for a fault just 

beyond the reach point. It is obvious that the relay 

gives an indication that the fault is external. The fault 

is not considered at the exact reach point because for 

this case the setting and the measured reactance coincide 

and can not be distinguished if displayed on the same 

graph.

The above discussions are related to the 3 cycle 

power frequency period during which the relay should 

operate correctly. An illustration of the relay behaviour 

in the interval when the relay runs out of the prefault 

values of the voltage and current is shown in Figure 7.6, 

the fault considered is external and in the vicinity of 

the reach point, it can be seen that the during the period 

when the steady state values are still available, the

fault is identified as out of zone. Later on the margin 

between the setting and the measured reactance becomes 

greater which is advantageous and desirable. For an 

internal fault, the relay behaviour is shown in

Figure 7.7, the relay sees the fault within its reach for 

three cycles after that it underreaches; the measured 

reactance being higher than the setting. Note that the

relay still gives a better coverage than the conventional 

relay.

Figure 7.8 and 7.9 show the earth fault operating 

times, as a function of the fault position. The fault 

position is expressed as a percentage of the relay reach 

which was set to 80% of the line P-T-R. It can be clearly
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seen that, regardless of the fault inception angle, the 

relay operating time is less than 1 0 msec for the majority 

of faults that fall within it reach.

The conventional relay operating time is shown on the 

same graph where it is obvious that the relay underreaches 

and the operating time is identical to that of the 

adaptive relay for faults that fall within its 

characteristics.

For faults along the line P-T-Q, the relay reach and 

operating time is shown in Figures 7.10 and 7.11 for fault 

inception angle of 0° and 90°. The relay in this case 

covered a distance which is shorter than on Section TR but 

it gives a better reach compared with the conventional 

relay.

By comparing the results shown in Figures 7.8 to 7.11 

with results of Chapter 6 (Figures 6.7-6.10) (the system 

and the operating conditions being identical in both 

cases), it is evident that both options for implementing 

the schemes can give identical results.

7.4 Relay Behaviour for Closeup Faults

This section examines the behaviour of the relay when 

subjected to closeup faults in the forward and reverse 

directions. Both faults are of the a-phase to earth type 

occurring at a zero distance from the relay location. The 

measured impedance in both cases converges to zero after 

the fault. The measurands of interest in this case are 

the relay setting and the directional reactance. For the 

forward fault, Figure 7.12, it can be seen that the
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reactive setting maintains a value which is higher than 

the fixed setting so the tripping decision is not 

affected, also the directional reactance remains above the

directional limit. Figure 7.13 shows the reactances for

the reverse fault, the setting in this case takes a

smaller value than the fixed setting but this is not of

any concern as the relay is not required to operate. In

fact, it is advantageous if the relay characteristics is 

reduced for reverse faults. The directional reactance is 

negative which prevent the relay operation.

7.5 Summary

This Chapter has outlined a new method for implementing 

the adaptive scheme. The basic idea of this method is the 

adjustment of the relay setting so that it can correspond 

to the apparent impedance at the reach point. The relay 

characteristics need not be extended into the negative 

region as required by the previous scheme. It should be 

noted, however, that two separate impedance calculation 

algorithms are reguired to convert the current and voltage 

samples into a measured resistance and reactance.

The results confirmed that the relay maintains a fast 

operating time; less than half a cycle for the majority of 

the faults that can fall within it reach. Also it has 

been demonstrated that the relay gives a favourite reach 

compared with the conventional relay.
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Fig. 7 .13-Terminal line configuration with p.u. impedances

X10-1

F i g . 7 . 2  R e l a y  m e a s u r e m e n t  a t  e n d  P f o r  
f a u l t s  a l o n g  l i n e  P — T — R

------------------ C o n v e n t i o n a l  s e t t i n g
__________  A d a p t i v e  s e t t i n g



Re(Zp+aRs Z r + K'2 )

Fig. 7.3 Basic arrangment of the adaptive distance relay



X10-1

F i g . 7 . A  M e a s u r e d  r e a c t a n c e  v a  T i m e  s h o w i n g  
t h e  m e a s u r e d  r e a c t a n c e  a n d  t h e  r e a c t i v e  
s e t t i n g  f o r  a f a u l t  i n s i d e  t h e  r e l a y  r e a c h

____________  M e a s u r e d  r e a c t a n c e
— ------------------  A d a p t i v e  r e a c t i v e  s e t t i n g

X1Q-1 .................... C o n v e n t i o n a l  s e t t i n g

F i g . 7 . 5  M e a s u r e d  r e a c t a n c e  v a  T i m e  s h o w i n g  
t h e  m e a s u r e d  r e a c t a n c e  a n d  t h e  r e a c t i v e  
s e t t i n g  f o r  a f a u l t  o u t s i d e  t h e  r e l a y  r e a c h

____________  M e a s u r e d  r e a c t a n c e
---------------------  A d a p t i v e  r e a c t i v e  s e t t i n g
.................... C o n v e n t i o n a l  s e t t i n g



F i g . 7 . 6  R e l a y  b e h a v i o u r  s h o w i n g  t h e  m e a s u r e d  
r e a c t a n c e  a n d  t h e  r e a c t i v e  s e t t i n g  d u r i n g  
d i f f e r e n t  p e r i o d s  f o r  a n  i n t e r n a l  f a u l t

____________ M e a s u r e d  r e a c t a n c e
---------------------  A d a p t i v e  r e a c t i v e  s e t t i n g

X1Q“ 1 ...................  C o n v e n t i o n a l  s e t t i n g

F i g . 7 . 7  R e l a y  b e h a v i o u r  s h o w i n g  t h e  m e a s u r e d  
r e a c t a n c e  a n d  t h e  r e a c t i v e  s e t t i n g  d u r i n g  
d i f f e r e n t  p e r i o d s  f o r  a n  e x t e r n a l  f a u l t

____________ M e a s u r e d  r e a c t a n c e
---------------------  A d a p t i v e  r e a c t i v e  s e t t i n g
...................  C o n v e n t i o n a l  s e t t i n g



F i g . 7 . B  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — R 
F a u l t  i n c e p t i o n  a n g l e  — 0 d e g s .
N o — l o a d  c o n d i t i o n
S C L  ( G V A )  P - 3 . 5  Q - 3 5  R - 3 5

F i g . 7 . 9  R e l a y  o p e r a t i n g  t i m e  v s  f s u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — R 
F a u l t  i n c e p t i o n  a n g l e  — 9 0  d e g s .
N o — l o a d  c o n d i t i o n
S C L  ( GV A )  P - 3 . 5  Q - 3 5  R - 3 5



F i g . 7 . 1 0  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P - T - Q  
F a u l t  i n c e p t i o n  a n g l e  — O d e g s .
N o - l o a d  c o n d i t i o n
S C L C G V A )  P - 3 . 5  Q — 3 5  R - 3 5

F i g . 7 . 1 1  R e l a y  o p e r a t i n g  t i m e  v s  f a u l t  p o s i t i o n  
f o r  t h e  a — e f a u l t s  a l o n g  l i n e  P — T — Q 
F a u l t  i n c e p t i o n  a n g l e  — 9 0  d e g s .
N o — l o a d  c o n d i t i o n
S C L  ( G V A )  P - 3 . 5  Q — 3 5  R - 3 5
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F i g . 7 . 1 2  M e a s u r e d  r e a c t a n c e  v s  T i m e  s h o w i n g  
t h e  d i r e c t i o n a l  r e a c t a n c e  a n d  t h e  r e a c t i v e  
s e t t i n g  f o r  a f a u l t  i n  f r o n t  o f  t h e  r e l a y

________  D i r e c t i o n a l  r e a c t a n c e
--------------- A d a p t i v e  r e a c t i v e  s e t t i n g
.............  C o n v e n t i o n a l  s e t t i n g

F i g . 7 . 1 3  M e a s u r e d  r e a c t a n c e  v s  T i m e  s h o w i n g  
t h e  d i r e c t i o n a l  r e a c t a n c e  a n d  t h e  r e a c t i v e  
s e t t i n g  f o r  a f a u l t  b e h i n d  o f  t h e  r e l a y

________  D i r e c t i o n a l  r e a c t a n c e
---------------  A d a p t i v e  r e a c t i v e  s e t t i n g
.............  C o n v e n t i o n a l  s e t t i n g



CHAPTER 8

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

8.1 General Conclusions

The work presented in this thesis has introduced and 

described the requirements, design and performance of a 

new adaptive digital scheme suitable for Teed feeder 

applications. Based on an impedance measuring technique, 

it has been shown that the scheme restores the desired 

reach on one of the remote sections of the line. A better 

coverage, compared with conventional relays, on the other 

remote section has been achieved.

The infeed/outfeed current from the remote terminal 

has been related to the source and line impedances and 

also to the steady-state values of the current and 

voltage. The advantage of this approach is that real time 

signalling from the remote ends is not required. The most 

important parameter required from the remote ends is an 

approximate value for the sequence source impedance in 

order to account for phase and ground faults. It has been 

suggested that these impedances can be determined at the 

control centre and transmitted as update values to the 

relays at each end. Prefault currents at each end of the 

line should be available as measured. The amount of data 

need not be transmitted in real-time since it only needs 

to be made available at the relay in time for the next 

disturbance. Thus, the speed and accuracy of the 

distance relay functions during a fault are not affected.
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Since, for a Teed system, there are two line sections 

beyond the Tee junction seen from any terminal, two 

different relays have been used. Each relay measures 

correctly on its allocated path. However, it has been 

found difficult to identify locally the remote faulted leg 

and, because no real-time signalling has been considered 

from the remote terminals to assist in identifying the 

faulted leg, therefore, the relay which is allocated for 

the remote short leg will in general determine the reach 

on either leg.

The method used to compensate for the fault current 

from the remote end assumes that the fault is always at 

the relay zone- 1  forward reach; hence it implies that the 

measurement is accurate only if the fault occurs at that 

point. For faults at other locations, the relay 

indication does not correspond to the actual line value; 

it is immaterial whether the indication is proportional to 

the distance from the relay to the fault point, provided 

the indication given does not exceed the limits provided 

by faults at the reach point. Due to the non-linear 

relation between the fault position and the measured 

reactance, it has been shown that the relay measures a 

reactance which is smaller than the actual line reactance 

for internal faults and larger than the actual line value 

for external faults. The resistive component is accurate 

at the reach point only; for faults at other locations, it 

can be smaller or larger than the actual line values. 

