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SUMMARY

This thesis describes the development of a new directional 
relay for the ultra-high-speed protection of EHV transmission 
lines. The work has been carried out by utilising digital 
computer simulations, and the relay has been developed assuming 
that it would be implemented by micro-computer. This has 
enabled the use of a new digital filtering structure, which has 
been specifically devised to extract the superimposed quantities 
that the directional principle is concerned with. A modal 
transformation is utilised within the relay in order to define 
decoupled wave signals for a multi-conductor system, the trans
formation is also shown to provide significant hardware 
economies in the final design.

In order to study the characteristics of the new relay, a 
number of new primary system digital simulations have been 
devised and are described in the thesis. These simulations 
include single and double-circuit multi-terminal systems with 
advanced fault capabilities.

The novel decision process, in combination with the digital 
filter, enables the relay to provide a secure directional 
decision within typically, 2.5 ms of a fault occurring. Such an 
operating time will enable ultra-high-speed clearance of faults 
to be achieved, if the most recent circuit breaker developments 
and wide-band communication equipment are also employed.
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Vf(t)
Vfs(t)
Vss(t)
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Fault point superimposed waveform 
Steady-state voltage at the fault point 
Steady-state voltage at the sending end 
Steady-state voltage at the receiving end 
Superimposed fault point current 
Total voltage variation at point x 
/ - I

Angular frequency
Fault inception angle
Steady-state angular frequency
Resistance
Inductance
Capacitance
Conductance
Voltage at x and frequency w
Current at x and frequency w
Transmission line matrix, frequency dependent
Impedance matrix, frequency dependent
Admittance matrix, frequency dependent
Forward voltage wave component
Reverse wave component
Propagation constant, frequency dependent 
Characteristic impedance, frequency dependent 
Forward and reverse voltage wave components 
at the sending and receiving end of the 
line
Forward wave signal 
Reverse wave signal
Reflection coefficient, frequency dependent 
Terminating impedance, frequency dependent 
Propagation time delay 
Unit step function



* Reflection coefficient at the fault point
= Reflection coefficient at the sending end
= Reflection coefficient of the infeeding line end
= Relay voltage
= Time varying source resistance 
= Relay current

= Phase voltages

= Phase currents 

= Modal voltages

= Modal currents

= Modal voltage vector 
= Modal transformation matrix 
= Inverse modal transformation matrix

= Modal propagation constants 

= Modal surge impedances 

= Zero-phase-sequence parameters 

= Positive-phase-sequence parameters

= Modal wave signals
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Slm(t)
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Ts . 
D(t)
Ü
At
kv
ki
km2 I 
km3 ) 
kv2 
D
Sl’(t)
S2’(t)
Dr(t)

\

/

a
R1 
R2 
R3 
R4 
R5 
R6 
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Y
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Rf
yllfIp 
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yllfZq 
yl2f2q

= Phase fault point currents

= Voltage adjustment factor 

= Modified wave signals

= Delay operator 
= Sampling interval 
- Magnitude difference function 
= Truncation frequency 
= Inter-sample time 
= Voltage interface gain 
= Current interface gain

= Transformation gains

= Voltage channel gain 
= Digital division constant

= Derivative wave signals

= Magnitude difference of the derivative wave 
signals 

= Standard deviation

= Relay locations

= Two port transmission matrices
= Two port admittance matrices
= Propagation matrix
= Surge impedance matrix
= Surge admittance matrix
= Fault path resistance

= Admittance matrices between P and fault point

Admittance matrices between Q and second fault
point
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yl2f2r 
yllfIq 
yl2fIq
yp 
yq
yr 
YFPll 
YFP12 
YFQll 
YFQ12 
YP ) 
YQ \

Admittance matrices between R and the second 
fault point
Admittance matrices between Q and the fault 
point

= Source impedance matrix

Double-circuit admittance matrices between the 
fault point and P
Double-circuit admittance matrices between the 
fault point and Q
Source admittance matrix including 
double-circuit lines
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CHAPTER 1 INTRODUCTION

1,1 Modem Trends in Power System Protection

Reduction in fault clearance times has long been considered 
one of the most effective methods of increasing the stability of 
a power system. Hicks[l], for example, has concluded that a 
significant economic advantage is gained from increased stab
ility which enables greater power transfer across existing 
transmission networks. Fault clearance time essentially 
consists of two components; the speed of the circuit breaker, 
and the operating time of the associated protection scheme. 
Mittelstadt[2] has shown that it is possible to reduce breaker 
operating times to approximately one cycle provided that an 
ultra-high-speed (UHS) protection scheme is used in conjunction 
with the proposed breaker. A faster relaying scheme also 
provides a means of reducing fault clearance time with existing 
breaker technology.

Impedance relays have long been a primary protection method 
in EHV applications, considerable effort has therefore been 
channelled into assessing the possibility of producing a UHS 
characteristic. The concept of impedance measurement is con
cerned with estimating the impedance between the relay and the 
fault points. However, it should be recalled that impedance is 
a quantity that can only be defined at a specific frequency and 
is thus associated with sinusoidal variations of voltage and 
current. It is well known that immediately following a fault, 
the voltage and current contain many frequency components. The 
fundamental frequency of the post fault measurands enables 
accurate impedance measurement after a time delay, which is 
dependent upon the magnitude and frequency of the aperiodic 
components immediately following fault inception. Johns[3] has 
shown that an impedance relay, utilising the block average 
technique, can be subject to a delay in operation when the relay



measurands contain travelling wave components. The delay is of 
greatest significance near the boundary of the relay reach.

Horowitz[4] has concluded that there can only be a decrease 
in the speed of operation of distance relays by reducing post 
fault information, and such a decrease in operating time is 
gained at the expense of the accuracy of the impedance estimate. 
In order to maintain accuracy in the presence of fault induced 
'noise*, pre-filtering is employed at the input to distance 
relays. The consequence of pre-filtering is to produce a relay 
output which is dependent upon a *data window* of information. 
The width of the data window is a function of the cut-off 
frequency of the pre-filter, which in turn, reduces the speed of 
transition from the pre to post-fault impedance estimate because 
the data-window contains pre and post-fault information.

There has been work done in producing digital based dist
ance protection. The performance of such schemes is ultimately 
dependent upon the measuring principle employed. A number of 
methods have been investigated, an example being a technique 
which estimated impedance from computing the phase and magnitude 
of assumed sinusoidal measurands[5]. An alternative proposal 
assumed that the relay voltage and current are related by a 
differential equation[6]. These schemes still required the use 
of pre-filtering functions; the system model utilised was not 
complete and the travelling wave components from the real system 
were still regarded as 'noise*. The most recent developments in 
digitally based distance techniques have indicated that it is 
feasible to produce a UHS characteristic over a portion of the 
relay reach[7]. Andrichak et al.[8], have concluded that it is 
not generally necessary to provide a UHS characteristic over all 
of the protected line length, the exception being short line 
applications. UHS clearance is only necessary for close in 
disturbances that present the greatest de-stabilising effect.

UHS distance schemes require considerable signal processing 
to be performed in the short period of time available. The most 
recent developments in power system protection have attempted to 
broaden the model upon which the measuring principle is con
ceived, to a fully distributed parameter system. Such a model 
accepts the existence of travelling wave phenomena and, in 
theory, could lead to measuring techniques that negate the



requirement for extensive pre-filtering. Chamia[9] proposed the 
use of the initial polarity relationship between changes in 
phase voltage and current in order to render a directional 
decision. The method 'latches’ to the initial changes in volt
age and current so that subsequent wave reflections would not 
cause mal-operation. Dommel[10] utilised the forward and back
ward wave components to provide a relaying discriminant that 
could differentiate between in-zone and out-of-zone faults, the 
technique assumed sinusoidal variations of voltage at the fault 
point. The use of forward and backward wave components was also 
proposed by Takagi[ll], where the wave components were instan
taneously compared via a communication channel to provide the 
relay discriminant. A number of techniques have also been 
proposed to utilise the frequency of the travelling wave com
ponents in a correlation process to estimate the distance to 
fault[12,13]. This type of technique requires the presence of 
travelling wave components to produce sufficient correlation 
power.

The use of the forward and backward wave components has 
also been proposed by Johns[14] to render a directional 
determination at the relay location. The technique does not 
assume any particular post-fault voltage waveform 'shape' or 
existence of high frequency travelling wave components. The 
technique utilises the relative magnitude of the forward and 
backward waves at the relay that exist for all disturbances, to 
a less or greater degree. This more broadly based directional 
criteria forms the starting point and general philosophy of the 
work presented in this thesis.

The development of a protection scheme that operates on a 
radically new principle also offers advantages in terms of total 
protection security. It is usual practice to operate a number 
of protection schemes in parallel, and is desirable for each 
scheme to be based on entirely different operating principles. 
For example, the directional comparison scheme would provide 
protection based on a totally different operating principle to 
impedance measurement*.



1.2 Structure of the Thesis

1.2.1 Chapter 2

It is proposed[14] to gain directional information from the 
forward and backward functions superimposed on the power system 
following a fault. In order to achieve this task, the 
components that are superimposed on the system have to be 
extracted from the total post-fault variation. The origin and 
nature of fault induced superimposed quantities is discussed in
2.1 and the formation of the wave signals is explained in 2.2 
with reference to a single conductor system. The relationship 
between the forward and backward wave signals is discussed in
2.3 for forward and reverse faults, the effect of source con
figuration is also discussed with particular reference to 
subsequent reflections within the source system, A number of 
UHS schemes have been proposed within the literature which claim 
to utilise surge phenomena following fault inception. The 
explanation of the operation of these schemes usually involves 
surge concepts and the use of reflection coefficient terms. 
Source systems that are reactive in nature cannot have a 
particular time invariant reflection coefficient associated 
with them. In 2.3 the effect of reactive terminations on the 
relationship between the wave signals is discussed.

In order to define wave signals for a multi-conductor 
system, it is necessary to transform the phase variations of 
voltage and current into de-coupled modal quantities. The 
process of this transformation is summarised in 2.4 together 
with a definition of the parameters associated with each mode in 
terms of the phase-sequence system impedances. Transmission 
line faults generally involve the interconnection of the various 
phases to ground or to other phases. The precise relationship 
between the various modal networks is not immediately apparent 
for each fault type. In 2.5 the nature of the modal circuit 
interconnections is therefore analysed for the commonly assumed 
fault types.

In 2.6 it is shown that the directional criteria is not 
critically dependent upon an accurate representation of the 
modal surge impedance within the relay. This property is util



ised subsequently to improve the relay sensitivity above that 
which could be achieved with the surge impedance scaling adopted 
in the definitive work.

1.2.2 Chapter 3

In Chapter 2 it is shown that it is possible to gain 
directional information from a consideration of the magnitude 
relationship between the forward and backward wave signals 
superimposed upon the system following a fault. It is worth 
emphasising that it is the behaviour of the two waves in an 
otherwise de-energised system that is central to the directional 
criteria. Prior to the disturbance, the system can be con
sidered to be in steady-state with voltages and currents domi
nated by power frequency components. It is necessary to elimin
ate the steady-state component so that the superimposed wave 
signals can be compared. In order to extract the superimposed 
components, the definitive work proposed the use of an analogue 
CCD arrangement that delayed the pre-fault information for one 
cycle and subtracted this from the total variation. Various 
alternative forms of extraction filters are considered in 3.1, 
each is defined in the z-domain. All the extraction filters are 
of the finite impulse response(FIR)[15] classification that are 
easily implemented digitally. The extraction filter finally 
proposed provides a greater tolerance to frequency drift error 
than could be achieved by the definitive proposal, the improved 
rejection increases the relay sensitivity. The extraction 
filter also has zero's at all harmonics of the fundamental 
frequency which is a considerable advantage in practice.

Following a disturbance, the extraction filter processes 
post-disturbance information. The behaviour of the filter 
during this extended time period is of particular importance 
when considering the occurrence of out-of-zone followed by in
zone faults. Section 3.2 highlights the response of the extrac
tion filter over this extended period, and from the responses 
illustrated, it is evident that some additional filtering is 
required in order to reduce the time taken for the system to



be viewed again as 'de-energised'. Decisions could then be made 
for subsequent disturbances. The requirements of the filtering 
process are discussed in 3.3 together with a synthesis of a much 
improved filter structure. The filter response to a variety of 
faults is shown with reference to the directional criteria and 
to post-fault performance. The filtering techniques employed 
utilise both the transient and steady-state responses of various 
digital filtering structures. The post disturbance response of 
the new generation of protection schemes utilising surge 
phenomena has not been reported in the available literature, and 
the work presented in Chapter 3 indicates that some schemes may 
experience prolonged blind periods following out-of-zone 
disturbances.

1.2.3 Chapter 4

All EHV/UHV protection schemes derive primary system 
information via transducers, and are thus subjected to trans
ducer error. In particular, when considering voltage trans
formation, capacitor voltage transformers (CVTs) have become 
almost the norm. The precise nature of the transient waveforms 
generated by CVTs is dependent upon a number of factors[16,17, 
18,19,20], two of the more significant being the point-on-wave 
of fault inception and the nature of the burden applied to the 
secondary of the CVT.

The amount of transient error is the subject of a number of 
specifications; BS3941/1965 requires the secondary voltage of 
the CVT to be less than 5% of the steady-state peak voltage, 
some 20ms after the primary voltage is collapsed to zero from 
peak point-on-wave. The lEEC recommendation allows a maximum of 
10% of the pre-short circuit steady-state voltage after 20ms has 
elapsed regardless of point-on-wave. Provided that sufficient 
delay is introduced into the measuring process, the performance 
of CVTs can be satisfactory for conventional protection schemes. 
It is worth emphasising that the specifications quoted were 
produced before the possibility of UHS protection schemes, 
utilising as little as 5ms of post-fault information, were 
conceived.