This depends on the direction of the load current prior to
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the fault. These resistances are small and can easily be 

contained within the relay characteristics as these are 

extended to contain a finite fault resistance.

The relay utilises the remote source impedance and 

is prone to errors if the set value is different from the 

actual one. The new relay has been proved to be highly 

insensitive to large variations in this source of error. 

The tests showed that for a ± 100% change in the values of 

this impedance, the effect on the relay accuracy is about 

± 3% of the reach value.

Distance protection based on impedance measurement 

uses information contained in the power frequency 

components of the voltage and current signals. In the 

relay simulation, the instantaneous values of the voltage 

and current signals were stepped down to levels compatible 

with the digital processing (±10 V). The signals were 

filtered by analogue filter with a cut-off frequency of 

800 Hz to prevent aliasing error in the sampling process. 

The filtered signals were then converted to digital values 

using a 14 bit A/D converter. In order to account for 

phase to ground and phase to phase faults, the voltage and 

current signals required by the scheme were formed 

digitally. A sampling rate of 80 per power system cycle 

was considered. A digital band-pass filter with 14 points 

in its impulse response was employed to attenuate the dc 

exponentials and the frequencies above 500 Hz. In order 

to convert the voltage and current samples into measured 

resistance and reactance values, the time spaced solution
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technique has been used to solve a first order 

differential line equation. The simulation of the relay- 

has closely emulated the operation of a 16 bit 

microprocessor and particular attention has been paid to 

the fact that digital division in such a device is a time 

consuming process and has therefore been minimised.

According to the shape of the fault areas and in 

common with some commercially available equipment, the 

relay has a quadrilateral characteristic. The occurrence 

of a single impedance value falling within the 

characteristic was shown not to be a reliable situation to 

initiate a tripping signal and a counting strategy was 

therefore employed[35] and implemented which had the effect of 

giving the relay more time for faults in the vicinity of 

the reach point. In order to prevent the relay operating 

during the transition period from the prefault to 

postfault condition and to overcome any overreach that can 

result from the variation of fault inception angle, a 

technique of adapting the counter increment to reflect the 

certainty of the impedance measurement was implemented' 

Also, to smooth any high frequency on the measured 

resistance and reactance which cannot be reduced to the 

desired level, due to restriction on the group delay of 

the prefilter, an adaptive filtering arrangement was 

employed. This filter, which is a low-pass filter, 

attenuates any frequency component but the dc, is applied 

shortly after the fault has been detected. The adaptive 

filter has been carefully designed so that its use does
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not incur any operating time penalty.

A directional element was incorporated in the relay 

in order to ensure that it maintains correct 

discrimination for forward and reverse faults. The 

directional element utilises the postfault current and 

prefault voltage. Examples were shown of the relay 

operation for closeup faults and it was seen that the 

relay behaved correctly.

Results for a 400 kV line application showed that the 

adaptive relay, in line with the conventional digital 

distance relay, maintains a fast operating time (less than 

1 / 2  power frequency cycle) for the majority of the faults 

that fall within its characteristics; independent of fault 

inception angle. However, for faults near the boundary, 

the operating time tends to be higher and appears to be 

dependent upon the fault inception angle.

The relay restrained for all fault tests behind the 

measuring point. This is important because the adaptive 

relay sees a positive impedance and hence falls inside the 

relay characteristic. It has also been shown that when 

the relay runs out of the steady-state prefault values no 

adverse relay behaviour occurs.

An alternative method for implementing the scheme has 

been introduced in Chapter 7. The signals and parameters 

involved has been arranged to adjust the relay setting 

such that it can correspond to the apparent impedance at 

the reach point and gives the proper discrimination. This 

approach has the advantage that the reactive reach need
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not be extended into the negative region as reguired by 

the previous scheme but on the other hand it requires two 

algorithms to convert the voltage and current signals into 

measured resistance and reactance. An application study 

for a 400kV system showed, again, that the relay has a 

fast operating time and maintains the correct 

directionality.

8.2 Suggestions for Future Work

Based on the work presented, further work can usefully be 

carried out in the following areas.

1- The simulation tests were carried out for different 

operating conditions on a transposed line. Further 

tests can be performed on an untransposed line to 

evaluate the magnitude of errors that will be involved.

2- The scheme was tested for a 400 kV line. It is known

that high voltage systems are characterised by high X/R 

ratios and for this reason the fault area presents no 

problem with respect to resistive setting. However, on 

lower voltage systems, where the X/R ratio is 

relatively small, the fault area can cover a large 

region and this could affect the loadabilty of the 

line. Investigation of the scheme performance on low

voltage systems, at typically 132 kV, is therefore 

recommended.

3- The optimum performance of the scheme can be achieved 

if the remote faulted leg is identified locally. 

Finding a method to do this is required. Also,
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evaluation of the scheme behaviour as part of a 

composite relaying system using the direct

intertripping or blocking schemes could be undertaken.

4- Investigation of the adaptive scheme behaviour when 

used in a double circuit applications. Since the relay 

reguires the effective source impedance for the 

critical fault position, the mutual coupling between 

the two circuits will be included in the source 

impedance value. It will be instructive to investigate 

the relay behaviour with or without the residual

current from the other circuit.
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APPENDIX 2A

Identification of signals and parameters involved in 

determining the apparent impedance.

For the single phase Teed system of Fig. 2.1, the 

measured impedance for a fault on leg Q, using the local 

voltage and current signals, at the relaying point, P, is 

given by:

7
Vp. X Z p. + 0(qZq ( IE> Ir )

2 A 1
Ip. Ip.

Ir
^mP = Zp. + ^qZq ( ■ ) 2A.2

Ip.

where IR can be written

Ir =: Irs t Irt 2A. 3

Irs is the pre-fault current and voltage at R.

Irt is the superimposed current iand voltage at R•

Irs Irt
ZmP = Zp> + aQZo «oZo ( + -------) 2A.4

ip. Ip.

The superimposed current at end R can be related to that

at end P as:

V*x*T = _ ZRIRrp 2A.5

V*i*t “ Vp»T ~ Z jp X 2A.6

where

VTT =superimposed voltage at the tee point.

From 2A.5 and 2A . 6

Vp<p t Zp IpT
IRT = ------------------  2A.7

ZR

Vr.t can be expressed as

Vrt = -Irt ZRe 2A.8
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Zp IpT V-rip xpT vpT Irt Zrs

ZR

Z p Ip T  _ VpT

2A.9

2A.10
Zr  t  ZRS

From 2A.4 and 2A.10

IrS ZpIpT — VpT
Zm p — Z p> + Q q Zq  + oEq Zq  [ + ] 2A.11

Ip (Zr + ZRS)Ip

Some idea of the behaviour of Eqn. 2A.11 can be 

gained from making the assumption of zero prefault load in 

which case

Ip — IpT

I r s  — 0

then

Zp + Z pS
Zmp = Zp + cxqZq + aQZQ ( ) 2A.12

Zr + ZRS

Similarly the measured impedance at end P for a fault 

on leg R is given generally by Eqn. 2A.13, and for the 

special case of zero prefault load in Eqn. 2A.14

ZpIpT — Vi_
Zm p = Zp + ctRZR + QrZr [ + ] 2A.13

IqS “PJ-PT — v P T

Zm p - Zp + Q r Z r  + Q r Z r  (

Vi
Zp + 0Cq Zq + oEqZqKq

( Z q  + Z q s

. +  Zpg
)

! "t ZqS

form of Eqn

0 * 0

2A.14

2A.15

where

Kq =
I r S ZpIpT V p T

------------  +  ---------------------------------
( Zr  + ZRS ) 1]

2A.16
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Z p> 4* Zp>S
for zero prefault loadKq =

+ Z,

Eqn. 2A.13 can be written in the form of Eqn. 2A.17

VP
ZmI> = — ZP + cx̂ Zr + QrZ rKr 2 A . 17

Is.

Iqs Zp>Ip>T — VPT
K r = --------- + --------------------------------- 2 A. 18

Ip ( Zq + ZQS ) Ip

Z E> + Zps

Kr = ----------  for zero prefault load
Z q  t  Z q S
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APPENDIX 2B

Arrangement of the performance equation for practical 

implementation for faults along line P-T-R.

Considering Eqn. 2.12, where the measurand is of the

form:

ZmPR — ZmR — ocrsZrKr 2B . 1

ZmPR

where

VR
®RsZrKr

Ip

2B.2

Kr =
IqS ZpIpT — VPT

4- 2B.3
Ip ( ZQ + ZQS ) Ip.

we can write

VpT” VF - VRS 2B.4

IpT= Ip — Ips 2B.5

IPS, Vpg are the pre-fault current and voltage at P

IPT, VPT are the superimposed current and voltage at P 

substituting for IPT, VPT in Eqn. 2B.2 gives:

Vp»—ocRaZRI RS—cxRSZR{ [ ZP( Ip_Ips)_ (Vp>—Vp.s ) ] / ( Zq+ZqS) }
ZmPR —

Ip

2 B . 6

OCr s Zr Ips VPS
Vp.(1 + )— aRSZR [ Irs- ]

Zo+Z

Z m P R  —  {

Q ' “QS Zq+Zqs Z q + Z q s

Q r s  Z r  Zp>

}
Zq "̂ Zqs

VR+k xVp-k iVpS+k 2 Ips-^ 3 I] Q r S Z r  Zp

Zq "̂Zqs

2B.7

2B.8

where
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^RS 2r 2r
|k'i |= /k'x = /

Z Q^Zqs Zq + Zqs

1 k 2 1 -

Opts Z r  Z p

/k 2

Zr Zp
- /

Zq "̂”Zq S
/__

ZQ+ Zq S

*
•

u

II

®RS /k 3 = /_ZR
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APPENDIX 2C

Derivation of modified measured impedances for 

single-phase earth faults

The impedance measured at the relaying point P, using 

the normal residually compensating signals, for the a- 

earth fault element on leg Q in Fig. 2.1 would be given by

2mP»
I p r\ K I r e s p

where

K is the residual compensation factor 

IreaP is the residual current at end P 

1 ZLO
K = --- ( ------ 1)

3 ZL 1

but for this fault

2C.1

2C.2

^Pa — ( Ip« KIresp ) ZP 1 +

Oq Zqi ( Ip« t Irs t KIreBP + KIreBR ) 2C.3

the impedance presented to the relay is

Ir « t K I r o e R

Z m P a  = Z p i  + GCq  Z q i  + CXq Z q i  ( ) 2C.4
Ip« t ^^reeP

where the suffix 1 devotes positive-phase-seguence value, 

IreBR is the residual current fed from end R.