In order to investigate the effect of the CVT response upon 
the proposed directional criteria, a general simulation tech
nique was developed which enables a variety of transducers to be 
inserted in either the voltage or current channel. The simu
lation technique, which is also utilised for the modelling of 
analogue pre-filtering functions, is discussed in 4.1.

The signal path, from primary system through to the 
decision process, is simulated in detail in order to indicate 
the signal to noise requirement for the relay. The simulation 
closely models the analogue to digital conversion process, 
sampling rate and the limited word length required for the 
implementation of the digital filtering function in real time. 
Section 4.2 discusses the secondary simulation in detail.

1.2.4 Chapter 5

The purpose of the decision process is to interpret the 
variation of the modified wave signals in order to render a 
reliable directional decision. It is necessary to base the 
final relay decision on the output of one mode since, in 
general, each mode will not produce a decision at the same time. 
A spread in operating times between the two modes can be 
expected from the complex interconnection of the three modal 
networks which is fault type dependent. The decision process 
must possess a controllable degree of noise immunity such that a 
comparison between the wave signals is not undertaken when it is 
known that they are below an assumed noise floor.

Any directional protection scheme must have the facility to 
control the forward and reverse sensitivity of each individual 
relay. This facility is primarily required for co-ordination 
during remote out-of-zone disturbances. It ensures that a trip 
will not occur as a result of the relay seeing the fault in the 
forward direction being more sensitive than relay subject to the 
fault in reverse. For blocking schemes, it is thus necessary to 
guarantee that the relays are more sensitive to reverse rather 
than forward disturbances. A factor of reverse to forward 
sensitivity of 2:1 has been employed in the past with direc
tional schemes on plain feeder systems and 3:1 on multi-terminal



applications. The decision process developed has the facility 
for controlling the reverse to forward sensitivity ratio which 
was not possible with the definitive proposal.

The definitive work proposed to detect the order in which 
the wave signals traversed a pre-defined threshold level to 
render the directional decision. This approach produces a 
decision based upon one event in time that is not subsequently 
confirmed and results in a reduced security of operation. 
Increased security is achieved by rendering a final decision 
based upon a pre-determined number of events, the new decision 
process utilises a 'window' of information and achieves a level 
of security far in excess of that attainable from the original 
proposal.

The performance of two types of decision process are dis
cussed in Chapter 5. In 5.1 a process that utilises the differ
ence in magnitude between the wave signals is examined, the 
performance of such a process was found to be unstable near the 
sensitivity limit. Section 5.2 proposes an extended process 
that utilises the rate of change of the wave signals in com
bination with the magnitude criteria in order to maintain cor
rect directional sense at the sensitivity limit. This novel use 
of rates of change of the filtered wave signals de-sensitises 
the decision process to reverse wave components generated by the 
release of stored energy from the source system. The resulting 
stability for small signal conditions was not attainable with 
the simpler decision process, and the second method was con
ceived to overcome this particular problem.

1.2.5 Chapter 6

In order to fully establish the viability of the proposed 
directional relay design, in a variety of applications, it was 
necessary to develop a number of digital primary system simu
lations. Each simulation was formulated in the frequency domain 
and fully transposed, frequency dependent, line parameters were 
included. The computed frequency spectra of voltage and current 
are transformed into the time domain by means of the modified 
Fourier Transform, in a similar manner to that described by 
Johns and Aggarwal[21].

8



The formulations for single and double-circuit plain feeder 
systems are contained in 6.1 and 6.2. The single-circuit 
formulation includes a facility for simulating sequential or 
evolving faults which has not been previously accomplished. The 
double-circuit simulation has an inter-circuit fault capability 
which has not previously been accomplished in double-circuit 
formulations[22].

Single and double-circuit teed feeder formulations are 
contained in 6.3 and 6.4, both simulations are formulated to 
include complex interconnections which are known to cause severe 
problems for conventional protection schemes[23,24,25,26,27,28, 
29]. The double-circuit system has a generalised formulation to 
enable the teed feeder to be simulated in an arbitary switched 
state. A simulation of this kind has not, to the authors know
ledge, been reported in the available literature.

1.2.6 Chapter 7

For a particular application, it is necessary to set the 
gain constants throughout the voltage and current paths and the 
minimum threshold level within the decision process. A setting 
procedure that ensures linear operation for all out-of-zone 
disturbances is outlined in 7.1, the consequences of a reduced 
clipping level are also discussed. The performance of the relay 
in a single or double-circuit application is expected to be 
similar, application studies for the two types of system are 
therefore presented together for comparison purposes from 7.2 
through 7.4.

The initial behaviour of the wave signals is only indica
tive of the direction to a disturbance if the system is de
energised at the time of fault. Furthermore, the disturbance 
should be the only significant source of superimposed components 
during the initial comparison period. An inter-circuit fault, 
by definition, involves the excitation of each circuit at a 
common fault location. A superimposed generator is thus applied 
at two positions in the de-energied system relative to a relay 
location and consequently, the response at each relay location 
for this type of fault is not immediately apparent and is 
investigated in 7.5.
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The response of the relay to two disturbances occurring 
close in time is investigated in 7.6. The probability of such 
an event is small, but the ability of the relay to detect each 
disturbance correctly is important when considering remote 
switching operations that occur at, or near, the time of the 
fault.

The scheme logic required to co-ordinate individual relay 
decisions is described in 7.7. The logic ensures that relays 
are reset at the same time after out-of-zone faults and, as 
required in practice, the reset is independent of any difference 
in the initial response times.

1.2.7 Chapter 8

It is well known that it is not possible to protect a teed 
feeder of arbitrary configuration with conventional protection 
schemes with the same security and reliability obtained with 
plain feeders. The large number of factors involved enables 
only a certain category of teed feeder to be protected satis
factorily. The main considerations of relevance are the 
relative length of each leg of the tee, the source impedance at 
each busbar and the system configuration surrounding the teed 
feeder.

In 8.1 a study is undertaken on a system that poses 
particular problems for conventional distance schemes. The teed 
feeder has unequal lengths to the tee point and a large vari
ation in the source capacities at each busbar. The performance 
of the new relay is such that protection of this teed feeder 
could be achieved by combining directional decisions from each 
leg of the tee. In 8.2 and 8.3 related teed feeders are studied 
where the influence of the surrounding system configuration is 
investigated. From these studies it is evident that complete 
protection of arbitary teed feeders is not possible for all 
possible external system configurations. The extent of the 
limitations are quantified and two proposals are made in 8.4 and
8.5 that would enable complete protection of teed feeders to be 
achieved for all configurations utilising the new directional 
relay within a broader scheme.
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1.2.8 Chapter 9

The response of the directional relay during normal in 
service operation will be independent of the position of the 
primary transducers relative to the local breaker. Switching 
operations on the protected line will however result in a scheme 
response which is dependent upon transducer position. The 
switching of a breaker will constitute a disturbance to the 
system and produce superimposed components; the superimposed 
generator is positioned across the breaker poles. For line side 
mounted transducers, breaker operations would be seen as out-of- 
zone disturbances. For busbar side mounted equipment, an in
zone response would occur.

The positioning of the transducers on the line side pro
vides a blocking action against all breaker operations. During 
a re-closure cycle, or upon initial energisation, it is possible 
to conceive of a sustained fault where breaker closure would 
result in a block being generated for a faulted condition. In 
order to provide protection of the line during these situations 
it is necessary to have a switch-into-fault override that will 
detect whether the line being energised is in fact healthy. The 
work presented in Chapter 9 outlines the basis of a solution to 
the switch-to-fault problem utilising the wave signals adopted 
in the main scheme. For this process surge impedance scaling is 
required.

1.2.9 Chapter 10

Chapter 10 contains the main conclusions of the thesis and 
also presents suggestions for future work.

1.2.10 Chapter 12

The various append&cies are contained in Chapter 12, 
together with the author's published article which is relevant 
to the work presented in this thesis.
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CHAPTER 2 THE FUNDAMENTAL OPERATING PRINCIPLES OF THE 
DIRECTIONAL RELAY

2.1 The Origin and Nature of Fault Induced Superimposed
Components.

Consider the single conductor system of Fig. 2.1a which is 
subjected to a fault at F at time zero. Vfs(t) is the voltage 
at the fault point under steady-state conditions which has a 
direct phase relation with the busbar voltages Vss(t) and 
Vsr(t), In steady-state, these three voltages are defined as 
sinusoidal at system frequency. Vfs(t) is constrained such that 
lf(t)=0 for t<0. At fault inception, point F of the trans
mission line is subjected to a solid fault such that the poten
tial at F becomes zero. The model in Fig. 2.1a is valid for all 
time if Vf(t) is constrained to the definition of Equ. 2.1.

Vf(t) = -Vfs(t).h(t) 2.1

The fault point generator, Vf(t), is the source of the super
imposed quantities present on the system following the fault.
The representation of a fault by such means has been extensively 
used in fault transient analysis of EHV transmission systems[21] 
and in the development of the protection scheme described in 
reference 9.

If it is assumed that the transmission system is linear, 
the process of superposition can be used to define the total
voltage at any point on the transmission line as a summation of
pre-fault steady-state and superimposed components:-

Vt(x,t) = Vs(x,t)+Vf(x,t) 2.2

If a stored version of the steady-state component is subtracted 
from the total variation, the superimposed component, finite
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after the fault, would be then available for relaying purposes. 
The method by which this is performed is described in Chapter 3.

After the suppression of the steady-state component, the 
superimposed generator can be regarded as existing in an other
wise de-energised system (Fig. 2.1b) with associated superi
mposed currents Isf(t) and Irf(t). A positive direction of 
superimposed current is defined from the source into the line. 
The superimposed generator is a suddenly applied sinusoidal 
voltage which excites the system with a spectrum of frequencies 
dependent upon the point-on-wave of fault inception. The 
frequency spectrum of Vf(t) [Vf(jw)] being defined in Equ. 2.3.

Vf(jw) * wo.cos9 + j.w.sin9 2.3
wô  - ŵ  wô  - ŵ

It is the spectrum of the superimposed generator together with 
the frequency response of the line sections and source networks 
that generate the 'travelling wave' components associated with 
voltage maximum faults and the offset current condition associ
ated with voltage zero faults[21].

The method of superposition can only be applied to linear 
systems. The highly non-linear behaviour of arcing faults could 
produce a superimposed generator described by a somewhat differ
ent frequency spectrum than that indicated in Equ. 2.3. How
ever, the spectrum would be applied to an otherwise practically 
linear network thus enabling the superimposed component to be 
extracted by the proposed process.

2.2 The Formation of the Wave Signals, 81 and 52.

The voltage and current at any point, x, on a single con
ductor line with distributed parameters R,L,C,G per unit length, 
are found from a solution of the standard second order dif
ferential Equs. given in 2.4.
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dfV(x,w) = -P(w).V(x,w) 
dx^

d^I(x,w) = -P(w).I(x,w) 2.4
dx^

where P(w) = Z(w).Y(w)
Z(w) = R+j.w.L 
Y(w) = G+j.w.C

For the simple case, the parameters of the line are assumed to 
be frequency independent and the standard solution yields a 
voltage equation defined in relation 2.5.

V(x,w) = vf.exp[-g(w).x] + vr.exp[g(w) .x] 2.5
where g(w) = /Z(w) .Y(w)

Equ. 2.5 can be interpreted physically as meaning that the 
voltage at any point on the line is a function of two wave 
components. A component that attenuates with increasing x (the 
forward wave), and a component that is amplified with increasing 
X (the backward wave). The second component is designated the 
backward wave since it is normal to associate attenuation with 
an increase in distance from the point of excitation for a real 
system. The voltage and current on the single conductor system 
are related by the differential Equ. 2.6.

dV(x,w) = -Z(w).I(x,w) 2.6
dx

The voltage solution from Equ. 2.5 can now be used to provide 
the current at any position:-

I(x,w) = [l/Zc(w)].{vf.exp[-g(w).x] + vr.exp[g(w) .x]} 2.7
where Z c (w)=/Z(w) / Y (w)

The physical interpretation of Equ. 2.7 requires that each wave 
component of voltage has associated with it a current wave 
having the same propagation characteristics, but scaled by a
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factor of 1/Zc(w). The factor Zc(w) is commonly known as the 
surge or characteristic impedance of the line[30].

Fig. 2.2 indicates the standard direction of the forward 
and backward wave components at two points on a single 
homogeneous line. The waves are related by Equ. set 2.8:-

Vs(w) = vsf + vsr
Vr(w) = vrf + vrr 2 g
vsf = vrr.exp[g(w).X] 
vsr = vrf.exp[-g(w).X]

The reverse wave component at the sending end of a homogeneous 
line section is related to the forward wave at the receiving end 
via a propagation factor, the propagation factor exp[-g(w).X] 
has real and imaginary components. The real component is an 
attenuation term whilst the imaginary component a phase shift.

Since it is proposed to utilise the forward and backward 
wave components in order to provide directional determination, 
it is necessary to form the wave signals from the available 
system voltage and current defined by Equs. 2.5 and 2.7. Two 
signals, Sl(x,w) and S2(x,w), are thus formed from the system 
voltage and current:-

Sl(x,w) = V(x,w) + Zc(w).I(x,w) 2.9
S2(x,w) = V(x,w) - Zc(w).I(x,w)

Substitution of 2.5 and 2.7 into 2.9 yields:-

Sl(x,w) = 2.Vf.exp[-g(w).x] 2.10
S2(x,w) = 2.Vr.exp[g(w).x]

It is evident that the forward wave component can be formulated 
at any position by the evaluation of the signal Sl(x,w). 
Similarly, the backward wave component is extracted by means of 
S2(x,w). A direct implementation of relations 2.9 in the time 
domain would require the use of convolution. However, if one 
assumes a lossless system the line surge impedance is then 
frequency independent and Zc=/L/C.
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In this case the signals Sl(x,w) and S2(x,w) are then easily 
evaluated in time;-

Sl(x,t) = V(x,t) + Zc.I(xjt) 2.11
S2(x,t) = V(x,t) - Zc.I(x,t)

The lossless system has a propagation constant defined by Equ. 
2.12:-

g(w) = exp(-j,w./L.C .x) 2.12

The propagation constant has zero attenuation with a delay of 
/L.C.x secs.