The modified measurands that correspond to Eqns. 2.11 

and 2 . 1 2  are thus

2mPQa ^mPa — O q s Z q i K q « Zpi + ® q s Z q i 2C.5

^mPRa ^mPa —  O r s ZR iKRa = Zpi + S r s Z r i 2 C . 6

where

Ir« t KIreeR
Kq„ = -------------  2C.7

Ip« + KIresp
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in the above equation the currents can be expressed 

in terms of prefault and superimposed values i.e.

Ir« = Irso t Irto 2C.8

^reeR ^reeRS t IresRT 2C«9

therefore

+ KI T T G  &  R.S + KI r e s  R.T

Kc

Kf

kf

+ K I ™ P I p , + K X r e s p

llts on leg R

Io = + K Ire e Q

+ K I  r e  &  IP

I q s o t  K I r e s QS I q T b + K Ir e s Q T
4- .

2C.10

2C.11

2C.12
+ KI, + KI,

We will recall the modified measurand ZmE,Q„ given in 

Eqn. 2C.5. Now with reference to Eqn. 2C.10, the 

superimposed currents IRTa and IreeR.T could be related to 

those at end P. This is done using the following analysis

^TTa — V r T o ~ ZR1 ( I r t b K I r e s R T ) 2C. 13

V t t «  “ V p T a — Z P X ( ^PTa t K I re «3 3?T ) 2C.14

Ï VTT» r V r T b  t V PTa are the superimposed voltage on a-

phase at the Tee, R, P points respectively.

By equating Eqns. 2C.13 and 2C.14 then

V R T a  —  VPTa +  ( I p T a  t KIrosPT)ZP1
IlR.T«t KIresRT

but

2C.15
Z  R  1

VRt a. ~  ~ ZRsx ( Irts t KRSIreBRT ) 2C.16

where

Krs is the source residual compensation factor at end R

1 ZRSO

Kr s = ------ ( -----------1 )

3 Z R.s i

2C. 17
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ZRf3i= positive-sequence source impedance at end R 

ZRSO= zero-sequence source impedance at end R 

by substituting 2C.16 into 2C.15 then 

^RTa t KIreeRT —

Z r s i  ( I RTa"^KRS I  xre s R.T ) —  V  ( I p T a ^ K I r e  s Pt ) Z p  x

2C. 18
Z r I

Similarly Eqns. 2C.19 and 2C.20 are the currents 

for the b and c phases 

IRTfc> t KIreBRT=

Z r s I  (  I  R T b " * " K R S  I  r - e s R . T  )  —  V (  I p T b ^ K I r e s P T  )  Z  p  x
2C.19

I r T c  t KIresRT_

Zr s I ( 1 R T c ^K r s  I ree R.T ) “V p T c + ( I p T c ^ K I r e s pT ) Z p i

Z FS.1
2C.20

by adding 2C.18, 2C.19, 2C.20 and putting

1 rt8 t Irto t Irto — Irt3sirt then 

( 1+3K ) ZRlIreaRT — ( 1+3Krs ) ZRgiIreaRT —

V r e s P T  t ( l + 3K ) Z p.!  I r e 8 PT 2C.21

from which

Vreep>T — ( 1 + 3K ) ZP 1 Ire«PT
•resRT 2C.22

( 1 + 3K )ZR1 + ( 1 + 3Krs ) ZR S 1

from Eqn. 2C.18

ZrsI ( I RTa^KRS IreaRT ) — VpTa'*' ( IpTa^KIrosPT ) Zpi

Z R X

K Ir e s R T

2C.23
rearranging

( Z r .i + Z r s 1  ) I  R Ta =

— ( Krs Z F5.S X tKZRx ) 1 re sR T 'V p T a '* ' ( Ip T a ^ K Ir e g p T  ) Z p> x 2C.24

solving for IRT« gives
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1

Zri+Zrs ].

[(KRSZRS:L+ K Z r 1 )IrsBRT^VpTa-(IpTa+KIreaPT)Zpi]

Eqns. 2C.22 and 2C.25 may be arranged to give

2C.25

,+KIare» &  R.T
Z r i + Zr s i

[ (KR S ZR S 1 + K Z R 1 -K Z R 1 - K Z RS1 ) I xrta & R T

V p T a " (I p T a ^ K I re B pT ) Z p i  ]

1

2C.26

,+KI x r& s RT

Z R 1+ ZRS1

[ (KR S -K)Z RS X I re s R T ^ V p T a  ( IP T a ^ ^ I r e s P l ) Z p l  ] 

1

2C.27

,+KI X T G  &  R.T

Zr i ^ Zr s  j_

(K-KR S )ZR S 1 ( ( 1 + 3 K ) Z r 1 Ires E»T- Vre & E»T ;
[

( (1+3K)ZR1 + (1+3KRS)ZRS;L)

V PT a + ( I p T a ^ K I r e s P T ) Z p i ]

From Egns. 2C.10 and 2C.28 

Irr« +KI r e s R H  1

2C.28

Koa =

,+KI, (Zr i +Zr s X )(I p a + K I r e e p )

(K-KR S )ZRS1 ((1+3K)Z P X ^ re a P T  7 r e e p T )

[
((1+3 K ) Z R 1 + ( 1 + 3 K r s )Z r S i )

VpT a + (IpTa+KIreaPT)ZR i ] 2C.29

In Egn. 2C.29 if a 3-phase fault were involved, then 

this should reduce to the form of Egn. 2.10. Where in 

this case

IreePT t Vrespip= 0

7 p T a  — VPT and Ip T a  — Ip T

I  RS a = Irs

I p «  + KlreeP Ip « = Ip
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Similarly, for faults on leg R we can have

,+KIr e s  Q S

kr =
,+ki, P ( Zqi+ Zqs1) (Ipa+KIresp)

(K —K q s )Zq s i  ((1 + 3 K )ZpxIresPT" VreaPT)
[ ----------------------------------- -

((1+3K)ZR1 +(1+3KQS)ZQS1)

VpTa+(IpTa+KIre8PT)ZP1 ] 2C.30

Similar measurands for b and c phases could be formed

ZmPQb = — KQtoaQS ZQ1 2C.31

this should be compared with Z F X  + aQSZQ1 

where

Vpb
Zm„v, = ---------------  2C.32

( Ip b  t  K l r e a p )

and KQfc> is obtained by replacing the a-phase quantities in 

Eqn. 2C.29 by those for the b-phase

iRSb^KIresRS 1
KQfa= ------------  + ----------------------- *

Ipb+KIE>t> « ̂ J-resP (Zr i + ZR S 1 )(I p b + K I r e s p)

( K - K r s ) Z R S i ( ( 1 + 3 K ) Z P l - ^ r e e P T ”  ^ r e e P T )

((1+3K)ZR1 +(1+3KRS)ZRS1)

Vp>Tfc>+  ( I p T b + K I r e a p T  ) Z p i  ] 2 C . 3 3

Similarly

KRh=
l QSb+KI re sQ S

Ipb+KI,

[

(Zq i + Zq s 1 )(IP a + K I r o e p)

(K-Kq s )Zqs1 ((1+3K)Z Pl^reaPT Vj-eeP*r)

((1+ 3 K ) Z R1 + (1+3K q s )ZQS x )

VpTb'*' ( IpTb^RI re oPT ) Zp x ] 2C.34

And for phase c

ZmpQc = — KQcaQS Zqx

is compared with ZPx + aQSZQx 

where

2C. 35

134



2m pc = 2C.36

( Ipc t KIreBP )

and KQo is obtained by replacing a-phase quantities in 

Eqn. 2C.28 by those for the c-phase.

Similar procedure could be adopted for faults along leg R.
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APPENDIX 2D

Derivation of modified measured impedance for Phase- 

phase faults

This case is relatively simple in that the basic 

Eqns. 2.4, 2.7, 2.11, 2.12 apply with the relative

difference voltage and current measurands

Thus for the b-c element we employ the modified measurands.

Zm P Q b c = Zm£»t>c— a QS ZQ i K Qtoc 2D.1

this should be compared with ZP1+ aQS ZQ1 

and

ZmPRbc" ZmE>t>c:— ocR S  ZR1 KRtoc;

is compared with Z F X +  a R S  ZR1 

Where

2D.2

-E»k> -*-£>0
2D. 3

2D.4

KQbc

KRbc

1 R-Sbc Z p i I p T t,c
----------------- +  ----------------------------------------------------
Ipbc ( ZR1 + ZRS 1 ) Ipbc

1Q Sbc ZP 1 IpTbc " 7p<pbc
----------------- +  -------------------------------------------------------
Ipbc ( ZQ1 + Zq Sx ) Ipbc

2D.5

2D. 6

Where
IRSbc= IRSb - IRSc the difference of b and c phase 

steady state current at end R.

Similarly, differencing is applied when other phases are 

employed

Z mPQab — ®QS ZQ1 KQab

is compared with ZPx + aQS ZQx 

and

2D.7
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2 mPRab ArS KR=,J-, 2D. 8

is compared with ZPi t oRS ZR1

For the c-a phases

^mPQca  ̂m3? c Oqs Zq x KQca 2D. 9

is compared with ZPi t Qq S Zqx

and

2 mPRca ZmPca 8rs Zr 1  KRca 2D. 10

is compared with ZPi t  ®r s  ZR 1
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APPENDIX 3A:Line data

The line configuration used in the simulation 

shown in Figure 1. The following power frequency (50 

parameters are then applicable:

Self impedance ZLS= 0.0742 + j 0.730 Q/mile

Mutual impedance ZLM= 0.0454 + jO.259 Q/mile

Self admittance Yls= j5.232•10-6 Q_1/mile

Mutual admittance Yx.m= j2 .5 68 • 1 0 - 7 Q"1/mile

The positive and zero phase sequence impedances 

admittances of the line are:

ZL 1 = 0.0288 + j 0.4708 Q/mile

Zuo= 0.165 + jl.25 Q/mile

Yr,i= jO. 5488 • 10~s Q-1/mile

is

Hz)

and
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APPENDIX 4A

Derivation of the recursive equation of the analogue 

filter

The transfer function of the second order butterworth 

filter is given by:

w2n
G(s) = ------------------  4A.1

s 2 + 2 .d.wn s + w2 n

d is the damping factor

d = 1 /V2

Assuming the time domain function 

di(t)
u(t) = ---------  4A.2

dt

The s domain function of Eqn. 4A.2 is

u(s)=si(s) 4A.3

This can be expressed in discrete form as 

i(n) - i (n-1 )
u(n) = -------------  4A.4

T

where T is the time between two samples 

The transformation of Eqn. 4A.4 into z domain is 

1 -  z _1
u(z) = ---------  i(z) 4A. 5

T

Comparing Eqns. 4A.3 and 4A.5, we have 

1 - z" 1
s = ----------

T

substituting for s in 4A.1 gives

G ( Z )  =  ------------------------------------------------------------------------------------------------------------------------------------------------

( 1 - z~ 2 ) 2 1 - z- 1
-----------  + 2 .d.wn -------- + w2n

T2 T

4A.6

4A.7
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X0 ( z )
4A.8

Xin(z) B0 - Bi Z “ 1 + Z~2

where

A0 = T- 2 wn - 2

B0 = 1 + 2.d.T.w- 2  + T- 2  wn ~ 2 

Bi = 2 + 2 .d.T.wn

in discrete time domain, Eqn. 4A.8, after taking the

inverse z transform, can be written as

Ao Xln(n) - BxX0 (n-l) -X0 (n-2)
Xo(z) = -------------------------------

Bo

A0

4A.9
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APPENDIX 4B

Derivation of the recursive equation of the 

function Ki.

®QS 2Q1

Kx = ----------
Zrx + ZRS 1

in s domain

OCq s  ( R q  X t  S Lq i )

( R r X + S L R x ) + ( R r s  X + S L r s  x

a Q S  ( R q X + S L q x )

( R r  X t  R r SX ) t s ( L r  X + L r s  X )

® Q s  ( Ao +  Ax S )
Ki(s) =

where

( B0 +

Ao = R q x

Ax = L q  X

Bo = R r  x + R r s  x
Bx = L r x + L r s  X

Bx s )

in z domain

Let s
1 - z" 1

T

where T is the time between two samples

Xo(Z) ®QS [ Ao + Ax (l-z-VT )]

Xx„(Z) Bo + Bx (l-Z-VT )

Xo(z) aQS ( T A0 + Ax - Ax Z“ 1 )

xin(z) T B0 + Bx - Bx Z-x

Xo(z) ®QS

H1NHu10u

Xin(Z)

H1NHQI0Q

where

Co — T Ao t Ax 

C x = Ax

filtering

4B. 1

4B.2

4B.3

4B.4
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D0 — T Bo 

Di = Bx

in discrete time domain, Eqn. 4B.4, after taking

inverse z transform, can be written as

aQS [ C0 Xin(n) - C x Xin(n-1) + Dx Xa(:
Xa(n) = ---------------------------------------

Do

the

- 1 ) ] 

4B.5
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APPENDIX 4C

K2 = otQS ZQ1 4C. 1

in s domain

K2 (s ) = aQS ( Rq 1 + s Lq 1 ) 4C.2

in z domain

1 - z_ 1
Let s = ----------

T

X o ( z )
— ®QS [ Rq I t Lqi (1 — Z /T )]

Xin(Z)

X0 (Z)*T
= otQS ( T RQ x t LQ x — LQ x Z )

Xin(z)

XQ(z)* T
------- = aQS ( A0 - Ax z 1 ) 4C.3
Xin(z)

where

Ao T Rqx t Lqx

Ax = L q x

in time domain

®QS [ Ao Xin(n) — Ax Xj_n(n—1) ]
XQ(n) = -------------------------------  4C.4

T

Derivation of the recursive equation of the filtering

function K?.
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APPENDIX 4D

In the foregoing analysis the legs of the Teed circuit are 

assumed homogeneous i.e;

Derivation of the recursive equation of the filtering

function .

Z p 0 ZrO Z q o

Zpi Zr I Z q i

w II OqS Zqi K

K3 — ®qs Zqx ( 1/3 ( Zq o /Zqx —1 )

K3 = 1/3 OfQS Zqx ( Zqo — Zq x / Zqx )

K3 = 1/3 ®QS ( ZQO 1 CS1 0 H

in s domain

K3 (s ) — 1/3 ( Rqo _Rqi ) t s ( Lqo — )

K3 (s) = 1/3 oCqq ( Ao +AX s )

where

4D.1

4D.2

4D.3

Ao “ Rqo — Rqi 

Ai = Lqo — LQx

in z domain

1 - z - 1

Let s = --------- -
T

Xo(z)
------- = 1/3 aQS [ A0 + Ax (1 - z ~ 1 / T  )]
Xin(z)

X0 (z)*T
------- = 1/3 aQS ( T A0 + Ax - Ax z ~ x )
Xi„(Z)

Xo(z)* T
------- = 1/3 aQS ( Co - Cl z ~ x ) 4D.4
Xm(z)

where

Co = T Ao t Ax

Cx = Ax
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in time domain

X0 (n)
1/3 aQS [ Co X±n(n) - C x Xin(n-1)] 

T
4D.5
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APPENDIX 4E

®Q 3  ZQ 1  ZRS 1 (K-KRS)
k 4 = --------------------------------------

(ZRi+ZRgx ) { (1+3K) ZR1 t(1 3Krs) ZRS! ) }

this can be reduced to the form;

1/3 Q£q S ( Zr SX Zq 0 — Zqi Zrso )

Derivation of the recursive equation of the filtering

function K4.

4 E . 1

K4 =
( ZRi + z.

4E.2

) ( ZRO t ZRSO )

in s domain

1/3 ocos ( Rr31^8Lr 31)(Rq O^SLq o )— (Rq i +SLq x )(Rr s0^8LRs o ) 
K4(s ) = -----------------------------------------------------

( Rr i^SLr x+Rr s x"*"SLrs x ) ( ̂ r o *̂®1r o "̂ Rr s o "̂ ®1Rso )

this can be written in the form

K4(s )

where

1/3 aQS (

+0< Ax S + A2 s2 )

Bo + Bx s + b2 s2

A o = R r s  X R q o  - R q X R r s o

A x = R r s  X L q o  t Rqo L r s  X ~ R q X L r s X “ R r s o  L Q x

a2 = L r s  X IjQO — I q x L r s  o

B o = R r s  X R r O t R r s  X R r s o t  R r x R r o t  R r  x R r s o

Bx = ( R r s x  L r O R r o  B r s x + R r s x  L r s o  t  R r s o L r s

R r i L r o t R r o L r x  t  R r x L r s o  t  R r s o

b2 = I r s  X L r o  t L r s  X L r s  o L r x  L r o t  L r x  L r s o

4E. 3

in z domain

XQ(z) 1/3 aQS [ Ao + Ax (l-z-1/T ) + A2 (1-Z"1/T ) 2 ]

Xin (z) Bo + Bx (l-z-VT) + B 2 (l-z-^/T ) 2

XQ(z) 1/3 aQS [T2A0 +TA1 (l-z- 1 ) + A2 (1-z" 1 ) 2 ]

Xin(z) T2 Bo +T Bx (l-z-1) + B2 (1-z-1 )2

XQ(z) 1/3 aQS [T2Aq+TAx+A2 )-(TAx +2 A2 )z- 1 + A2 z"2]

X i n  ( z ) T 2 B q + T B i + B 2 ) -  ( T B x + 2 B 2 ) z - : l +A 2 z _2
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X o ( z ) 1 / 3  Qq s  ( Co Cx z_1 + C2 z 2 )
4E.4

X±n(Z) 

where

( D0 - Di z 1 + D2 z~2 )

Co = T2 A,

Cx = T Ax

C2 = a 2

Do = T2 B,

Dx = T Bx

d 2 = b 2

in time domain

Xo(n) =

l/3aQS{(C0Xi„(n)-C1Xin(n-l)+C2Xin(n-2)} +
DxX0 (n-l)-D2XCJ in-

Do

2 )

4E.5
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APPENDIX 4F

®qs 2P 1 ZQ1 ZRgx(K-Krs )(1+3 K)
Ks = — ----------------------------------- 4F.1

(ZR1+ZRSi){ (l+3K)ZRX+(l+3KRg)ZRSx) }

this could be reduced to the form;

1/3 otQS ( ZRgx Zq 0 ZPO — ZQX Zrso ZP 1 )
Ks = ---------- -----------------------------  4F.2

( ZR1 + ZRgx )( ZRO + z Rs o )

in s domain

Derivation of the recursive equation of the filtering

function .

K5(s ) =

1 / 3aQa [ ( Rrs x+sLrs i) ( Rqo+sLqo ) (Rpo"^sLpo )
(Rqi+sLq1 ) (RRSo+sLrso ) (Rpi+sLpj,) ]

( Rr x+SLr x+Rr s i+SLrs x ) ( Rro + SLRo+RRso + SLrso )

this can be written as

Ks(s)

where

1/3 aQg ( A 0 + A: s + A2 s2 + A3 s 3 ) 

B0 + B x s + B2 s 2
4F.3

Ao Rrsi Rqo Rpo Rrso Rqx Rpo

Ax ( L q 0 R r s x  Rpo — Ijqx R r s o  Rpo "t LRgx R q o  Rpo — 
l*Rg o R q x  Rpo t Lr> o R r s x  R q o  — Lpo R R s o  R q x  )

A 2 — ( Lpo L q o  R r s x  — I q i  LRo R r s o  t LRgx Lp 0 R q o  —
Lrso LRo Rqx t Lrsx Lqq Rpo ~ LRg 0 LQX RPo )

a 3 1RS X L q o LPO — bRSO Lq1 Lpo

Bo = R r S X R r o + R r s x  R r s o  t R r x R r o + R r x  R r s o

Bx = ( R r s X bRO R r o  Lrsx + R R S x LRS O t R r s o L r s  x t
RRX Lro + R R o Lrx + R r x L R s o "*■ R r s o  L r x  )

b 2 = t R s X L R o + I r s x  L R S o "1" L r x L R o + b R x l r s o

in z domain

X0 (z) l/3aQS[A0+Ax(l-z_1 /T)+A2 (1-z-1 /T)2+A3 (1-z-1 /T)3]

Bo + Bx (l-z-1 /T) + B2 (1-z-x/T )2

l/3aQS[(T3A0+T2Ax+TA2+A3)
(T2 A x + 2 T A 2 - 3 A 3 )z-1+(TA2+3A3 )z~2-A3) z- 3  ]