2.3 Derivation of Fault Direction from the Variation of SI 
and S2.

2.3.1 The initial relationship between Sl(t) and S2(t) after 
forward or reverse faults.

It is well known that the forward and backward wave com
ponents are related at a point of discontinuity by the reflec
tion coefficient, K(w), defined in Equ. 2.13[30]. The forward 
direction is assumed to be from the point of discontinuity into 
the line section.

vf(w) = K(w).vr(w) 2.13
Sl(w) = K(w).S2(w)

Where K(w) = Zt(w) - Zc
Zt(w) + Zc

Equ. 2.13 also implies that the two wave components are 
unrelated at any position along a homogeneous line section 
[Zt(w)=Zc], excluding the terminals.

For the purposes of describing the initial relationship 
between Sl(t) and S2(t), it will be assumed that the source 
networks at either end of the line comprise only infeeding lines 
which are assumed to be lossless and of very much greater length
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than the line being protected. These assumptions allow the use 
of a constant reflection coefficient at either end of the line 
during the short time being considered. Fig. 2.3 represents the 
superimposed circuit appropriate to a plain feeder subjected to 
an external fault behind relay location S. The forward wave 
signal, Sl(S,t), is finite after a propagation delay, the delay 
being proportional to the distance between the fault and S. For 
simplicity, it will be assumed that the fault occurs immediately 
behind the relay and Sl(S,t) is thus finite from t=0. The 
forward wave component cannot induce any backward wave at S, 
therefore S2(S,t) remains zero. The forward wave at S and the 
reverse wave at R are related under lossless conditions, by Equ. 
2.14:-

S2(R,t) = Sl(S,t-T) 2.14
where T = /L.C.X

The discontinuity at R excites a forward wave related to the
reverse wave by Equ. 2.15:-

Sl(R,t) = Kr.S2(R,t) 2.15

The forward wave then propagates back to S and is related to the 
reverse component by Equ. 2.16:-

S2(S,t) = Sl(R,t-T) 2.16

Combining Equs. 2.14, 2.15 and 2.16 leads to the relationship 
between the reverse and forward waves S2(S,t) and Sl(S,t):-

S2(S,t) = Sl(S,t) = 0 for t<0 2.17
S2(S,t) = Kr.Sl(S,t-2T) for t>0

It should be emphasised that Equ. 2.17 is only valid for dis
turbances entering the protected line section S-R from behind S
and furthermore, there should be only one disturbance propa
gating in an otherwise de-energised system.

The superimposed circuit appropriate to a system with a 
fault on the protected line is shown in Fig. 2.4. The signals 
Sl(S,t) and S2(S,t) are now finite at time T = /L.C.x after
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fault inception. The excitation of the system in a direction 
forward of S at any distance will cause the arrival of a reverse 
wave component after an appropriate time delay. Since the relay 
is at a point of discontinuity, the forward to backward wave 
relationship is defined in Equ. 2.13. For a disturbance orig
inating in the forward direction of S the wave functions are 
thus initially related by Equ. 2.18.

Sl(S,t) = 52(3,t) = 0 for t<T 2.18
Sl(S,t) = Ks.S2(S,t) for t>T

A fault between S and R is also in a forward direction with 
respect to R so that Sl(R,t) and S2(R,t) will have a similar 
relationship to Equ. 2.18. If the fault were behind R then the 
wave signals at R would behave similar to Equ. 2.17.

The initial assumption as to the nature of the source 
networks constrains the reflection coefficient at each end of 
the line:-

-1 < K < +1 2.19

With this constraint, the initial magnitude of 51(t) is always 
greater or equal to the magnitude of 52(t) for a reverse fault. 
The signals will be equal when the protected line length is 
reduced to zero and when the reflection coefficient at the 
remote end of the line is ±1. For a forward fault 52 (t) is 
always initially greater than or equal in magnitude to 51(t).
It is therefore evident that the initial variations of 51(t) and
52(t) are such that the direction to a disturbance can be
ascertained from a consideration of their relative magnitudes.

2.3.2 Subsequent variations of 51(t) and 52(t) after fault 
inception.

For a fault on the protected line it has been shown that 
the magnitude of 52(t) is initially greater than or equal to 
51(t). The relations developed are valid for time 2T, where T 
is the propagation time between the fault and the relay. After
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time 2T, the wave signals include a component that has undergone 
multiple reflections between the fault and the relay. Over an 
extended period of time, the variations of Sl(t) and S2(t) are:-

S2(t) = 2.Vf(t-T)+2.Kf.Ks.Vf(t-3T)+2.Kf=.Ks=.Vf(t-5T)+... 2.20
Sl(t) = 2.Ks.Vf(t-T)+2.Kf.Ks*Vf(t-3T)+2.Kf2.Ks3.Vf(t-5T)+..

After m reflections between the fault point and the relay 
location;-

Sl(t) = 2  ̂ Vf(t-nT).kf .ks =ks.S2(t) 2.21
k=o

where n = 2.k + 1

It is evident that multiple reflections between the relay and 
the fault do not alter the directional criteria based on 
Equ. 2.18.

For solid faults, the reflection coefficient at the fault 
point is -1 and the forward and backward signals at S are then 
independent of those at R. The directional criteria is thus 
uneffacted by reflections between the fault point and the remote 
line end. The presence of fault resistance merely alters the 
waveform of the fault point superimposed generator. Because the 
directional criteria are independent of the latter, the direc
tional criteria are also still valid for faults involving 
appreciable resistance.

If it is now assumed that one of the infeeding lines within 
the source network is shorter than the distance to fault, the 
variations of Sl(t) and S2(t) are not as given by Equ. 2.20. In 
this case Sl(t) and S2(t) would take the following form after 
the return of the reflected wave from the remote end of the 
infeeding line.

S2(t) = 2.Vf(t-T).h(t-T) 2.22
Sl(t) = 2.Ks.Vf(t-T).h(t-T)+2.Ks^.Ksr.Vf(t-T-2Ti).h(t-T-2Ti)

Equ. 2.22 is valid until time 3T after fault inception. The 
arrival of the reflected wave from within the source alters the
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initial magnitude relationship and if it is assumed that Vf(t) 
is the unit step function, Sl(T+2Ti) and S2(T+2Ti) become:-

S2(T+2.Ti) = 2 2.23
Sl(T+2.Ti) = 2Ks(l+Ks.Ksr)

For some source conditions the factor Ks(l+Ks.Ksr) could be 
greater than unity and hence Sl(t) would be instantaneously of 
greater magnitude than S2(t) for a forward fault, however, this 
transient state would only be maintained until time 3T. It can 
therefore be concluded that it is possible to conceive of source 
conditions where the initial magnitude relationship between the 
signals is instantaneously reversed before subsequently re- 
attaining the expected order.

A similar consideration of the behaviour of Sl(t) and S2(t) 
for reverse disturbances leads to the conclusion that the 
reverse direction criteria cannot be affected by reflections 
between the fault and the relay. Subsequent reflections within 
the remote source network could lead to a reversal in magnitude 
for a short period of time before the expected magnitude order 
is re-established.

2.3.3 The behaviour of 81(t) and S2(t) at reactive 
terminations.

The variations of SI(t) and S2(t) have thus far been des
cribed in terms of constant reflection coefficients and propa
gation delays associated with infeeding line configurations at 
the relaying point of discontinuity. The discussion has been 
particularly relevant to surge phenomena immediately following 
fault inception. Lower frequency behaviour, close to the 
fundamental, has a greater dependence upon the inductance and 
resistance of the transmission line and source network. Lower 
frequency components acquire greater significance when infor
mation is obtained from the primary system via restricted band
width transducers which are commonly encountered in UHV/EHV 
protection schemes.

A relay situated at a busbar that is predominantly fed from 
local generation is essentially presented with superimposed
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voltages and currents that are simply related by the inductance 
and resistance of the source system, and therefore a constant 
reflection coefficient cannot then be attributed to the source.
If one considers the case of a fault immediately in front of the
relay, the relevant superimposed circuit is shown in Fig. 2.5. 
The superimposed voltage and current then have simple analytical 
expressions

Vr(t) * Vm.sin(wo.t+0).h(t) 2.24
Ir(t) = (Vm/Zs).{sin[wo. t+0-a]-sin(0-a).exp[-t.(R/L)]}.h(t)

where Zs = /R^+(w o .L)^
a = tan ^(wo.L/R)

In order that the previously developed relations can be applied 
to this low frequency model, the resistance and inductance of 
the source can be replaced by an equivalent resistance which is 
a function of time.

Rs(t) = Vr(t)/Ir(t) 2.25

The reflection coefficient associated with the time varying 
resistance is thus:-

Ks(t)
Rs(t) - Zc
Rs(t) + Zc

The directional criteria (S2(t) larger or equal in magnitude to 
Sl(t) for a forward disturbance), is true for -l^Ks^+1. This 
is satisfied by Equ. 2.26 when Rs(t)>0 and energy is stored in 
the source inductance. During subsequent periods of the funda
mental cycle, the inductance releases stored energy which is 
equivalent to Rs(t)<0 and, when this is so, the magnitude 
relationship between Sl(t) and S2(t) is reversed for a forward 
fault.

Because the superimposed fault point generator is applied 
to a de-energised system, energy flow must be initially into the 
source. This ensures that S2(t) will always be initially larger
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or equal in magnitude to Sl(t) for a forward disturbance. 
However, the time for which this initial state is maintained 
depends upon the fault inception angle. The first reversal of 
the signal magnitude criteria occurs when the superimposed 
voltage crosses zero at time tc=0/wo. Signal magnitude reversal 
thus occurs at 10,5 and 2.5 ms for fault inception angles of 
0®, 90® and 135® respectively. The period for which the signals 
are reversed is clearly a function of the X/R ratio of the 
source, the original magnitude relationship being regained upon 
the zero crossing of the current. As the X/R ratio of the 
source tends to zero the period of time for which the signal 
magnitude criteria is reversed also tends to zero.

The lower frequency behaviour of the wave signals during a 
reverse disturbance is similar to that described for the forward 
example, but in this case the line and remote source impedances 
are combined together to form the equivalent LR circuit. 
Corresponding relations can be developed for capacitive sources, 
for these systems the signal magnitude criteria is reversed upon 
the first zero crossing of the superimposed current.

2.4 The Transformation from Phase to Modal Quantities.

The solution of differential Equ. 2.4 enabled the form
ulation of the wave signals. Mutual coupling, which exists on 
multi-conductor lines, prohibits a similar direct solution in 
phase quantities for a three phase transmission line. The 
corresponding differential equations for a multi-conductor line 
are given in Equ. 2.27.

d^[V(x,w)] 
dx2

= -P(w) . [V(x,w) ] 2.27

d^[I(x,w)] 
dx2 = -P (w).[I(x,w)]

V(w) =
Va(w) 
Vb (w) 
Vc(w)
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P(w)
Pll(w) P12(w) Pl3(w) 
P21(w) P22(w) P23(w) 
P31(w) P32(w) P33(w)

Wedephohl[31] described a general method for solving dif
ferential equations of this type for any number of conductors. 
The technique utilises a transformation that produces a set of 
de-coupled voltage and current variables known as modal quant
ities. The transformation matrix is composed of the eigen 
vectors of P(w) such that the product S(w) l.P(w). S(w) is 
diagonal and the procedure has been extensively used in primary 
system transient simulation programmes[21]. The differential 
equation can be transformed into Equ. 2.28

where

d [y (w)] _ _g(w) l.P(w).S(w).V^(w)
dx2
V(w) = S(w). V^(w)

2.28

V (w) =
Vl(w) 
V2 (w) 
V3(w)

S(w) =
Sll(w) S12(w) S13(w) 
S21(w) S22(W) S23(w) 
S31(w) S32(w) S33(w)

The matrix S(w) is in general frequency dependent and therefore 
the real time computation of the modal variables from the phase 
quantities would involve convolution. However, if it is assumed 
that the transmission line is idealy transposed, P(w) has the 
following form.

P(w) =
Ps(w) Pm(w) Pm(w) 
Pm(w) Ps(w) Pm(w) 
Pm(w) Pm(w) Ps(w)

2.29

It can be shown that a possible transformation matrix S is then 
frequency independent and scalar[31], as defined by Equ. 2.30

23



1 1 1 2.30
s = 1 0 -2

1 -1 1

matrix. s-1. is given in Equ. 2.31

1 1 1 2.31

3 3/2 0 -3/2
1/2 -1 1/2

The modal quantities are then easily extracted from the phase 
quantities by Equ. 2.32

VI (t) 1 1
V2(t) 3 3/2 0
V3(t) 1/2 -1 1/2

Va(t) 2.32
Vb(t)
Vc(t)

The transformation from phase to modal quantities produces three 
decoupled networks such that each modal current is only a func
tion of its own modal voltage. An example of a related trans
formation has been utilised for many years in fault calcu
lations where the phase variations are transformed into zero, 
negative and positive phase-sequence quantities. In this case 
the transformation is not however scaler[32].

The current distribution for mode-1 requires an earth 
return path and has therefore been called the earth mode. Modes 
-2 and -3 do not require such a return path and have been called 
the aerial modes. The impedance of each mode is obtained from a 
consideration of the phase impedance matrix and it is shown in 
Appendix A2.1 that the earth mode impedance of the line is 
similar to the zero phase sequence impedance. The aerial mode 
impedances are similar to the positive-phase-sequence 
impedances.