Xln(z) T[T2 Bo +T Bx (l-z-1) + B2 (1-z~ x ) 2 ]

Xln(Z) 

Xo(z)
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Xo(z) 1/3 aQS ( C0 - Ci z ~ x  +  C2 z~ 2 + C3 z- 3  )

Xin(z) ( D0 - Dx z— 1 + D2 z"2 )
4F.4

where

Co = T 3A 0 + T 2A i +T A 2 + A 3 

C i = T 2A X +2 T A 2 - 3 A 3 

C 2 = T A 2 + 3 A 3 

C 3 - a 3

Do = T 3 B 0 + T 2 B x  + T B 2 

D j = T 2 B j. + 2 T  B 2 

D2 = T B 2

in time domain

X0 (n) =

1/3 aQS{(C0Xin(n)-Cx Xj_n(n—1 )+C2 Xj_n(n—2) —
c3 Xin(n-3)}+Dx X0 (n-1)-D2 X0 (n-2)

D0
4F.5
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APPENDIX 4G

Derivation of the recursive equation of the filtering

function Kf;.

k 6
8 q s  ZQ1 ZP 1

Zrx t ZRS 1

in s domain

4G. 1

®qs ( Rqi S Lqi ) ( Rrx t S LPx )
K6(s ) = -----------------------------------

( R r.X "t S L r x  ) t ( R r S X t S Lrs1 )

® Q S [(R q x R p X )t s (Rq i L p x + R p x ^ q X )+ S 2 (L q x L p x )] 
K«(S) = -------------------------------------------

( Rr X t Rr3X ) + S ( L r x  t L r S x )

Oqs ( Ao Ax s + A2 s2 )
K(5 (s) = - 4 G. 2

( Bo + Bx s )

where

Ao — Rqx Rrx

Ax = Rqi Lpx t Rpx

A 2 = Lqx Lrx

Bo = Rrx "t Rrs X

Bx = Lrx "*■ L r s  X

in z domain

1 - z" 1
Let s = ----------

T

X0 (z) _ aQS [ Ao + Ax (l-z~1/T ) + A2 ( 1 - z ~ x / T  )2]

Xin(z) Bo + Bx (l-z-VT )

X0 (z) aQS[T2A0+TAx+A2)-(TA1+2A2 )z_1 +A2 z~2]

X±n(z) T2 B0 + T Bx -T Bx Z" 1

X0 (Z) aQS ( C0 -Cx z~1 +C2 z~ 2 )
------- = ---------------------------  4G.3
X i n (Z ) Do - Dx Z"1

where

C0 = T2 A0 + T Ax + A2
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D 0 = T 2 B 0 +T Bi 

Dx = T Bx

Ci = T  Ax+2 A2

C2 “ A2

in time domain

aQS[C0X:L„(n)-CxXin(n-l)+C2Xin(n-2)+DxX0(n-l)] 
Xo(n) = ------------------------------------------

Do
4G.4
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APPENDIX 4H

Derivation of the recursive equation of the filtering

function K-7.

Oqs Zq 1 ZP 1 K
K7 = ---------------

Zrx + ZRS1

1/3 cxQS( ZQx ZPO — ZQ1 ZP 1 )
K7 = ----------------------------- 4H.1

2ri + ZR S 1

in s domain

1/3aQS[(Rq i+sLq x )(Rpo^sLpo)—(Rqi^sLq i )(Rpi+sLp1 )]
K7 (S) = --------------------------------------------

( R r I t S L r1 ) + ( R r s I "*■ S L r.SX )

1/3 aQS ( Ao + Ax s + A 2 s2 )
K7 ( s ) = -------------------------------- 4H.2

( B0 + Bx B )

where

II0<

Rq X Rpo ~ Rq I  ^ P l

> H II

Rq  1 Lp0 + Rpo Iq X" Rq I Lpx" RpX L q X

a 2 = L q  X Lp0 — Lq1 Lpx

Bo = Rri + RR.S X

Bx = Irx + LRS X

domain

1 - Z -  X

T

Xo(z) l/3aQS[(A0+ Ax (l-z-1/T ) + A2 (1-z-VT )2 ]

Xin(Z) B0 + Bx (1-Z"X/T )

Xo(Z) 1/3 aQS[(T2A0+TAi+A2 )-(TAx+2A2 )Z-X+A2 Z"2 ]

Xin(z) T2 B0 + T Bx -T Bx z- 1

X! 0 N Ô QS ( C0 -Cx z“1 +C2 Z“ 2 )
4 H . 3

Xin(z) D0 - Dx z ~ 1

where

C0 = T2 A0 + T Ax + A2
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D0 = T2 B0 +T Bx 

Dx = T Bx 

in time domain

l/3aQS[ (C0Xiri(n)-Cx Xin(n-1 )+C2Xin(n-2 ) ]+DxX0 (n-l ) 
Xo(n) = ------------------------------------------------- -

Cx = T Ax+2 A2

C2 = A 2
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APPENDIX 41

Derivation of the recursive equation of the filtering

function K.

K = 1/3 ( ZPO — ZP1 /ZP 1 ) 41.1

in s domain

K(s)
1/3 [ ( RPO- R P x ) s ( L P o — L P x ) ]

( Rr»l— S Lpx )

K(s)

where

1/3 ( A 0 - s Ax )
= ------— ---------- 41.2

( B0 — s Bx )

A o  R P o  — R p i  

Ax = Ipo ~ Lj»x 
B o = Rp x 
B x = LP x

in z domain

1 - z" 1
Let s = ----------

T

Xo(Z) 1/3 [ Ao + Ax (l-z-1/T )]

Xin(Z) B0 + Bx (1-z-X/T )

Xo(Z) 1/3 [T Ao + Ax (l-z- 1 )]

Xi»(Z) T B0 + Bx (l-z- 1 )

Xo(Z) 1/3 [ T Ao + Ax - Ax z-1)]

Xin(Z) T B0 + Bx -Bx Z" 1

Xo(Z)

Xin(Z)

where

1/3 ( Co - Cx Z“1)
= ------ ---------------  41.3

Do — Di z

Co — T Ao t Ax 
C x = Ax
Do T Bo Bx 
Dx = Bx

in time domain

XQ (n) =
1/3 [ Co Xin(n ) - Cx Xin(n-l)] + Dx X0 (n-1)

Do
41.4
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APPENDIX 4J

Separation of the real and imaginary parts of 

constant .

Ô QS Zqx ZP 1
k 6 = ------------

Zri + ZR S 1

the above equation can be written as

QCqS ( Rq I + jXQx ) ( t jXpx )
K 6 = -----------— --- -------------------------------

( Rr I ■*" jX R1 ) t  ( Rr s i  + jX R s x )

8 q s [ (Rq i R jpX — X Q 1 Xpx )+j (Rq i X p x + R p x X q x  ) ]

( Br i t  Rr 31 ) t  j ( XRx t  XR s x )

otQg ( Ao + jAx )

( Bo + jBx )

where

> 0 ll Rq XR e* x — XQ1XPx
TV 1 “ Rq XXpi '•'Rp X X,J X
Bo = B r i + Rrs 1
Bx = X r X 4* XRS x

oCq s  ( Ao Bo Ax Bx "t- j (Ax Bo -Ao Bx )
Ke = -------- -----------------------------

( Bo2 + Bx2 )

Qqs ( Aq Bo t Ax Bx )
Real ( K6) = — ---------------------

( B0 2 + Bx2 )

OiQs ( Ax B0 — A0 Bx )
lmg( Ks ) = -------------------------

( Bo2 + Bx2 )

the

4 J. 1

4J.2

4J.3 

4 J. 4 

4 J. 5
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ADAPTIVE DISTANCE RELAYING SCHEME FOR THE PROTECTION OF TEED CIRCUITS
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ABSTRACT
This paper investigates the possibility of using 

adaptive distance relaying techniques for the 
protection of transmission lines of the Teed type. The 
relay can adapt its setting according to the system 
operating conditions by means of an interface between 
the digital relay and a control centre where 
information about system operating conditions is
provided.

The-new method incorporates the source impedance and 
the load current from the remote ends into the local 
relay which in turn makes it possible to maintain the 
relay zone-1 reach for one remote end. A sample system 
which is used to study the behaviour of the new scheme 
is included.

INTRODUCTION
The problems of protecting three terminal lines are 
well known [1,2]. These stem from the current 
contribution from the remote leg, and the difference in 
relay response when the contribution is, or is not 
present. The current contribution can be either into 
the protected line section (in-feed) or out of the 
protected section (out-feed), depending on system 
parameters involved. Distance relays when applied to 
transmission lines of the Teed type can measure 
correctly up to the Tee point, but from on there, their 
reach is affected by the magnitude and direction of the 
current from the far end. Since the zone-1 must never 
overreach the remote shortest leg, under all system 
operating conditions, the relay is set without in-feed 
(3), i.e., assuming a two terminal configuration.
Thus, with in-feed, the relay reach is reduced.
In this paper the requirements of an adaptive distance 

relaying scheme, where the zone-1 reach can be
restored, is outlined. The scheme relies on
transmitting and updating periodically the system 
operating conditions at the remote ends by means of 
slow speed non-continuous communication links. The in- 
feed current can be determined from remote source and 
line impedances together with the remote load current. 
These impedances are used in the relay to modify the 
measured impedance. The performance equation is
derived and the correctness of its response is checked. 
In addition, a suggestion for its application in a 
digital computer based distance relay is included.

SINGLE PHASE CIRCUIT
The underlying principle of the new technique is best 

illustrated by reference to Fig. 1, which represents a 
single phase Teed circuit subject to a solid fault at 
leg Q. The measured impedance, using the local current 
and voltage signals, for a relay at end P, is given by:

Vjp IpZp + GqZq (ip + Ip)
zmp =-- = ------------  1

Ip Ip
This can be written (see Appendix A) as:

Ins ZpIpT - VpT
Zmp — Zp + QqZq + QqZq( + ] 2

Ip (Zp +Z„8)Ip
where

Zp = total impedance of leg ?-T
ZQ = total impedance of leg Q-T
Z„ = total impedance of leg R-T
a0ZQ = proportional impedance to fault for T-F 
Ip is the contribution of fault current from end R 
Ip8 is the load current at end R 

Ipr, V p t  are the superimposed current and voltage at R. 
Ip-r, VPT are the superimposed current and voltage at P. 
The remote source impedance, ZRS, is determined from

Zps — - 3
W

Assuming zero prefault loading
Ip - IpT
Ins = 0

Zp + z
Zmp — Zp + £2qZq + QqZq (-----g 4

. . Zn + Zps
Similarly the measured impedance at end P for a fault 
on leg R is given generally by equation 5, and for tne 
special case of zero prefault load in equation 6

IqS Z p I px — VpT
Zmp = Zp + dpZp + dpZp[----  + ----------- ] 5

Ip (ZQ + ZQS) Ip 
Zp "t Zps

Zmp — Zp + OtpZp + aRZp( —) 6
Zq  t ZQS

Similar measurands could be obtained for the relays at 
the other ends.
The basic principle employed would involve transmitting 
the values Ip8 , Iq s , Zpg, Zq S to end P.
Zps, ZQS are the effective source impedances looking 
into the busbar remote from the point of measurement 
for the critical fault position i.e., at zone-1 reach. 
In other words, for a fault at zone-1 reach on leg R, 
ZQS should be determined and for faults at zone-1 reach 
on leg Q, ZRS should be determined. It should be noted 
that the effective source impedance of the system 
considered in Fig. 1 is constant for all fault 
locations, but if there are ties between the three 
generating stations, other than the Teed circuit , the 
effective source impedance varies with fault position. 
These impedances could be obtained, as suggested by 
Rockefeller et al [4] i.e. by using a central computer 
system to update an impedance model each time the 
system changes. These could be updated periodically so 
as to correspond to the system configuration.
Similarly IRS , IQS are steady-state prefault values; 

their values change only slowly and periodically. 
Updating via a slow speed channel is what is required.
In essence, the relay would adapt its setting so as to 

be set optimally irrespective of any prospective fault 
condition. The advantages of this adaptive approach 
are:

1- A slow speed non-continuous single value 
communication channel is all that is required. This 
contrasts sharply with the requirements for 
differential schemes where integrity is determined 
largely by the security and dependability of the 
channel irself.

2- Speed of tripping can be retained without having 
to employ wideband (expensive) signalling equipment.
The scheme would thus retain the desirable features of 
non-unit measurement (distance protection) principles 
and, in the event of no periodic update, the setting 
could revert to values producing a performance that is 
no worse than that of conventional distance protection 
commonly applied to teed feeders.

INFEED COMPENSATION CONSIDERATION 
Considering Eqn. 2 which is the measured impedance 
end P ,for a fault on leg Q, written in the form 
E q n . 7

Vp
Zmp — — ZP + CqZq + aQZQKQ

Ip
where

I PH Zplp— - VPT
Ko =

at
of

7

8
I ( Zp+Zps ) I



If the measured impedance Z„lP is as in a conventional 
distance relay, compared with a fixed zone-1 boundary, 
for example on the basis of 0.8(Z,. + Z0 ) i.e.,
corresponding to a Q = aQ.,=0.8-0.2 { Z r / Z 0 ) that extends 
into leg Q then the relay will in general underreach by 
virtue of the measured impedance being greater than the 
actual impedance to the fault ( ZP + a.2Z0 ) by the an 
amount auZQ:<Q .
By using an alternative measurand to Sqns. 2 and 5 

written in the form of Eqn. 9 and 10, it is possible to 
compensate for the infeed from the remote ends R and Q. 
In this way the modified measurand corresponds exactly 
to the actual line impedance at the critical fault 
position.

* Zr»p — * Zp + Q q b Zq 9
Ippn " Zmp — dRSZRKR “ Zp + S r s Zr 10

The scheme in effect comprises two distance relays 
each set for one remote leg. The two relays will 
measure simultaneously and the following questions then 
arise.
a) In what way would the measurand ZmPO behave for a 
fault on leg R, and vice versa, how would ZmPR behave 
for a fault on leg Q.?
b) In what way would they behave for a fault on leg P.? 

Considering the system of Fig.l, and assigning the
following scalar values for the source and line
impedances; ZP=ZR-1.0 pu, Z9*1.5 pu, ZpR*ZR8=0.1 pu and 
Zo«»0.15 pu. This system is used to illustrate the 
variation of the apparent impedance with fault position 
for a conventional relay together with the measurnads 
of the new scheme. For tripping logic it is decided to 
adopt the criteria that, in case of a fault both relays 
should operate. It can be clearly seen from Fig. 2a 
that the zone-1 reach is restored on one remote end 
which in this case is the short one (leg R). Fig. 2b 
shows the measurands for faults along line P-'i'-Q, in 
this case zone-1 is not restored but an improvement in 
coverage over conventional schemes is achieved.

PRACTICAL IMPLEMENTATION
Considering Eqn. 9, where the measurand is of the form:

ZmPQ ** Z„,p - GqsZqKq
Vp

ZmPQ — — CqsZqKq 11
Ip

This can be arranged to the form) see Appendix B): 
Vp+KjVp- Kl Vps+ K2Ipg- K 3IR3 Qqs Zq Zp 

ZmpQ = — 12
Ip ZR+ZRS

The following comments can be made on the above 
factors.
a) The angle of K 3 is in general negative but is small 
and tends to zero, because /ZQ tends to /ZR+ZR8.
b) The component !k 2 |/K2Ips can be derived by 
passing Ip through a delay circuit adjusted to a value 
nT - /X2/w0 where nT is an integer number of multiples 
of the nominal power frequency period T; /X2 is 
positive and hence the negative sign places IP in the 
correct position. A value of n=5 would ensure that, 
following a fault, the steady state component of IP is 
maintained long enough until the tripping is initiated.
c) The component |X1|/K1VpS is similarly derived by 
delaying VP by an amount nT - /KL/H0 .
d) The component |X3 |/X3IR8 would need to be derived 
from a circuit generating a sine wave of magnitude 
X 3 |lR S | and adjusted to be in phase with /IR8. This 
could be done by periodically transmitting a signal 
from end R to identify say the negative to positive 
zero crossing of IRB together with a signal describing 
its peak value or magnitude. This could be achieved by 
means of a suitable array within a digital processor, 
which provides updating of the magnitude and phase of 
the generated sine wave in accordance with variations 
in IRS and / l na observed at the remote end. Since /X3 
is positive it would be necessary to delay the output 
of the sine wave generator as described above by an 
amount nT - /K3/W0 .
e) If a voltage signal comprising the 4 components 
derived as indicated in (a) through (d) above is fed to 
an impedance measurement processor together with the 
locally derived signal IP then each value of the 
sampled impedance thereby derived can be used in 
conjunction with the real and imaginary components of 
the constant values aQ8 Z0 Z,./ Z,,+ZR.S as indicated in 
Fig. 3
Similar arrangement can be made for the impedance Z,„,.„ 
by using the related parameters (Appendix C).

SAMPLE SYSTEM
A 400 kv three-phase system shown in Fig. 4a is used 

to illustrate the behaviour of the reasurands, Z,„RQ and 
Zmpn, for different fault locations. The system is 
assumed to be symmetrical and a three-phase fault is 
considered. The measurands in this case are applicable 
to each phase. The source capacity at the three ends 
is taken to be 35 GVA, the line length and the 
impedance per mile are as depicted.

Fig. 4b shows on an R-X diagram the behaviour of the 
measurands for a fault along line P-T-R; the line 
loading conditions are as indicated in the graph and it 
can be clearly seen that Z„PR gives the exact line 
impedance at the reach point only. For internal 
faults, the measurand can fall on the left or right of 
the line locus this depends on the direction of flow of 
load current. Notice that, in case of an internal 
fault, if the impedance falls within the relay
characteristic it is immaterial if it corresponds to 
the exact line impedance or not. In the case of a 
close-up fault the adaptive measurands measure a 
negative impedance its value being determined by the 
relative strength of the sources, the reach beyond the 
tee point and the direction of power flow prior to a 
fault. The quadrilateral characteristics used in
digital relays applied for plain feeders are basically 
suitable for the adaptive scheme with the exception 
that, their reach should be extended into the negative 
region to cover close-up faults. The ZmPQ measurand, 
can operate for external faults on leg R but this will 
not produce false tripping as both relays are required 
to operate.
For faults on line P-T-Q, the ZmPQ measurand gives the 
proper discrimination between internal and external 
faults but the reach is governed by the Z ^ r measurand 
as shown in Figure 4c.

CONCLUSIONS
In this paper a novel concept, which could extend the 
potential of digital relays, has been introduced. This 
suggests coordination between a digital computer based 
distance relay and a central computer system, where 
information about the system operating conditions can 
be obtained. The primary investigation showed that the 
proposed adaptive scheme gives improved coverage over 
conventional distance relays and this leads to a 
solution which is close to ideal.
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APPENDIX A
Identification of signals and parameters involved in 
determining the apparent impedance.
For the single phase Teed system of Fig. 1, the
measured impedance, using the local voltage and current 
signals, at the relaying.point, P, is given by:

VP IPZP + Cq Z Q ( 1P t IR J
ZmP = ---  = - - - - - - - - - - - - - - - — ----  A-l

IP IP

Zmp ~ Zp + q q Zq + aQzQ ( ) A-2
iP

where IR can be writen
IR = IR3 + Ip- A-3

I„s i r».T
Z„,p = Zp + Gq Zq + Gq Oq ( ----  ) A-4

Ip I p
The suoerimposed current at end R can be related
to that at end P as:

VTT = VRT - ZrtIpT A-5
VXT = VpT - Zplp-r A-6

where
VTT =superi.T:posed voltage at the tee point.

Frcin A-5 and A-6



If the measured impedance ZM . is as in a conventional 
distance relay, compared with a fixed zone-I boundary, 
for example on the basis of 0.8(2,. + Za ) i.e., 
corresponding to aQ = aQS=0.8-0.2 (Zp/ZQ ) that extends 
into leg Q then the relay will in general underre.ach by 
virtue of the measured impedance being greater than the 
actual impedance to the fault ( ZP + a0Z0 ) by the an 
amount cioZ^X*,.
By using an alternative measurand to Eqns. 2 and 5 

written in the form of Eqn. 9 and 10, it is possible to 
compensate for the infeed from the remote ends R and Q. 
In this way the modified measurand corresponds exactly 
to the actual line impedance at the critical fault 
position.