The series and shunt modal parameters can be combined in 
the normal manner to define the wave propagation constant and 
the characteristic impedance for each mode.
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gl(w) = /(RO + j.w.LO).(GO + j.w.CO) 2.33

zci(.) . / Ç m + Z E M Ï
V (GO + j.w.CO) 

g2(w) = g3(w) = /(Rl + j.w.Ll).(Gl + j.w.Cl)

Zc2(w) - Zc3(w) =
V (G1 + j.w.Cl)

Assuming a lossless line, the wave functions can thus be formed 
for each mode:-

Sll(t) « Vl(t) + Zcl.Il(t) 2.34
S21(t) = Vl(t) - Zcl.Il(t)

S12(t) = V2(t) + Zc2.I2(t)
S22(t) = V2(t) - Zc2.l2(t)

S13(t) = V3(t) + Zc3.I3(t)
S23(t) = V3(t) - Zc3.l3(t)

In order to gain directional information from a three phase 
transmission line it is necessary to consider the behaviour of 
each mode independently.

2.5 Modal System Interconnections under Fault conditions.

The modal transformation defines networks that are de
coupled, but a fault constrains the modal networks to be inter
connected at the fault point and the interconnection is 
dependent upon the fault type. The network interconnections are 
similar to those associated with the phase-sequence transform
ation calculations, although, the interconnections are not 
identical to the latter for all faults.

The modal network interconnections for the common type of 
faults are now defined.
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A-E fault
At the fault point Ib=Ic=0.

From the transformation:-

Il(t) = (l/3).Iaf(t) = If(t) 2.35
I2(t) = (l/2).Iaf(t) = (3/2).If(t)
I3(t) = (l/6).Iaf(t) = (1/2).If(t)
Il(t) = (2/3).l2(t) = 2.13(t)

The modal system shown in Fig. 2.6a satisfies the above con
straints, where Vfa(t) is the superimposed voltage applied to 
the faulted phase and all the modal networks are excited at the 
fault point. Modal relay positions are situated in front of the 
source impedances at each end of the line section and are 
subject to modal voltage and current of only one mode. As 
mentioned previously, there is interaction between the modal 
networks at the fault point. For a solid A-E fault the 
reflection coefficient at the fault point is not equal to -1; 
each mode views an impedance in series with the superimposed 
generator. The mode-2 voltage contains both information from 
the faulted phase (A) and a sound phase (C). The sound phase 
voltage contains a travelling wave component that is produced 
from waves propagating from source to source, past the fault 
point. For this fault type the aerial mode voltages are thus 
dependent on the earth mode parameters of the system,

B-E fault
laf(t) = Icf(t) = 0 2.36
Il(t) = (l/3).Ibf(t) = If(t)
I2(t) = 0
I3(t) = -d/3)Ibf(t) = -If(t)
Il(t) = -I3(t)

The modal interconnection of Fig. 2.6b satisfies the above 
constraints, the mode-2 circuit is not energised since the 
transformation assumes an ideally transposed line. The two 
sound phase voltages, Vfa(t) and Vfc(t), are equal and hence 
produce zero mode-2 voltage at the fault point after transform
ation. The mode-3 relay voltage and current are again dependent 
upon the zero phase sequence parameters of the system.
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C-E fault
This fault condition is similar to the A-E fault due to the 

symmetry of the transformation. The forcing function is the C 
phase superimposed voltage, and the polarity of the mode-2 
voltage is seen to be reversed with respect to the other two 
modes. Fig. 2.6c shows the modal system for this fault.

A—B—E
Icf(t) = 0
Il(t) = (l/3).Iaf(t) + (l/3).Ibf(t)
I2(t) = (l/2).Iaf(t) 2.37
I3(t) =» (l/6).Iaf(t) - (l/3).Ibf(t)
Il(t) = I2(t) - I3(t)

The modal interconnection of Fig. 2.6d is required for this 
fault condition.

C—B—E
laf(t) = 0
Il(t) = (l/3).Ibf(t) + (l/3).Icf(t)
I2(t) = -d/2).Icf(t) 2.38
I3(t) = -d/3).Ibf(t) + d/6).Icf(t)
Il(t)= -I2(t) - I3(t)

Due to the symmetry of the transformation the modal inter
connection for this fault resembles the A-B-E case. The modal 
system is shown in Fig. 2.6e.

A-C-E
Ibf(t) = 0
Il(t) = d/3).Iaf(t) + d/3).Icf(t)
I2(t) = (l/2).Iaf(t) - d/2).Icf(t) 2.39
I3(t) = (l/6).Iaf(t) + (l/6).Icf(t)
Il(t) = 2.13(t)

For this fault type mode-2 is independent of the other two 
modes. The modal interconnection is shown in Fig. 2.6f.
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A-B
Icf(t) » 0 
11(C) = 0
I2(t) = (l/2).Iaf(t) 2.43
13(C) = (l/2).Iaf(t)
12(C) = 13(C)

Due to the balanced nature of the phase-to-phase fault the earth 
mode is unexcited. The modal system is shown in Fig. 2.6g.

A-C
Ibf(t) = 0 
Il(t) = 0
I2(t) = (l/2).Iaf(t) 2.41
I3(t) = 0

Modes-1 and -3 are unexcited, the modal network is shown in 
Fig. 2.6h.

B-C
laf(t) = 0 
Il(t) = 0
I2(t) = (l/2).Ibf(t) 2.42
I3(t) = -(1.2).Ibf(t)
I3(t) = -I2(t)

The modal system is shown in Fig. 2.6i.

A—B—C—E
II = 0 2.43
I2(t) = (l/2).Iaf(t) - (l/2).h.Iaf(t)

13(0 = (l/6).Iaf(t) + (l/6).h.Iaf(t) - (1/3).hîlaf(t)

The two aerial modes are independent and have reflection co
efficients equal to -1, this is to be expected since there can 
be no wave propagation past the fault. The balanced fault 
produces no earth mode excitation and the modal system is shown 
in Fig. 2.6j.

Under some fault conditions it is possible that one or two 
of the modes of propagation are not excited. This necessitates
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the combination of modal directional decisions in an OR func
tion; the first mode to operate is taken as the overall relay 
directional decision. It can also be concluded from the fault 
analysis that under all the fault conditions considered, at 
least one of the aerial modes is excited. Complete protection 
of the line is thus possible by only utilising the two aerial 
modes in an OR combination.

The transformation utilised for the formation of the modal 
components assumes that the transmission line is idealy trans
posed. If one also assumes that each circuit of a double-cir
cuit line is idealy transposed then there can be no inter-cir
cuit coupling between the two aerial modes of the circuits.
This can be concluded since the summation of the current dis
tribution of the aerial modes is zero, the earth mode current 
distribution on the other hand, does permit inter-circuit 
coupling.

A relay that only utilises aerial mode components should 
enable the application of the single-circuit protection scheme 
to double-circuits on a circuit by circuit basis, this is a 
significant advantage. More over, the signal processing 
requirements are reduced by 33% if the earth mode is not 
utilised. Aerial mode detection will not permit directional 
decisions to be made at a source where the ZO/Zl ratio is zero 
with ZO finite, because the decision process requires finite 
inputs of current and voltage. The number of applications where 
this source condition can occur is expected to be small. If it 
is a possibility an earth mode could be incorporated to enable 
fault detection. Alternatively, a decision process which de
tects a condition of finite aerial mode voltage with no associ
ated current could be engineered for this special condition.

2.6 Consideration of a Modified Wave Single Pair

The behaviour of a modified wave signal pair, Slm(t) and 
S2m(t), is now considered.

Let Slm(t) = K ’.V(t) + Zc.I(t) = V(t) + Zc.I(t) + (K’-l).V(t) 
S2m(t) = K ’.V(t) - Zc.I(t) = V(t) - Zc.I(t) + (K'-l).V(t) 

where V(t) = (l/2).[Sl(t) + S2(t)] 2.44
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Substitution of V(t) yields

Slm(t) = (l/2).(K’+l).Sl(t) + (l/2).(K'-l).S2(t) 2.45
S2m(t) = (l/2).(K'-l).Sl(t) + (l/2).(K'+l).S2(t)

For a forward fault the original wave signals are initially 
related by Equ. 2.18. The modified signals are related

Slm(t) * (l/2).[(K'+l).Ks. + (K'-l)].S2(t) = y.S2(t) 2.46
S2m(t) = (l/2).[(K*-l).Ks + (K'+l)].S2(t) = x.S2(t)

A consideration of the function d(K',Ks), defined in Equ. 2.47, 
is useful to indicate the effect of the additional voltage com
ponent .

d(K',Ks) = (|x| - |y|)/|x| 2.47

Figs. 2.7a,b show the variation of d(K',Ks) for -I<Ks<l with
K'=5 and 1. It can be seen that the factor K', (K'>0), does not
alter the relative signal magnitude order. However, for differ
ent values of K ’, the maximum relative signal difference occurs 
at differing values of source reflection coefficient. The 
voltage constant K' is used within the relay setting procedure 
to equalise the noise content between the voltage and current 
channels, thus increasing the relay sensitivity for high 
capacity sources where the magnitude of the superimposed voltage 
input to the decision process dictates operation.

The lower frequency behaviour of the modified wave func
tions is similar to the original signals in terms of the time 
for which S2m(t) is greater in magnitude than Slm(t). The 
relative magnitude of the signals inter-change at the first zero 
crossing of the relay superimposed voltage, this occurrence is 
unaffected by the magnitude of the voltage component.

The modified wave signals effectively utilise unmatched 
values of surge impedances, but it is evident that the direc
tional wave criteria are still valid. It is thus not critical 
to match the system surge impedances within the relay.
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2.7 Summary

The fundamental directional principles of the new relay 
have been described in this chapter. The use of a modal trans
formation has been proposed to reduce coupling inherent on a 
multi-conductor transmission line. The behaviour of the three 
modal systems has been analyised for the commonly assumed fault 
types, and from a consideration of the resulting inter
connections, a relay operating on only aerial components has 
been proposed. Aerial mode operation should enable a straight 
forward application to double-circuit lines, and produce 
significant hardware economies.

It has also been concluded that it is not critical to match 
the model surge impedances within the relay as indicated in the 
definitive work. Furthermore, extra voltage components intro
duced into the composite wave signals, can increase the relay 
sensitivity when operating at a high source capacity busbar.
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Figure 2.6a A-earth fault modal system.
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Figure 2.6b B-earth fault modal system.
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Figure 2.6c C-earth fault modal system.
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Figure-- 2.6f A-C-earth fault modal system.
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Figure 2.6g A-B fault modal system.
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Figure 2.6h B-C fault modal system.
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Figure 2.63 A-B-C-earth fault modal system
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CHAPTER 3 DIGITAL FILTER DESIGN

3.1 Design of the Superimposed Extraction Stage

The primary function of the superimposed extraction stage 
is to extract the superimposed component from the total vari
ation. It is initially assumed that the pre-fault frequency 
spectrum only contains the fundamental power frequency com
ponent. Consider the following FIR filter function defined in 
the z-domain.

M(z) = 1 - z 3.1
where z  ̂= exp(-j.w.T^), the delay operator

The frequency response of the FIR filter is:-

H(w) = 2sin(w.mi.T^/2).j.exp(-j.w.mi.T^/2) 3.2

The magnitude of the frequency response function is thus

M(w) = 2sin(w.mi.T^/2) 3.3

The concept of frequency response is only meaningful if the 
frequency of interest has been applied to any filter for suf
ficient time for all transients introduced by the filter to have 
decayed. In analogue techniques this time corresponds to the 
charging time in energy storage elements and for digital realis
ations, it is the time required to fill all memory locations 
with input information. In both filtering techniques the trans
ient time is the duration of the impulse response.

It is the transient response of the digital filter which is 
utilised to extract the superimposed component. The response of 
the FIR filter, defined in Equ. 3.1, during its transient period
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is unity; all the input is reproduced at the output until time 
miTg. After the duration of the filter impulse response the 
output is governed by the response function (Equ. 3.2) and the 
frequency spectrum of the input.

The occurrence of a fault has been described as the sudden 
application of a fault point generator with fundamental fre
quency wo. If the FIR filter has a zero at wo the output is 
zero until fault inception, after fault inception the super
imposed component is reproduced at the filter output during the 
transient response period. The filter re-produces the required 
component without delay, and does not introduce any transients 
into the superimposed component during the initial period when 
the comparison between the two wave signals would be made. It 
is not possible to,realise an analogue filter with such an ideal 
transient response without utilising CCD's. The property of 
time delay is readily implemented digitally, but can only be 
approximated to in an analogue implementation. A general 
expression for m% which ensures zero gain at the fundamental 
power frequency is given by Equ. 3.4:-

mi = n.[2n/(wo.Tg)] where n is integer,n>0. 3.4

The duration of the filter impulse response is governed by the 
longest delay element within the transfer function, the duration 
time is:-

T, = n.mi.T 3.5d s

An alternative form of FIR filter that could be utilised is 
defined by the transfer function:-

H(z) = 1 + z 3.6
H(w) = [exp(-j.w.m2.Tg/2)+exp(j.w.m2.Tg/2)].exp(-j.w.m2.Tg/2)

The magnitude response is:-

M(w) = 2cos(w.m2.Tg/2) 3.7
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To have a zero at wo m 2 is constrained

m2=(2n-l)n/(wo.Tg) where n is integer,n>0 3.8

The duration of the impulse response is then

T.=n.m2.T 3.9a s

The FIR filters considered reproduce superimposed com
ponents for time T^, it is clear from Equs. 3.5 and 3.9 that 
this time is directly related to the choice of n. Function 3.1
has T,=20 ms when n=l, function 3.6 has T,=10 ms when n=*I and it d d
is evident that in both cases the superimposed component is 
available for sufficient time for a comparison to be made within 
the operating times envisaged. The impulse duration time is 
also the minimum time between disturbances before the system can 
be viewed as again de-energised, after this time subsequent 
disturbances could then be considered within the directional 
criteria. The possibility of correct directional decisions 
being made for subsequent disturbances arises because the funda
mental frequency of the superimposed components is the power 
frequency of the system, and thus will eventually produce a zero 
output from the filter.