2mJ»0 =  — O q 3 Z q K q  — Z p  +  CCq s Z q  9
Z m P R  ~  Z mp  — C r s Z r K r  3  Z p  +  CC r 3 Z r  10

The scheme in effect comprises two distance relays 
each set for one remote leg. The two relays will 
measure simultaneously and the following questions then 
arise.
a) In what way would the measurand Z„pQ behave for a 
fault on leg R, and vice versa, how would ZmpR behave 
for a fault on leg Q.?
b) In what way would they behave for a fault on leg P.? 

Considering the system of Fig.l, and assigning the
following scalar values for the source and line 
impedances; Zp=ZR=1.0 pu, Z9=1.5 pu, ZpR=ZRS=0.1 pu and 
Zq s ^O.IS pu. This system is used to illustrate the 
variation of the apparent impedance with fault position 
for a conventional relay together with the measurnads 
of the new scheme. For tripping logic it is decided to 
adopt the criteria that, in case of a fault both relays 
should operate. It can be clearly seen from Fig. 2a 
that the zone-1 reach is restored on one remote end 
which in this case is the short one (leg R) . Fig. 2b 
shows the measurands for faults along line P-T-Q, in 
this case zone-1 is not restored but an improvement in 
coverage over conventional schemes is achieved.

PRACTICAL IMPLEMENTATION
Considering Eqn. 9, where the measurand is of the form: 

2mS»Q — Zmp — QqSZqKq 
Vp

2mRQ — ~ C q SZq Kq  11
Ip

This can be arranged to the form( see Appendix B): 
Vp+XiVp- K3 VPS+ K2IpS“ K3lRS cCqs Zq Zp

ZmPQ ~ ~ 12
Ip ZR+ZRS

The following comments can be made on the above 
factors.
a) The ancle of K 3 is in general negative but is small 
and tends to zero, because /ZQ tends to / Z H+ ZR S .
b) The component ¡K2 |/K2IpS can be derived by 
passing IP through a delay circuit adjusted to a value 
nT - /X2/W0 where nT is an integer number of multiples 
of the nominal power frequency period T; /K2 is 
positive and hence the negative sign places Ip in the 
correct position. A value of n=5 would ensure that, 
following a fault, the steady state component of lp is 
maintained long enough until the tripping is initiated.
c) The component ¡Xi|/KiVpS is similarly derived by 
delaying Vp by an amount nT - /K,./W0 .
d) The component |K3 |/K3Ir s would need to be derived 
from a circuit generating a sine wave of magnitude 
X 3 1IR S | and adjusted to be in phase with /I„s . This 
could be done by periodically transmitting a signal 
from end R to identify say the negative to positive 
zero crossing of IRS together with a signal describing 
its peak value or magnitude. This could be achieved by 
means of a suitable array within a digital processor, 
which provides updating of the magnitude and phase of 
the generated sine wave in accordance with variations 
in IRS and / I Ka observed at the remote end. Since /K3 
is positive it would be necessary to delay the output 
of the sine wave generator as described above by an 
amount nT - /K3/W0 .
e) If a voltage signal comprising the 4 components 
derived as indicated in (a) through (d) above is fed to 
an impedance measurement processor together with the 
locally derived signal Ip then each value of the 
sampled impedance thereby derived can be used in 
conjunction with the real and imaginary components of 
the constant values aQ5> ZQ Z ¡ . / ZR+ZRS as indicated in 
Fig. 3
Similar arrangement can be made for tr.e impedance Zmf,„ 
by using the related parameters (Appendix C).

SAMPLE SYSTEM
A 400 kV three-phase system shown in Fig. 4a is used 

to illustrate the behaviour of the measurands, Z,„pQ and 
ZmpR , for different fault locations. The system is 
assumed to be symmetrical and a three-phase fault is 
considered. The measurands in this case are applicable 
to each phase. The source capacity at the three ends 
is taken to be 35 GVA, the line length and the 
impedance per mile are as depicted.

Fig. 4b shows on an R-X diagram the behaviour of the 
measurands for a fault along line P-T-R; the line 
loading conditions are as indicated on the graph and it 
can be clearly seen that Z„PR gives the exact line 
impedance at the reach point only. For internal 
faults, the measurand can fall on the left or right of 
the line locus this depends on the direction of flow of 
load current. Notice that, in case of an internal 
fault, if the impedance falls within the relay
characteristic it is immaterial if it corresponds to 
the exact line impedance or not. In the case of a 
close-up fault the adaptive measurands measure a 
negative impedance its value being determined by the 
relative strength of the sources, the reach beyond the 
tee point and the direction of power flow prior to a 
fault. The quadrilateral characteristics used in
digital relays applied for plain feeders are basically 
suitable for the adaptive scheme with the exception 
that, their reach should be extended into the negative 
region to cover close-up faults. The ZmpQ measurand, 
can operate for external faults on leg R but this will 
not produce false tripping as both relays are required 
to operate.
For faults on line P-T-Q, the Z„pQ measurand gives the 
proper discrimination between internal and external 
faults but the reach is governed by the Z„pR measurand 
as shown in Figure 4c.

CONCLUSIONS
In this paper a novel concept, which could extend the 
potential of digital relays, has been introduced. This 
suggests coordination between a digital computer based 
distance relay and a central computer system, where 
information about the system operating conditions can 
be obtained. The primary investigation showed that the 
proposed adaptive scheme gives improved coverage over 
conventional distance relays and this leads to a 
solution which i3 close to ideal.
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APPENDIX A
Identification of signals and parameters involved m  
determining the apparent impedance.
For the single phase Teed system of Fig. 1, the 
measured impedance, using the local voltage and current 
signals, at the relaying.point, P, is given by:

Vp IpZp + Gq Zq ( ip "*■ Ir )
A-lZmP

Ip Ip
TR

Zrop = Zp t Qq Zq t 0(q Zq ( )
Ip

Where IR can be writen

A-2

IR = Irs + Ir- A-3

IrS r»T
A-4Z3,p = Zp + aQZQ + aQZQ ( -----)

Ip ip
The superimposed current at end R can 
to that at end P as:

be related

V Tf = VRT - ZRIrT A-5
V XT = VpT - ZpIpT A-6

where
VXT “superimposed voltage at the 

From A-5 and A-6
tee point.
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ABSTRACT
This paper investigates the possibility of using 

adaptive distance relaying techniques for the 
protection of transmission lines of the Teed type. The 
relay can adapt its setting according to the system 
operating conditions by means of an interface between 
the digital relay and a control centre where 
information about system operating conditions is 
provided.

The new method incorporates the source impedance and 
the load current from the remote ends into the local 
relay which in turn makes it possible to maintain the 
relay zone-1 reach for one remote end. A sample system 
which is used to study the behaviour of the new scheme 
is included.

Z*s * - 3
I,T

Assuming zero prefault loading
Ip 3 Ipx

Zp + Zp8Zmp — Zp + UqZq + QqZq(----- ) 4
, . ZR + ZRS

Similarly the measured impedance at end P for a fault 
on leg R is given generally by equation 5, and for tne 
special case of zero prefault load in equation 6

IQ8 Zplpx - V,TZmp * Zp + oRZR + 0RZR[--  +------ ] 5
Ip (ZQ + ZQB) Ip Zp + Zps

INTRODUCTION
The problems of protecting three terminal lines are 
well known [1,2]. These stem from the current 
contribution from the remote leg, and the difference in 
relay response when the contribution is, or is not 
present. The current contribution can be either into 
the protected line section (in-feed) or out of the 
protected section (out-feed), depending on system 
parameters involved. Distance relays when applied to 
transmission lines of the Teed type can measure 
correctly up to the Tee point, but from on there, their 
reach is affected by the magnitude and direction of the 
current from the far end. Since the zone-1 must never 
overreach the remote shortest leg, under all system 
operating conditions, the relay is set without in-feed 
[3], i.e., assuming a two terminal configuration.
Thus, with in-feed, the relay reach is reduced.
In this paper the requirements of an adaptive distance 

relaying scheme, where the zone-1 reach can be
restored, is outlined. The scheme relies on
transmitting and updating periodically the system 
operating conditions at the remote ends by means of 
slow speed non-continuous communication links. Tlte in- 
feed current can be determined from remote source and 
line impedances together with the remote load current. 
These impedances are used in the relay to modify the 
measured impedance. The performance equation is
derived and the correctness of its response is checked. 
In addition, a suggestion for its application in a 
digital computer based distance relay is included.

SINGLE PHASE CIRCUIT
The underlying principle of the new technique 13 best 

illustrated by reference to Fig. 1, which represents a 
single phase Teed circuit subject to a solid fault at 
leg Q. The measured impedance, using the local current 
and voltage signals, for a relay at end P, is given by:

V„ IpZp + QqZq (xp + IR)
Zm, - --- = -------------- -- - 1

Ip Ip
This can be written (see Appendix A) as:

IrS ZpIpT — VpT
P + QqZq + UqZ q[ " + ] 2Zmp

vher a

Zp
Zq :
Zr '
aaZ,
I„
1rs

TJ- r<T i V„T
1er, V pt
The remo

(Z„ tZRR)Ip

= total impedance of leg P-T 
= total impedance of leg Q-T 
= total impedance of leg R-T 
Q -  proportional impedance to fault for 
is the contribution of fault current frc 
is the load current at end R

te source impedance, Z„u, is determined

Zmp n Zp + oRZR + aRZR ( -) 6
Zq + ZQS

Similar measurands could be obtained for the relays at 
the other ends.
The basic principle employed would involve transmitting 
the values IRR, Iq s , ZRa, Zq s to end P.
ZRR, ZQS are the effective source impedances looking 
into the busbar remote from the point of measurement 
for the critical fault position i.e., at zone-1 reach. 
In other words, for a fault at zone-1 reach on leg R, 
Zqs should be determined and for faults at zone-1 reach 
on leg Q, ZRS should be determined. It should be noted 
that the effective source impedance of the system 
considered in Fig. 1 is constant for all fault 
locations, but if there are ties between the three 
generating stations, other than the Teed circuit , the 
effective source impedance varies with fault position. 
These impedances could be obtained, as suggested by 
Rockefeller et al [4] i.e. by using a central computer 
system to update an impedance model each time the 
system changes. These could be updated periodically so 
as to correspond to the system configuration.
Similarly IRS, Ios are steady-state prefault values; 

their values change only slowly and periodically. 
Updating via a slow speed channel is what is required.
In essence, the relay would adapt its setting so as to 

be set optimally irrespective of any prospective fault 
condition. The advantages of this adaptive approach 
are:

1- A slow speed non-continuous single value 
communication channel is all that is required. This 
contrasts sharply with the requirements for 
differential schemes where integrity is determined 
largely by the security and dependability of the 
channel itself.