The magnitude/frequency functions are shown in Fig. 3.1 for 
the two forms of FIR filter with n=l, the responses are suitable 
for a 50 Hz application. Function 3.1 has zero gain at all odd 
and even harmonics of power frequency and at dc, this filter can 
be called a full cycle extraction filter since it utilises a 
delay of 20 ms. The half cycle filter, defined in 3.7, has 
zeros at odd harmonics of power frequency. It is well known 
that power systems do not maintain a fixed frequency and that 
there can be frequency drift as a result of mismatch between 
generation and demand. A relatively fast change in frequency 
may occur during severe fault conditions and Power Swinging can 
also be regarded as an instantaneous variation in system fre
quency. The FIR filters have zeros at power frequency provided 
that Equs. 3.4 or 3.8 are satisfied, but in practice wo is a 
function of time. In order to maintain a zero at the actual 
power system fundamental frequency it is thus necessary to
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feedback the system frequency to control the digital sampling 
rate. This can be achieved with existing technology that 
utilises phase locked methods[33]. Adjustment of sampling 
frequency is preferable to altering the number of delay stages 
since the possibility of smoother tracking is afforded.

The frequency tracking scheme will introduce an error 
between the estimated and actual system frequency. Such a 
tracking error produces a non-zero output, or spill, from the 
extraction filter during the pre-fault period. The magnitude of 
spill is a function of the frequency response of the FIR filter 
and the degree of error between estimated and actual system 
frequency. The performance of a practical tracking system is 
characterised by two components; a steady-state and a transient 
error. The steady-state error is calculated from the frequency 
response of the extraction filter whilst the transient error is 
rather more complex, since the dynamic performance of the 
feedback loops within the tracking equipment play a significant 
part in determining the size of the spill output under high 
rates of change of system frequency.

Detailed magnitude/frequency responses of each filter are 
shown in Fig. 3.2 over the range of 0 to 100 Hz. It is evident 
that the spill output from the half cycle extraction filter is 
approximately half that from the full cycle filter for small 
variations in system frequency. The two spills would be similar 
at 50 ± 37.5 Hz, existing frequency track technology is able to 
achieve a steady-state accuracy of 50.0 ± 0.05 Hz.

To further reduce tracking spill it is necessary to con
sider cascaded versions of the extraction filters, the simplest 
combinations being:-

i/ Half cycle and Half cycle (10 + 10 configuration)
ii/ Full cycle and Full cycle (20 + 20 configuration)
iii/ Half cycle and Full cycle (10 + 20 configuration)

The magnitude response of the 10 + 10 configuration is
obtained from Equ. 3.6.
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H(z) = (1 + (1 + 3.10
M(w) * 4cos^(w.ni2.T^/2) 

where m2 = II/(wo.T^)

The magnitude response of the 20 + 20 configuration is obtained 
from Equ. 3.1.

H(z) = (1 - z"“i)(i - 3.11
M(w) = 4sin^(w.mi.T /2) 

where m% = 211/(wo. T^)

The cascaded 10 + 20 configuration has a magnitude function:-

H(z) = (1 - a“®l)(l + 3.12

M(w) * 4cos(w.m2.Tg/2).sin(w.mi.Tg/2)

Fig. 3.3 shows the magnitude/frequency response of the three 
cascaded extraction filters together with the response of the 
definitive full cycle filter and it is evident that the cascaded 
filters provide the greatest rejection of frequency tracking 
error. The increased rejection is however obtained at the 
expense of prolonging the duration of the impulse response. It 
is interesting to note that the highest rejection of tracking 
error is obtained by the 10 + 10 configuration which also has 
the shortest duration impulse response of the cascaded filters. 
However, the 10 + 10 extraction filter has maximum gain at dc 
and at even harmonics of the fundamental. A power system 
operating under steady-state conditions can contain finite 
components of odd and even harmonics of the fundamental and the 
10 + 10 configuration has the disadvantage that it would produce 
much more significant spill output in the presence of even 
harmonics.

From a consideration of harmonic rejection, frequency 
tracking error, and impulse response duration, it transpires 
that the 10 + 20 configuration offers the optimum compromise.
The latter considerations are of importance particularly because 
it is necessary to reduce spill output as it is effectively a
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noise source. In effect the noise content in the final scheme 
dictates the sensitivity ultimately achievable.

3.2 Fault response of the Cascaded Extraction Stage

In order to evaluate the performance of the 10 + 20 super
imposed extraction filter, the 400 kV plain feeder system shown 
in Fig. 3.4 was simulated. The frequency domain simulation, 
which incorporates full frequency dependence of line parameters, 
is detailed in Chapter 6. The transmission line has a typical 
quad untransposed vertical construction, the line and modal data 
being summarised in Appendix A3.1. The symmetrical short 
circuit fault levels at each end of the feeder are extreme. The 
infeeding fault level at P busbar is 35,000 MVA, at Q it is 
1,800 MVA. A line length of 100 km was chosen for the initial 
studies as this represents a typical application line length for 
an uncompensated feeder at 400 kV.

Johns and Aggarwal[21] have concluded that the aperiodic 
components of measurands immediately following a fault are 
primarily dependent upon two components; the fault level at the 
busbars at each end of the faulted feeder, and the fault incep
tion angle. The following series of faults were studied to 
provide measurands derived from extreme variation of these two 
principal factors.

3.2.1 Fault 1, 5 km from P,pre-fault voltage maximum of the 
"a"-phase inception.

3.2.2 Fault 2, 95 km from P,pre-fault voltage zero of the 
"a"-phase inception.

3.2.3 Fault 3, 95 km from P,pre-fault voltage maximum of the 
"a"-phase inception.

3.2.4 Fault 4, 5 km from P, pre-fault voltage zero of the 
"a"-phase inception.

3.2.5 Fault 5, 5 km from P, pre-fault voltage maximum of the 
"b"-"c" voltage inception.

The primary system voltage and current variation for each of the 
fault conditions are shown together with the forward and back
ward wave signals for the two aerial modes at R1 and R2, for
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these series of faults surge Impedance scaling has been used for 
simplicity.

3.2.1 Fault 1

Figs. 3.5a and b show the primary system voltage and 
current at Rl, Figs. 3.6a and b show the wave signals for each 
of the two aerial modes. It is evident from Figs. 3.6a and b 
that the superimposed extraction filter has a near zero output 
until the time of fault. After fault inception the filter 
reproduces the superimposed wave signals, with no delay, for a 
period of 10 ms. Subsequently, the extraction filter introduces 
transient components and the filter ouptut is not then represen
tative of the superimposed wave signals present on the system. 
The impulse duration time of 30 ms is evident and, after this 
time, the output from the extraction filter is governed by its 
frequency response and the frequency spectrum of the input 
measurand. The wave signals are composed of modal voltage and 
current and will have frequency spectra dependent upon the 
spectra of both sets of primary measurands. By definition, the 
extraction filter has zero gain at the nominal power system 
frequency, it is therefore the aperiodic components that produce 
a residual output from the filter commencing 30 ms after fault 
inception.

The high frequency component of the residual output can be 
attributed to the travelling waves associated with reflections 
involving the fault point and terminating busbars, it is however 
largely independent of reflections between Rl and the fault 
point. This can be concluded from Fig. 3.5a where the higher 
frequencies associated with the faulted phase are damped far 
more quickly than the travelling waves on the un-faulted phases. 
There is also a low frequency residual component which is attri
buted to an exponential component contained in the faulted phase 
current.

Figs. 3.7a and b show the primary system voltage and 
current at R2 and Figs. 3.8a and b show the corresponding wave 
signals for each of the aerial modes. The relay at R2 is 
situated at a busbar with a very low source capacity and this, 
combined with the fault inception angle, facilitates the
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considerable travelling wave component present on all phases 
following fault inception. The travelling wave components on 
each phase have comparable frequencies because the fault point 
and remote busbar are in close proximity. The high frequency 
components produce a considerable residual output from the 
filter commencing 30 ms after fault inception. The travelling 
waves are gradually damped by the system, but the extraction 
filter is still seen to produce a significant output 110 ms 
after fault inception.

This fault example indicates that the high frequency 
aperiodic components associated with a voltage maximum fault can 
cause a significant residual output after the impulse time. The 
residual output, which is only lightly damped by the system, 
could mask subsequent disturbances.

3.2.2 Fault 2

The zero point-on-wave of fault inception produces super
imposed voltage and current waveforms which propagate from the 
fault point with a smooth wavefront. Consequently, the primary 
measurands at Rl (Fig. 3.9a and b) contain little high frequency 
component. The relatively small depression of the faulted phase 
voltage is attributable to the fault being remote from Rl and 
the high infeeding source capacity at P busbar. The faulted 
phase current is considerably offset and is a characteristic of 
faults occurring at zero point-on-wave. The exponential com
ponent evident in the extracted wave signals (Figs. 3.10a and b) 
is a direct consequence of the offset current waveform. The 
resulting residual output is sufficiently large to be of sig
nificant magnitude 110 ms after fault inception.

Figs. 3.11a and b show the primary system voltage and 
current at R2. The corresponding extracted wave signals (Figs. 
3.12a and b) show similar properties to those at Rl, however, 
they are reduced in magnitude because of the lower infeeding 
capacity at Q busbar.

This fault example shows that a fault occurring at zero 
point-on-wave can also produce aperiodic components which cause 
a prolonged residual output from the extraction filter.
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3.2.3 Fault 3

At both relay locations the residual output from the 
extraction filter contains both a high and a low frequency 
component. This fault emphasises the broad spectrum of fre
quencies present following a fault at voltage maximum point-on- 
wave of fault inception and the resulting residual outputs which 
can occur from the extraction filter. The primary system 
measurands at Rl and R2 are shown in Figs. 3.13a,b and 3.15a,b 
respectively and the corresponding extracted wave signals are 
shown in Figs. 3.14a,b and 3.16a,b for Rl and R2 respectively.

3,2.4 Fault 4

At both relay locations the extracted wave signals show 
residual output which is dominated by the low frequency com
ponents associated with a voltage zero point-on-wave fault. 
However, the response at R2 (Figs. 3.19a,b and Figs. 3.20a,b) 
does have some high frequency component present, the system 
conditions at R2 (low source capacity and remote distance from 
the fault) are such as to be receptive to any high frequency 
components generated by the fault. The corresponding responses 
at Rl are detailed through Figs. 3.17a,b to 3.18a,b.

The four fault examples to date have involved connection to 
earth, for this fault type the aerial modes have a fault point 
superimposed voltage generator applied in series with an 
impedance. This impedance is dependent on the earth mode 
characteristics of the system, it has been noted that the earth 
mode propagation constant has a higher attenuation factor than 
the corresponding aerial mode term. For phase-to-phase faults 
(clear of ground) the aerial mode voltage and currents are only 
dependent upon the aerial characteristics of the system and 
consequently, wave propogation is less damped than for the earth 
fault case. It is therefore possible that the duration of the 
residual output from the extraction filter may be prolonged for 
a phase-to-phase fault. As an example of a phase-to-phase fault 
a "b-c" fault was studied, fault 5.
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3.2.5 Fault 5

The primary system voltage at R2 (Fig. 3.21a) contains a 
considerable high frequency component and as expected, wave 
propagation is less damped in comparison with an earth fault 
(Fig. 3.7a). The high frequency components are manifested as a 
residual output from the extraction filter, the corresponding 
extracted wave signals are shown in Figs. 3.22a and b. Whilst 
the primary measurands contain more distortion than has been 
noted to date, the residual output only persists for approxi
mately the same duration as for the earth fault example.

For all the faults considered the 10 + 20 extraction filter 
reproduces the superimposed wave functions for 10 ms after fault 
inception, it is during this period that a comparison must be 
made in order to render a directional decision. Post-fault 
voltage and currents contain a broad spectrum of frequencies; 
ranging from the low frequency exponential components, associ
ated with the current channel, to the high frequency travelling 
wave components, chiefly associated with the voltage channel.
The precise combination of the basic components is dependent 
upon the fault inception angle, the source capacity/configur
ation, and fault proximity. The presence of aperiodic compon
ents has been seen to produce a residual output from the extrac
tion filter which can persist for a considerable time after the 
impulse duration of 30 ms. The directional criteria assumes a 
de-energised system and a fault occurring when a residual output 
is significant cannot be regarded as existing in an otherwise 
de-energised system. It is therefore necessary to develop 
methods for controlling the post-fault response of the extrac
tion filter and this is discussed in the following sections.
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3.3. Digital Filter Synthesis to enable a reduction in the
Relay Recovery Time.

3.3.1 Reduction in the filter recovery time in the presence of 
low frequency components.

The term 'recovery time' is used to describe the time taken 
for the extraction filter output to fall below a desired level 
after a disturbance.

The residual output from the extraction filter after the 
impulse duration time is attributable to the frequency response 
of the extraction filter and the spectrum of the input measur
and. After the impulse duration time the frequency response of 
the extraction filter is zero at dc, but the filter has a finite 
gain between 0 and 50 Hz where offset fault current waveforms 
will have significant energy. In this respect it should be 
emphasised that the non-fundamental components do not interfere 
with the directional criteria but they do extend the recovery 
time of the process.

In order to reduce the gain of the extraction filter for 
low frequencies, it is necessary to consider subsequent filter
ing at the output of the extraction stage. The transfer func
tion, defined in Equ. 3.14, has a magnitude/frequency response 
described by Equ. 3.15.

H(z) = 1 - z 3.14

M(w) = 2sin(w.mg.Tg/2) 3.15

The magnitude response has zero gain at dc and at multiples of 
l/Cmg.Tg) Hz and with a suitable choice of the delay mg.T^, it 
is possible to provide attenuation for frequencies below 50 Hz. 
If a sufficiently small delay is utilised, the low frequency 
residual output from the total filter can be reduced to accept
able limits after the impulse duration time given by (3mi/2 +
mg).Tg. For example, consider the response of the filter defined
in the z-plaçîp by Equ. 3.16, the delay in the low frequency 
attenuation stage is mg.T^ = 0.5 ms. The magnitude/frequency 
response, defined by Equ. 3.17, is shown in Fig. 3.23 over the
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range of frequencies 0 to 50 Hz together with the magnitude/ 
frequency response of the extraction stage alone.