2- Speed of tripping can be retained without having 
to employ wideband (expensive) signalling equipment.
The scheme would thus retain the desirable features of 
non-unit measurement (distance protection) principles 
and, in the event of no periodic update, the setting 
could revert to values producing a performance that is 
no worse than that of conventional distance protection 
commonly applied to teed feeders.

INFEED COMPENSATION CONSIDERATION
Considering Eqn. 2 which is the measured impedance at 
end P ,for a fault on leg Q, written in the form of 
Eqn. 7

VR
0^0 +

V P
•F Z,nP = ---- = Zp + cQZQ
end R ip

where
at R. 1rs Z p I p— - V,
at P. K0 = — —  + ---------
'om Ip ( Zr + Z„s



I„
V„x - V „  + Z,. It

VRX can be expressed as 
Vrt 3 -Irt Z„

Z p - pt
V »

I nr
VpX “ IrT Zrr

Ir
ZpIpt - Vp

Zr + zRS
From A-4 and A-10

1rs ZpIpX " Vp 
zm- 3 Z» + aQZQ + aQZa ( ----- + ----------

A-7

A-8 
A-9

A-10 

■ ] A-11
Ip ( Z R + Z R| ) I R

Some idea of the behaviour of Eqn. A— 11 can be gained 
from making the assumption of zero prefault load in 
which case

Ip = IpT 
Irs - 0

then
ZP + Zps

Zn? 3 Zp + CqZq + OqZq ( ) A-12
Z r  +  Z r r

Similarly the measured impedance at end P for a fault 
on leg R is given generally by Eqn. A-13, and for the 
special case of zero prefault load in Eqn. A-14

I q s  ZpIpT — VpX
Zpp 3 Zp + OrZr + (XrZr [ + 1 A-13

Ip (Zo + ZQS)Ip
Zp + z.

Zpip 3 Zp + OrZr + OrZr ( ) A-14
ZQ + Zq

Eon. A- 11 can be written in the form of Eqn. A-15
Vp

Zjrp — 3 Zp + Oq Zq + Oq ZqKq A—15
Ip

where
Irs Zplpx — VpX

Kq  3 - - - -  + -----------  A-16
Ip ( Z r  +  Z r S  ) Ip
Z p + Zps

XQ = --------  for zero prefault load
Z r  +  Z r 3

Eqn. A-13 can be written in the form of Eqn. A-17 
Vp

Zm? 3 3 Zp + Ur Zr + CCrZrKr A-17

K r 3

ip

Iqs Zplpx - VPX

I p  ( Z q  + Z q s  ) Ip 

Zp + Z ps
for zero prefault load

A-18

Vp+ X ,Vp- K ,Vps+ KjIpr- K,l„„ Oqr ZQ Zp 
z„pq =----------------------- a-8
where

! v ’ —
QQS Zq

I l !
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^QS Zq
! Kp 1 =

/X, 3 /

/X, 3 /
Z r + Z r s

I X 3 ! '  l a O S  Z q  I

Zr+Zrr

Z q

Z r  +  Z r r

Zq Z p 

Zr + Zrr

/X3 3 /_Zq

APPENDIX C
Arrangement of the performance equation for practical 
implementation for faults along line P-T-R.
Considering Eqn. 10, where the measurand is of the 
form:

Z mPR Zmp - OrrZrXr C-1
Vp

ZmPR 3 — CrsZrXr C—2
Ip

where
Iqs Zplpx - Vpx 

------ + ---------------------Kr C-3
Ip (Zq + Zq .)Ip

Vp-ÛRsZ rIRS-OrsZr{ (Zp(Ip-Ip»)-(Vp-Vp.) ]/ (Zq+Zqs) )

Ip
O r s  Z r

V p ( l  +  ------------------- ) -  Q r s Z r  [ I „
Zq+Zqs

C-4
I p s  Z p  V p s

-----  4------ ]
Z q + Z q s  Z q + Z q s

Q rs Zr Zp

) C - 5

Z q + Z q s

Vp+X iVp-X iVps+X 2Ips-K 31rs drs ZR Zp 
ZmPR 3 ------------------------------ - ----------  C-6

where 

IK ' i !3

I K ' 3 | 3

Ip

Qrs 2r
Zq +Zq s

Zr

Zq +Zqs I 

®RS ZR Zp

Zq + Zq

Z q + Z q s

I 7< ‘ 3 I =  | d R S  Z r  I
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Zr Zp 
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/k * 3 3 / Zr

APPENDIX B
Arrangement of the performance equation for practical 
implementation for faults along line P-T-0.
Considering Eqn. 9, where the measurand is of the form:

ZmPQ 3 Zmp — OqsZqXq
Vp

- Cq s Zq Xo

B-l

B-2
Zps

Zp

Ir —

F Zq

/  T T Zq s

B-3

B-4
B-5

where
Irs ZpIpT — Vpx 

Xq 3 ---  + - - - - - - - - - - -
Ip { Z R + Z R S  ) I p

we can write
Vpx — Vp - VPS
IpT3 Ip - Ips

Ips/ Vp3 are the pre-fault current and voltage at P. 

Ip t , VpT are the superimposed current and voltage at P.
V p-Uq s Zq Ir r -Uq s Zq{ [Zp(lp-Ips) -(Vp-Vps ) ]/(Zr-Zr s ) } 

Z,„PQ 3 --------------------------------------------------------------

Ip
B-6

bQsZ.j Ips Zp Vps
Vp(1 4 )- Oq o Zq (Ir r -

Zr + Zr.| Zr + Zr Z r + Z r s

~ \J j Z rs

Fig. 1 Typical three terminal line with current 
contribution for a fault on leg Q.
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VRT “ V PT + Zp Ip
Ir t -

Zr
A-7 Zmi>Q

VRT can oe expressed as where
V rp = •Irt Zr « A-8

Ir t =
ZP —PT ~ ^ p t ” Ir t  Zrb

A-9
|K

Zr
ZpIpT - VpT

Ir t = A - 10 Ik
Zr + ZRS

From A-4 and A-10
IrS Zplpx — VpT

Z mp = Zp + OqZq + Qq Zq [ + ] A—11
Ip (ZR + ZRS)Ip

Some idea of the behaviour of Eqn. A-ll can be gained 
from making the assumption of zero prefault load in 
which case

Ip = IPT 
I r s  =  0

then
Zp + ZpS

Z mP s Zp + Qq Zq  + Q q Zq  ( ) A — 12
Z R + Z RS

Similarly the measured impedance at end P for a fault 
on leg R is given generally by Eqn. A-13, and for the 
special case of zero prefault load in Eqn. A-14

I q S  Z pIPT — VpT
Zm s» “ Zp + C r Zr + c RZR [ + ] A-13

I p  ( Z q  +  Z Q S ) I p

Z p  +  Z p s

Z rnP = Zp + CtRZR + aRZR ( ) A - 1 4

Zq + ZqS
Ean. A-ll can be written in the form of Eqn. A-15

v p
Zmp = = Zp + O q Zq  + CTq Zq Kq  A —15

Ip
where

1rs Zplpx - VpX

Kq  = A - 16
I p  ( Z R + Z R S ) I P 

Z p  +  Z p S

:<Q = --------  for zero prefault load
Zr t Zrs

Eqn. A-13 can be written in the form of Eqn. A - 17
Vp

ZlTV? 1 - = z.

Kr =
Iqs Zpl,

T
Ip ( Zq
Zp + Zps

Kr =

P ' WR«R r R̂̂  RixR

Zq + Zc
for zero prefault load

APPENDIX B
Arrangement of the performance equation for practical 
implementation for faults along line P-T-Q.
Considering Eqn. 9, where the measurand is c 

Zmpo = Zmp - G o s Zq Xo

where

U-QH Z q Xq

R S  Z p I P T  “  V P T

:<q  = B-3

can write 
V.-» Vp - Vp

( Z R  t Z R g  ) Ip

3-4
Ip—= Ip - IpS B-5

IPS, Vps are the pre-fault current and voltage at P.

IP T , Vp- are the superimposed current and voltage at P.
V p - U q r Z q I r s - U q s Z q ! [ 2 p ( I p - I p s ) " ( V p - V p a ) ] / ( Z R * Z R g )} 

ZmPQ - -
Ip

B - 6

Uq s Zq * P S  Zp. Vps
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Z mPQ {
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U q S Z q  Zp
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APPENDIX C
Arrangement of the performance equation for practical 
implementation for faults along line P-T-R.
Considering Eqn. 10, where the measurand is of the 
form:

ZmPR — Zmp — O r s Zr Kr C-l
Vp

ZmPR — - Ur sZrKr C-2
Ip

where
Iqs Zplpx — VpT

Kr = ---  + -----------  C-3
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Fig. 1 Typical three terminal line with current 
contribution for a fault on leg Q.
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Fig. 2a Variation of the apparent impedance VS 
actual line impedance for faults along line P-T-R.
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Fig. 2b Variation of the apparent impedance VS 
actual line impedance for faults along line P-T-Q.

I’ u

Fig. 4b Variation of measured impedances VS fault 
position for faults on line P-T-R.

Fig. 4c Variation of measured impedances VS fault 
position for faults on line P-T-Q.
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I I Z r + Z rs

. i Kj Ir.s / '• ' ‘

iI
____J nT 1 Kilrs

Fig. 3 Basir 
relay arrange.nemt or Che adaptive distance
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actual line impedance for faults along line P-T-R.
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Fig. 2b Variation of the apparent imDedance VS 
actual line impedance for faults along line P-T-Q.
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Fig. 4b Variation of measured impedances VS fault 
position for faults on line P-T-R.

X101

-H.

• 'J lR5sin (a>ot -¡IR5 )f~Sincwavc >I generator;
{IKS.1&5

__jp_ r

K|Vps ; ;

K’ Ir.S ;

n iJQsZq Zp 
I Zr + Zrs

\ R(K) +
V I ImpedanceI calculation X(K)

"-r' I_

R«l

nT I K3l|,S

r-

(Z™p q (K )

U(ZmPO(K)

* OS Zq Zp j 
Zr + Zrs j

Fig. 3 3as;c relay arrangememt or the adaptive distance