H(z) = (1 - z'”l)(l + - z-":/"») 3.16

M(w) = 8cos(w.mi.Tg/4).sin(w.mi.Tg/2).sin(w.mi.Tg/80) 3.17

The magnitude response of the extraction filter is thus attenu
ated for all frequencies below 50 Hz by the additional filter 
stage. Figs. 3.20a and b showed the response of the extraction 
filter to a remote voltage zero fault (Fault 4), the residual 
output from the extraction filter was of significant magnitude 
110 ms after fault inception. The corresponding response of the 
extended filter (Figs. 3.24a and b) has no significant residual 
low frequency output after the impulse duration time of 30.5 ms.

If the transient response of the extraction stage and the 
extended filter is compared, it is evident that the extraction 
filter reproduced the superimposed quantities with no delay or 
distortion for 10 ms. The extended filter on the other hand 
reproduces the wave signals for only 0.5 ms before transient 
components are introduced. The short delay in the low frequency 
attenuation stage, whilst eliminating low frequency residual 
output, also attenuates frequencies close to the fundamental and 
the high frequency content is seen to be amplified. To assess 
the effect of the different impulse responses considered on the 
directional criteria, it is necessary to consider the function 
defined in Equ. 3.18.

D(t) - |S2(t)| - |sl(t)I 3.18

A disturbance in a forward direction will produce an init
ial positive value of D(t) whereas a reverse disturbance causes 
an initial negative variation. The effect of any filter, 
designed to minimise the recovery time of the process, on the 
initial variation of D(t) is clearly of primary importance. The 
variation of D(t) for modes -2 and -3 (Figs. 3.25a,b) for Fault 
4 is derived from the signals shown in Figs. 3.20a and b. It is 
evident that S2(t) is larger in magnitude than Sl(t) for 
approximately 10 ms after fault inception and is indicative of a
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forward disturbance. Subsequently, transients introduced by the 
extraction filter produce a negative variation of D(t) which may 
not be representative of the behaviour of the wave signals on 
the system. However, the comparison between the signals will 
generally be made over the initial 5 ms of post-fault infor
mation which consistently indicates 'forward*. Figs. 3.26a and 
b show the corresponding variation of D(t) at the output of the 
extended filter (defined by Equ. 3.17) designed to reduce low 
frequency residual output. The initial magnitude relationship 
between 32(t) and Sl(t) is now only maintained for approximately
0.5 ms after fault inception and the difference functions are 
dominated by high frequency components, fundamental variation 
being attenuated.

The extended filter only reproduces 0.5 ms of undistorted 
superimposed components and a secure directional decision could 
not be made with this information. It is thus necessary to 
adopt an alternative design strategy that places more emphasis 
on the transient response of the filter being synthesised. In 
order to maintain security, the digital filter impulse response 
should be such that the variation of D(t) can be used to derive 
the direction of a disturbance for up to a minimum of 5 ms after 
fault inception. In order to achieve the desired transient 
response it is necessary to increase the delay in the low fre
quency attenuation stage. The magnitude frequency response of 
the extended filter with mg.Tg = 5.0 ms is shown in Fig. 3.27a 
together with the response of the extraction stage, a block 
schematic of the filter structure is shown in Fig. 3.27b. The 
response of the extended filter with mg.T^ = 5.0 ms is shown in 
Fig. 3.28a and b for the voltage zero fault considered, the 
impulse duration time of the extended filter being 35.0 ms. The 
low frequency residual output is significantly reduced by the 
filter after the impulse duration time, although not completely 
eliminated. Furthermore, the transient response is now such 
that the superimposed wave signals are reproduced with no time 
delay or distortion for 5 ms after fault inception. The corre
sponding difference signals are shown in Figs. 3.29a and b, and 
it is evident that the initial magnitude relationship between 
Sl(t) and S2(t) is now maintained for 5 ms following inception 
as required. Extending the delay mg.Tg to 5 ms has thus
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produced a filter that has a transient response more suited to 
the directional criteria together with an overall frequency 
response that significantly reduces low frequency residual 
output.

In order to further reduce low frequency residual output 
without changing the transient response over the initial 5 ms 
period, the transfer function defined by Equ. 3.19 can be
adopted, its block schematic is shown in Fig. 3.27c. The
magnitude/frequency response is given by Equ. 3.20.

H(z) = (1 + z *1/2)(1 - z *1)(1 - z *1/4)2 3.19

M(w) = 16cos(w.mi.Tg/4).sin(w.mi.Tg/2).sin2(w.mi.Tg/8) 3.20

The extraction stage cascaded with two low frequency attenuation 
stages, each with a delay mg.T^ = 5.0 ms, has a magnitude fre
quency/response also shown in Fig. 3.27. The transient response 
of the filter still provides the undistorted wave signals for 
5.0 ms after fault inception but increased attenuation is 
achieved in the steady-state for low frequencies. The impulse 
duration time of the filter is now extended to 40.0 ms and Figs. 
3.30a and b show the response of this filter for the voltage- 
zero fault (Fault 4). It is evident that the low frequency 
residual components are virtually eliminated after the impulse 
duration time and a comparison between Figs. 3.30a and b and 
3.28a and b shows that the output of the filter with cascaded 
low frequency attenuation stages is identical to the filter with 
a single low frequency attenuation stage for 5.0 ms after fault 
inception. The difference signals shown in Figs. 3.31a and b 
confirm the identical transient responses over the initial 
period.

3.3.2 Reduction in the filter recovery time in the presence of 
high frequency components.

The extraction stage response to Faults 1, 3 and 5 produced 
a residual output dominated by high frequency components which 
persisted for a considerable time. The filter synthesised to
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reduce the recovery time for voltage zero faults does not have a 
frequency response that specifically attenuates high frequencies 
and will thus have to be modified to produce a similar recovery 
time for voltage maximum faults. For similar reasons to those 
discussed during the design of the low frequency rejection 
stages, the transient response of any proposed filter must be 
compatible with the directional criteria over the initial com
parison period.

A FIR filter structure which produces an output pro
portional to the moving average of the input is defined in the 
z-plane by Equ. 3.20.

H(z) = 1 + z  ̂+ z ^.... z ^ 3.20

= (1 - z - z

The magnitude/frequency response is:-

M(w) = sin[w.(n+1).T /2]/sin(w.T /2) 3.21s s

The form of the magnitude/frequency function is shown in Fig. 
3.32a and the overall low pass characteristic is evident.
Greater attenuation of high frequencies is achieved by cascading 
a number of moving average stages whilst the window width of the 
averager (n.T^) dictates the position of the lowest frequency 
zero which is defined by Equ. 3.23.

fl = l/[(n+l).Tg] Hz 3.22

It can be seen that frequencies below fl are not significantly 
attenuated and therefore, to provide a fast recovery time in the 
presence of travelling wave components, it is necessary to
locate frequency fl below the lowest dominant frequency of the
travelling wave components.

The modal wave signals are derived from the faulted and 
unfaulted phases and this will contain a broad spectrum of 
frequencies associated with various transit times within the 
system. It is not necessary for the relay to recover sensi
tivity following in-zone faults and therefore the lowest fre-
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quency of travelling wave component of significant magnitude 
that the relay has to recover in the presence of is generated 
from a fault at the remote busbar of the protected line. Faults 
occurring in other more remote parts of the system may produce 
lower frequencies than the condition considered but they will 
generally be of a smaller magnitude. A fault occurring at the 
remote end of the protected line generates a lowest dominant 
travelling wave frequency given by Equ. 3.23.

ft = 1/(4.Tr) 3.23
where Tr - Transit time from remote line end to

the relay location

This frequency is the lowest expected and it occurs when the 
relay is situated at a high impedance source[34]. The propa
gation velocity of the two aerial modes is approximately 300 km 
ms ^, so that for uncompensated systems having line lengths of 
up to 120 km, the lowest dominant wave frequency is 625 Hz. A 
moving average window width of 1.5 ms has the lowest frequency 
zero at 615 Hz for 8 KHz sampling rate, or 571 Hz for 4 KHz 
sampling and therefore a 1.5 ms window width should be suf
ficient for uncompensated system lengths encountered in 
practice. Increased window widths, over and above that required 
for fast recovery, produce a delay in the extraction of the 
superimposed wave signals which is particularly marked for fault 
inception angles close to zero point-on-wave. Two cascaded 
moving average stages, each of window width 1.5 ms, applied to 
the output of the cascaded low frequency attenuation stages 
produces a transfer function for the complete digital filter 
defined by Equ. 3.24. The block schematic of the filter is 
shown in Fig. 3.32b.

H(z) - (l+z-*l/2)(l-z-™l)(l-z-*l/4):.(l-z-"+l):/(l-z-l): 3.24
where n=6.

Figs. 3.8a and b showed the extracted wave signals at the 
output of the extraction stage for a remote fault, the waveforms 
contained significant residual output. The corresponding 
signals at the output of the digital filter, defined by Equ.
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3.24, are shown in Figs. 3.33a and b and the residual components 
present after the impulse duration time are seen to have been 
virtually eliminated. The impulse duration time of the filter 
is now extended to 43 ms. The response of the filter to a 
voltage-zero fault at the same location is shown in Figs. 3.34a 
and b and a direct comparison with the output of the extraction 
stage can be made with Figs. 3.12c and d. It is evident that 
all significant residual outputs are eliminated.

A moving average window width of 1.5 ms ensures that for 
line lengths up to 120 km, dominant wave frequencies are heavily 
attenuated after the impulse duration time. An increase in line 
length above 120 km will eventually result in wave frequencies 
being present inside the pass band of the moving average stages 
and the presence of some post-fault residual output. Figs.
3.35a and b show the response of the filter for an "a"-earth 
fault 5 km from the remote busbar of a 140 km line at voltage 
maximum fault inception, the local source capacity is 1.8 GVA to 
facilitate a high travelling wave component in the measurands.
It is evident that the performance of the filter is satisfactory 
for a line length of 140 km. An extreme application of 250 km 
produces the response shown in Figs. 3.36a and b for a fault 5 
km from the remote busbar and it can be seen that the filter has 
a finite high frequency residual output after the impulse 
duration time.

The lowest dominant wave frequency for a 250 km line is 300 
Hz and this is below the frequency fl and within the passband of 
the moving average stages. Increasing the window widths to 3.0 
ms places frequency fl at 320 Hz for 8 kHz sampling or 308 Hz 
for 4 kHz sampling, this is close to the expected lowest domi
nant frequency for a 250 Km line and produces the response shown 
in Figs. 3.37a and b for the 250 km line fault. It should not 
be inferred that a mal-operation will occur in the directional 
decision for faults occurring on the longer line applications 
when utilising the 1.5ms window width, but to reduce the post
fault recovery time it is necessary to increase the moving 
average window widths.

The effect of the moving average stages on the recovery 
performance of the filter has been discussed and has involved 
frequency response concepts. During the initial comparison
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period (up to 5 ms after fault inception) the moving average 
stages do effect the output of the extraction stage which is in 
contrast to the low frequency attenuation stages which, by 
design, do not. The application of a signal to the moving 
average stage will result in an output which is the integral, or 
double integral for cascaded stages, over a window of time. The 
variation of D(t) for Fault 1 at relay location R2 is shown in 
Figs. 3.38a and b, the wave signals being derived from only the 
superimposed extraction stage. It is evident that initially 
|S2(t)|>ISl(t)I consistent with a forward disturbance, then 
subsequent reflections between the fault and the relay causes 
a reversal in the magnitude relationship such that 
I SI(t)I> IS2(t)I, indicative of a reverse disturbance. In 
Chapter 2 it was concluded that reflections between the relay 
location and the fault point could not cause such a reversal, 
however, this assumed a constant reflection coefficient for the 
terminating source network. The source termination for this 
fault study is highly reactive resulting in a decaying super
imposed voltage at R2 between the arrival of each reflection. 
Thus the source enables a reversal in the polarity of the super
imposed voltage without changing the polarity of the current 
which causes the reversal in the magnitude relationship between 
Sl(t) and S2(t). The corresponding variation of D(t) is shown 
in Figs. 3.39a and b derived from the digital filter defined in 
Equ. 3.24. It is evident that the transient response of the 
moving average stages produces a more consistent variation of 
D(t) for the given direction of fault over the initial com
parison period. The fundamental variation of D(t), emphasised 
by the filter, is largely dictated by the energy flow in and out 
of the source inductance. For the forward fault, D(t) is there
fore positive until the first zero crossing of the superimposed 
voltage waveform, this occurs 5 ms after fault inception for a 
voltage maximum fault. The use of the moving average stages has 
emphasised this fundamental component in D(t) without introduc
ing a significant delay and thus increases the security of the 
directional decision.
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3.4 Summary

The directional criteria utilised by the new relay operate 
on the superimposed components present on the system after a 
disturbance. The digital filter synthesis described in this 
chapter has been concerned with the developments of a suitable 
filtering function which will extract the required components 
from the available total variation.

Investigations have shown that the filter function utilised 
in the initial work has a number of short comings, two principal 
ones are:-
i. The frequency response of the filter was such that great 
improvements would have to be developed in frequency tracking in 
order to reduce the spill output to acceptable levels during 
normal operation. In this respect it should be recalled that 
the level of spill output dictates the sensitivity achievable 
from the final relay,
ii. The frequency response of the single extraction filter is 
such that a prolonged residual output is present following a 
large variety of faults, and as discussed, such a residual com
ponent could mask subsequent disturbances.

To reduce spill output during the pre-fault period a 
cascade extraction stage has been developed which dramatically 
reduces the accuracy requirement of the frequency tracking 
equipment and also has the advantage of zero gain at all the 
harmonics of the fundamental. Additional filtering has been 
included to produce an overall band pass characteristic (in 
steady-state) required to minimise the signal recovery time, and 
to enhance the variation of a difference function utilised to 
implement the directional criteria in real time. Particular 
care has been taken to ensure that the transient response of the 
filter (defined in Equ. 3.24) enhances the fundamental com
ponents of the superimposed quantities in order to ensure a 
secure decision even when information is derived through 
restricted band width transducers.

It has also been shown that a small adjustment to the 
moving average window width can be used to provide a suitable 
filter function for long line applications (250 km).
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CHAPTER 4 SECONDARY SIMULATION

4.1 Generalised Analogue Filter Simulation.

A simulation technique which utilises frequency response 
information provides a means of simulating a variety of trans
ducers or pre-filtering functions, without resorting to an 
equivalent circuit representation. Systems simulated in this 
manner can only have linear properties modelled; saturation 
effects are thus precluded from the technique. The impulse 
response of a system is defined by Equ. 4.1.

f(t) = (1/27t) f (w) .exp(j .w. t) .dw 4.1

where f(w) = m(w).exp(j.p(w)) 4.2

In order to evaluate the integral digitally, a modified half 
range integral is used.

I(t) = Re [exp(at)/Tr] or.f (w-j .a) .exp(j .w.t) .dw

where f = [sin(ir.w/^) ] /(w.w/f^) 4.3

Evaluation of Equ. 4.3 is possible when m(w) and p(w) are 
defined over the frequency range of interest, for the particular 
transducer considered.

Frequency response data for a CVT was obtained from a model 
developed by GEC, the high accuracy of the GEC model having been 
verified by the striking similarity between actual CVT secondary 
waveforms and those produced by the model CVT(16). In order to 
produce analytical expressions for m(w) and p(w) a polynomial 
approximation is defined by using curve fitting routines.
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m(w) = mo + mi.w + m2.w^ + mg.w^ + . . . m^.w^
p(w) = pQ + pi.w + P2»w^ + pg.w^ + . . . p^.w^ 4.4

Pre-filters with known transfer functions, Butterworth or 
Chebeshev for example, have analytical magnitude and phase 
functions available negating the requirement for a polynomial 
approximation.

The impulse response obtained from evaluating Equ. 4.3 can 
be represented in the z-domain by relation 4.5:-

f(z) = fo + f%z  ̂ + f2.z  ̂+ fgz  ̂+ . . . 4.5

The response to any input waveform at time n.AT is then given by
the convolution summation 4.6:-

vo(n.AT) =  ̂ f..v(n-j).AT 4.6
j=o J

In order to reduce the computational requirement, summation 
4.6 is only evaluated for the superimposed component of the 
measurands, pre-fault information being simply adjusted in 
magnitude and phase by the transducer response at the pre-fault 
frequency.

Modem electronic protective equipment has the advantage of 
being able to present an optimum burden to a CVT, and this 
usually results in a purely resistive burden. It is assumed 
that the relay being designed will also present such an optimum 
burden to the CVT. Figs. 4.1a and b show the primary and 
secondary waveforms of a CVT simulated from GEC data when the 
fault inception is at the voltage zero crossing. The very long 
exponential tail is typical of CVT*s terminated by a resistive 
burden (17). The corresponding waveforms for a voltage maximum 
fault are shown in Figs. 4.1c and d and here the high frequency 
content of the secondary waveform is seen to be attenuated; a 
feature which could be significant for some UHS protection 
schemes.
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4.2 Secondary Simulation and Relay model.

The signal path from the primary system to the decision 
process input is shown in Fig. 4.2 and the various stages shown 
are now discussed in detail.

4.2.1 CVT,CT transducers.

The CVT is simulated by techniques discussed in section 
4.1, but a transient simulation of the primary CT has not been 
undertaken since the linear response of a CT is relatively wide 
band in comparison with the transient response of the pre-filter 
functions and the current input module (CIM). The nominal ratio 
of the CVT is 400.10^:110 and 1200:1 for the CT.

4.2.2 Voltage interface gain Kv.

This gain is required to reduce the input voltage signal
level from nominally 63.5 V r.m.s. phase to ground, to ± 10.0 V
peak to peak. It is known that the primary system can contain
voltage transients and therefore to ensure that the voltage 
channel remains linear for an input of up to 2 pu. the value of 
Kv is given by Equ. 4.7.

Kv = 10.07(2./r.63.5) = 0.0557 4.7

In practice the voltage interface will also comprise a trans
former stage for galvanic isolation, but the transient response 
of this has not been simulated because of its very wide 
frequency response; it is assumed to be a perfect transformer.

4.2.3 CIM gain Ki

The CIM developed at Bath University(33) comprises a 
Transactor followed by a filter to produce an output voltage 
proportional to the input current over a defined frequency
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range. The simulation of the interface comprises a transient 
simulation (assuming unity gain at 50 Hz) and a current inter
face gain change Ki which dictates the level at which the input 
current is clipped. It is necessary to utilise such a non
linear response in the current channel because of the high 
dynamic range of currents encountered in normal applications.
The degree of current clipping necessary for given applications 
will be discussed in a subsequent chapter.

For clipping to commence at an input current of Ic amps 
rms, the CIM gain (Ki) is given by Equ. 4.8, within this 
relation allowance is made for complete offset of the current 
waveform.

Ki = 10.0/(2./2.1c) 4.8

The transfer function of the CIM utilised in the transient 
simulation is defined in the s-plane by Equ. 4.9.

H(s) = 4.517.10“^.Hl(s)/H2(s) 4.9

where HI(s) = R2.R4.C.[(l/R4.C)+s].s
H2(s) = (R2 + R3).C.[s + 1/C.(R2 + R3)].Rl 
C = 22 nF 
R2 = 5,66 KQ 
R3 = 1.0 K n 
R4 = 160.0 K 0 

and s = j .w.

4.2.4 Sampling rate and pre-filter function.

The frequency response of the digital filter folds about 
the Nyquist frequency, which is half the sampling frequency(15), 
and in order to prevent aliasing of high frequency components a 
pre-filter is required to attenuate input components above the 
Nyquist frequency. In common with most digital techniques, the 
sampling rate will be a major influence on the speed of oper
ation of the directional relay; a reduced sampling rate reduces 
the rate of change of the signals within the decision process.
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Figs. 4.3a,b and c show the frequency response of the digital 
filter (defined by Equ. 3.24) implemented at 8,4 and 2 kHz 
sampling rates, it can be seen that folding occurs at 4,2 and 1 
kHz respectively. The effect of the different sampling rates is 
evident from a comparison of Figs. 4.4a,b and c which show the 
filtered wave signals for mode-2 for a 110 km line fault with 
the digital filter implemented at 8,4 and 2 kHz sampling rates 
respectively. It is evident that the post-fault high frequency 
rejection of the filter implemented at 2 kHz sampling rate is 
significantly reduced when compared with the 8 and 4 kHz imple
mentations mainly as a result of aliasing effects. In order to 
obtain a satisfactory response for the lower sampling rate it 
would be necessary to utilise a relatively high-order pre-filter 
which in turn would introduce a time delay into the process. A 
4 kHz sampling rate has a significant advantage over 8 kHz in 
reducing the hardware requirements for implementation. For a 
4 kHz sampling rate a pre-filter cut off frequency of 2 kHz is 
required, and to further reduce delay a 2^^ order Butterworth 
characteristic was adopted.

4.2.5 Phase to modal transformation constants Km2, Km3

The aerial mode voltages and currents are derived in 
exactly the same manner by the transformation defined by Equ. 
4.10.

Vm2 = (Va/2 - Vc/2).Km2
Vm3 = (Va/6 - Vb/3 + Vc/6).Km3 4.10

The gains Km2 and Km3 are used to maintain the maximum value of
Vm2 and Vm3 at ± 10.0 V after transformation which will be 
attained during three phase balanced conditions, and they are:-

Km2 = 1.155
Km3 = 2.0 4.11
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4.2.6 Ro adjustment Kv2 and digital division constant D

The aerial mode surge impedance refered to the secondary 
side of the primary transducers (Ros) is calculated in the usual 
manner from the primary measurands using the CVT and CT ratios. 
If one assumes the nominal ratios stated and that Ro = 275.Ofi, 
Ros is given by Equ. 4.12.

Ros = (110/400.10^).(1200/1).275.0 = 90.80 4.12

In order to reproduce the forward and backward wave signals 
within the relay Kv2 is dependent upon the clipping level con
stant Ki;-

D.Kv2 = Ki/(Kv.Ros)
= 10.0/(Ros.Kv.2./r.Ic) 4.13

In order to maximise the signal magnitude within the digital 
filter, Kv2 is maintained within the range 0.5<Kv2<1.0 by a 
suitable choice of D. The value of D is chosen to be a factor 
of 2 to enable a fast digital division to be accomplished.

4.2.7 Analogue to Digital Conversion (ADC) stage.

The number of quantisation levels used to represent an 
analogue signal within the digital process is dependent upon the 
number of bits utilised by the ADC. Therefore, if a small 
number of bits are used, the quantisation noise contained in the 
digital representation is increased. A 12 bit ADC unit was 
modelled which represents ± lOv by 4096 quantisation levels and 
proved to be of sufficient resolution for the applications 
studied during the course of the work.

4.2.8 Digital filter implementation.

In order to implement the digital filter in real time it is 
necessary to use limited word length fixed point arithmetic
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which was also adopted within the simulation. It was assumed 
that the processor used for the implementation would be a 16 bit 
machine and would therefore prevent any reduction in the signal 
resolution after the ADC stage. The digital filter has a sig
nificant gain during transient conditions and it is therefore 
necessary to scale the signals through the filter structure to 
avoid arithmetic overflow. A 16 bit machine requires an overall 
scaling factor of 1/8 when a 12 bit ADC is utilised. Scaling 
the signals through the filter introduces a quantisation noise 
and the effects of which can be reduced by splitting the 1/8  

gain into a 1/4 and a 1/2 factor at the output of the integral 
stages, this was also included in the simulation.

4.2.9 Formation of the modified wave signals.

In Chapter 2 it was concluded that the directional criteria 
based upon the magnitude relationship between the forward and 
backward wave signals could also be applied to a modified wave 
signal pair. The additional voltage component is introduced 
during the combination of the modal voltages and currents which 
then enables both the surge impedance scaled signals to be 
available for switch-into-fault purposes and the modified 
signals to be available for directional determination.

4.3 Summary

The secondary simulation structure has been described 
together with the method for simulating the linear character
istics of CVT’s and pre-filters. It is required that the relay 
will operate with the desired speed when information is derived 
from the primary system via a CVT and if achieved, will provide 
a significant economic and practical advantage over equipment 
requiring wound voltage transformers, for example.

The effect of reducing the sampling rate within the digital 
process has been presented and when reduced to 2 kHz, the moving 
average stages do not provide the decision process with smooth 
waveforms either in the initial comparison period or after the
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impulse duration time. It would not be practical to use 8 kHz 
sampling, therefore, a 4 kHz sampling rate has been chosen.
This in turn, is close to the highest sampling rate which can be 
implemented on an economic basis(33). As with most digital 
processes, a higher sampling rate enables a higher cut-off 
pre-filter to be utilised which contributes to reducing the 
final relay operating time.

58



X10
3.50

3.00. 

2.50.

2.00.

d 1.00.
.50. 

.00 
-.50. 

-1.00. 
-I.50. 

-2.00. 
-2.50. 

-3.00. 

-3.50.

T25 T50" TTÏ
TIME

Figure L.1a CVT primary voltage

X10
3.50

3.00. 

2.50.

2.00. 
^ ’•50.

d %.00.
.50̂ 
.00 

-.50. 

-I.00. 
-1 .50. 

-2.00. 
-2.50. 

-3.00. 

-3.50.

(unity voltage ratio)

TS0" 175
-J

Î100 
TIME

Figure CVT secondary voltage



XI0
3.50L

3.00.

2.50.

2.00.

.50.

.00 00 T2S T7.00
-.50.

-I.00.
-1.50.

-2.00,
-2.50.

-3.00.

Figure 4.1c CVT primary waveform

X1 0  5 
3.50., (Unity voltage ratio)
3.00.

2.50.

2.00.
1 .50.

O ).00.
.50.

.00 X1000 T2 S i50 T7.00
-.50.

-1.50J
-2.00.
-2.50.

-3.00.

-3.50_

Figure 2|., 1 d CVT secondary waveform



PRIMARY SYSTEM SIMULATION

Va,b,c
CVT

Ia,b,c
CT

CIM

Kv Ki I

P r e - P i l t . Pre-Filt.

p M o dal TrlQ j^odal Tr

V2,3

Kv2

12,3

ANALOGUE
ABC

DIG. FILT. DIG. FILT

DIGITAL

1;

r

^/D 1
L-.. y.,. 

1
WAVE SIGNAL FORMATION |

n i

Figure 4.2 Signal 
Plow diagram.

S21 S22 S31 S J 2  TO THE DECISION PROCESS



•■f ♦-i
'' I::i
::i
... i

Fi#, 4 .3a 8 kBTz implenentatian

tJL

Ficç. 4 .3% 4 icEs implementation.

fWVi-. /A.JÛU

# # f

# $ 4
Fia. 4.3c 2 kEz
implementation.ftI#

Fiaure 1.3 Frequency response of the Digital 
Filter implemented at various 
sampling rates.



7 .00

Fifcure L « L a Output of the 
Digital Filter implemented 
at 8 kHz

3.00.E 2.00. 
1 .00.
.00 00-I.00. Tine

-3.00.

-5.00.

-G.C0.

-7.00.

.00j

2.00_

Fipure 4.1b Output of the 
Digit&l Filter implemented

.50.

.00 00
TIM E

-.50.

-I.00.

- I .50.

- 2.00

3.50.

3.00.Ü

p 2.50,
-p
•H 2.00,
r-i

ft 1 .50.
B

I .00.

.50.

.00,

-.50.

-1.00.

-1.50.

-2.00.

-2.50.

-3.00.

-3.50-

Figure h.Ac Output of the 
Digital Filter implemented 

kHz

Tine



CHAPTER 5 THE DECISION PROCESS

5.1 Magnitude Comparison Process.

The polarity variation of the difference function re
expressed in Equ. 5.1 will be indicative of the direction to the 
disturbance.

D(t) = lS2(t)| - |sl(t)| 5.1

For the purpose of explanation the wave signals are re-defined 
by Equ. 5.2; the actual ratio of voltage and current utilised 
in a particular application is discussed subsequently.

Sl(t) = v(t) + i(t)
S2(t) = v(t) - i(t) 5.2

The difference function can be expanded in terms of the super
imposed voltage and current components

D(t) = |v(t) - i(t)I - |v(t) + i(t)I 5.3

If for a particular fault |v(t)| > |i(t)| initially:-

D(t) = 2 |i(t)I 5.4

or conversely when, |i(t)| > |v(t)|:-

D(t) = 2 |v(t)I 5.5

Thus the magnitude of the difference function is dictated by the
smaller of the voltage or current component. In practice the
modal voltage and current at the digital filter output will
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consist of the required superimposed component plus a noise 
component :-

v(t) = Vg(t) + v^(t)
i(t) = i (t) + i (t) 5.6s n

where v^(t) is the actual superimposed component and v^(t) is 
the noise content.

When the superimposed components on the primary system are zero, 
D(t) will nevertheless attain a finite value given by Equ. 5.7.

D(t) = 2. |v^(t)| when |v^(t)| < U^(t)| 
or D(t) = 2. |i^(t)| when |i^(t)| < | 5.7

It therefore follows that if the noise levels in the current and 
voltage channels are equalised and that is defined as the 
maximum noise level which D(t) is not expected to exceed, an 
instantaneous forward indication can only be securely identified 
when relation 5.8 is true.

D(t) > D 5.8n

Similarly, an instantaneous reverse indication is securely 
identified when Equ. 5.9 is true.

D(t) < -D^ 5.9

Therefore when |D(t)| < the two wave signals have magnitudes 
which are so similar that the assumed noise content could change 
the magnitude relationship between them. It follows that a 
decision made under such conditions should not contribute to the 
final relay directional determination, an estimate of is thus 
central to the correct operation of the decision process. 
Appendix A5.1 describes the estimation of which is a function 
of the interface constant Ki for assumed relay input noise 
levels. The maximum value of K ’ (the voltage adjustment factor) 
is also derived as a function of Ki, it is this voltage gain 
which is used to equalise the assumed noise content in the
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voltage and current channels and thus enables a common threshold 
to be used for the composite wave signals with maximum sensi
tivity.

In order to provide a final decision which is based upon a 
window of information, it is necessary to introduce a memory 
facility within the decision process and this can be achieved by 
utilising a bi-directional counter which is incremented for 
instantaneous forward indications and decremented for reverse.
On achieving a pre-defined positive or negative level, the final 
forward or reverse decision can then be more securely rendered. 
Because the wave signals are only available for the impulse 
duration time of the digital filter, it is necessary to reset 
the counter after a defined time to avoid the counter being left 
at an intermediate level after a small disturbance. Such a 
reset presents the decision process with a limited time to 
attain the decisive count, and clearly this should be of suf
ficient duration to allow for normal operation. However, it is 
not beneficial to extend the 'time-out* inordinately since it is 
also the time taken for the counter to return to zero if noise 
produces a spurious count. Since UHS operating times are en
visaged, a time-out period of 15 ms should prove sufficient in 
practice.

For the difference function to exceed the threshold (D^) 
both the superimposed voltage and current at the decision pro
cess input must attain a magnitude greater than (D^/2), and it 
is this property which enables a control of the forward to 
reverse sensitivity ratio to be introduced. The flow chart for 
the magnitude comparison decision process is shown in Fig. 5.1. 
If |s2(n)| > |si(n)l a possible counter increment may occur, 
but this is not permitted until the magnitude difference ampli
tude is greater than Df. The additional threshold Df is intro
duced to control the forward to reverse sensitivity ratio, in 
Fig. 5.1 a ratio of 2:1 has been utilised which is generally 
suitable for plain feeder applications.

Figs. 5.2a,b and c show the variation of the mode-2 and -3 
counters for a remote forward fault at 0", 90® and 145® point- 
on-wave fault inception angle respectively. The fault is an 
*’a'*-earth fault 95 Km from the relay which is situated at a 
busbar terminated by a source with a fault level capacity of
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1.8 GVA. All the counter variations show an initially consist
ent forward count which would progress past a decisive count of 
5. However, subsequent variations contain periods of counter 
decrement and the consequences of these will be discussed 
shortly. After the counter is reset, a number of spurious 
decisions (forward and reverse) are made. It is thus necessary 
to examine the operation of the decision process close to the 
sensitivity limits in order to detect any mal-operation result
ing from counter decrement occurring after any initial count 
which does not achieve a decisive level.

In order to provide such a critical examination of the 
decision process at the limit of sensitivity, an iterative 
search routine was developed which presented the relay with 
measurands derived from a lumped parameter model. A lumped 
parameter system was chosen since it enables a very fine sweep 
of the relay characteristic with point-on-wave to be achieved 
both economically and efficiently. The search routine was per
formed for an "a"-earth fault since this fault type produces the 
smallest modal signals at the decision process input. In order 
that the sensitivity obtained can be related to application, the 
routine computes the relay reach(km) as a function of the point- 
on-wave of fault inception. If, for a forward disturbance, the 
relay actually indicates reverse, the reach is expressed as a 
negative quantity. Figs. 5.3a and b show the search routine 
outputs for nominally the voltage and current sensitivity limits 
respectively. It is clear from both Figs. that over a range of 
fault inception angles, the combination of counter decrements 
and counter variation after reset can cause mal-operation at the 
limit of the relay sensitivity.

5.2 Magnitude and Rate of Change Comparison Process.

The counter variation in Figs. 5.2a,b, and c contained 
periods of counter decrement and the boundary search routine 
confirmed that, in general, at the sensitivity limit of the 
relay these could cause a wrong directional determination for 
some points-on-wave of inception. In order to produce a more 
secure decision process, it is necessary to examine the
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fundamental wave signal variation following a disturbance. In 
Chapter 2 it was concluded that the flow of energy into and out 
of the source impedance could cause a reversal in the wave 
signal magnitude order after the first zero crossing of the 
superimposed voltage waveform. This forms one of the reasons 
for the counter decrements observed. Furthermore, the digital 
filter only reproduces integral forms of the wave signals for 5 
ms following fault inception and therefore after this time the 
differential stages within the filter begin to take effect. It 
is then possible to conceive of counter decrements occurring as 
a result of the additional transient components introduced by 
the digital filter.

The initial fundamental variation of the superimposed modal 
voltages and currents can be divided into three distinct time 
periods T1,T2 and T3 where these constitute an energy exchange 
cycle commencing after fault inception. The expected variations 
presented to the decision process are now discussed for each of 
these three periods.

5.2.1 Period Ti

Period Tl commences after the arrival of the measurands 
(t=0) to the first voltage zero crossing (t=tl) and is normally 
bounded by the zero crossing of the voltage waveform since the 
superimposed current will tend to lag the voltage for an induc
tive impedance. During Tl, energy flows into the source system 
and if one assumes that the system superimposed voltage in
itially attains a positive polarity the wave signals are related 
by Equ. 5.10.

For 0<t<tl |s2(t)I > |si(t)I
where v(t) > 0 and i(t) < 0  5.10

Thus counter increment occurs during Tl.
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5.2.2 Period T2

Period T2 is normally bounded by the zero crossings of the 
superimposed voltage (t=tl) and the current (t=t2) and during 
this period, energy flows from the source into the protected 
line:-

for tl<t<t2 |S2(t)| < |sl(t)l 5.11
where v(t) < 0 and i(t) < 0

Thus counter decrement occurs during T2.

5.2.3 Period T3

This period commences after the zero crossing of the super
imposed current (t=t2) and is associated with energy flow from 
the system back into the source:-

for t2<t<tn |s2(t)| > |si(t)|
where v(t) < 0 and i(t) > 0  5.12

Counter increment is re-established during T3 and tn denotes the 
time when the energy exchange cycle recommences with respect to 
the system measurands. In general, this occurs after the effect 
of the filter differential stages commences, and hence may not 
be recognisable from the filtered measurands.

The energy cycle described occurs for all fault inception 
angles, but for some inception angles between 120® and 180® the 
cycle can be completed during the period of time in which a 
directional decision is being made. The mode-3 counter response 
shown in Fig. 5.2c is such a case. It can be seen that the 
fault inception angle is 145® and the counter movement is incre
ment, decrement, followed by increment as expected.

In order to produce a decision process which is not subject
to decrements for a forward fault, it is necessary to consider a
second pair of signals:-

Sl'(t) = v'(t) + i'(t)
S2’(t) = v'(t) - i'(t) 5.13
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Where Sl’(t) and S2*(t) are proportional to the rate of change 
of the wave signals within the decision process. If one con
siders the difference function, Dr(t) defined in Equ. 5.14, it 
can be expanded in terms of the superimposed voltage and 
current :-

Dr(t) - |S2'(t)| - |si'(t)|
• |v’(t) - l'(t)| - |v'(t) + 5.14

When Dr(t) < 0 :-

[v'(t)>0 and i*(t)>0] or [v’(t)<0 and i’(t)<0]

or conversely when Dr(t) > 0 :-

[v*(t)>0 and i’(t)<0] or [v’(t)<0 and i*(t)>0]

Thus when the rates of change of the superimposed voltage and 
currents are of opposite polarity Dr(t) is positive and when the 
voltages and currents have the same polarity of rate of change, 
Dr(t) is negative. The behaviour of the two sets of signals 
(SI, 82 and 81’, 82’) during the energy exchange cycle con
sidered is described in Appendix A5.2.

For a forward disturbance Appendix A3.2 describes that 
during the energy cycle discussed, there are periods when 
condition 5.15 can be expected to occur.

|s2(t)| > |sl(t)| and |s2'(t)| > |si'(t)| 5.15

Furthermore, for such a fault relation 5.15 is always initially
true and is expected to be so for time (tl/2) after the arrival
of the measurands. It is also expected that at no time will
5.16 occur.

|si(t)| > |82(t)| and |si’(t)| > |82’(t)| 5.16

A similar consideration for reverse faults shows that condition
5.17 should not occur.

|82(t)| > |81(t)| and |82’(t)| > |81’(t)| 5.17
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Therefore, the extension of the decision process so that 
increments and decrements of the counter only occur when D(t) 
and Dr(t) are of the same polarity will tend to stabilise the 
decision process near the sensitivity limit. However, because 
D(t) and Dr(t) are only initially of similar polarity for typic
ally half the time that D(t) is initially positive or negative, 
one may expect some additional delay from the extended process 
for some fault inception angles.

In order to reduce the latter inherent delay, a two stage 
counting strategy can be adopted. Initially, for a forward 
disturbance for example, it is required that D(t) and Dr(t) are 
simultaneously positive for counter increment to occur. Then, 
assuming that the decisive level is 5, the counter has to 
achieve a count of 3 before progressing to stage-2. Thereafter,
further increments are permitted provided that D(t) and Dr(t)
are not simultaneously negative. Thus the decision process
expects that after the initial period when D(t) and Dr(t) are
simultaneously positive, it is not expected that D(t) and Dr(t) 
will be simultaneously negative. If such a condition is detec
ted the counter is then decremented for each sample exhibiting 
the unexpected signal condition.

In order to implement the extended process it is necessary 
to derive derivative forms of the wave signals and these can be 
provided by the additional filtering stage defined by Equ. 5.18

H(z) = 1 - z““ 5.18

Because of the transient response of such a transfer function 
the delay z  ̂dictates the time delay after which the derivative 
signals are available following the arrival of the measurands. 
The magnitude frequency response of the differential filter is 
given by Equ. 5.19:-

H(w) = 2sin(w.m.Tg/2) 5.19

It is evident that small values of m provide the differential 
signals after a short delay^ but with a relatively high attenu
ation of frequencies around the fundamental. Therefore, a 
compromise has to be achieved between the delay and the magni
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tude of the derivative signals; if too large a delay is intro
duced the derivative signal will not inhibit reverse counts 
during forward disturbances and hence the possibility of mal- 
operation will re-occur. The threshold level which can be 
applied to Dr(t) is also a function of the delay mT^ because the 
delay changes the relationship between the input and output 
standard deviations of noise superimposed on the derivative 
signals through the filtering process. The following relations 
between input and output standard deviations of noise are 
achieved for various values of the delay mT^.

With m = 1 ox = 2.38oy
m = 6 ox = 10.9oy 5.20
m = 20 ox = 18.2oy

The corresponding input-output standard deviation relation 
applicable to the magnitude comparison process was defined in 
Appendix A5.1; clearly, adopting a delay of m = 6 enables a 
similar threshold level to be used for Dr(t) and D(t) and would 
simplify the implementation. Fig. 5.4a shows the variation of 
D(t) for the 145® fault inception angle case considered in 
section 5.1 and the associated periods T1,T2 and T3 are indi
cated which result in the counter output shown in Fig. 5.2c.
The corresponding variation of Dr(t) (derived with m = 1) is 
shown in Fig. 5.4b and as expected, at no time is D(t)<0 when 
Dr(t)<0. However, the magnitude of Dr(t) is relatively small 
due to the short delay utilised in its formation. Fig. 5.4c 
shows the variation of Dr(t) when m = 6. The magnitude of Dr(t) 
is now significantly increased and is gained at the expense of 
some delay. Figs. 5.4d and e show the corresponding variations 
of the counter at the output of the extended decision process 
utilising derivative signals derived with m = 1 and m = 6 

respectively. It is evident that when m = 6, a more sensitive 
response is attained but a small number of counter decrements 
still occur. However, it will later be shown that no mal- 
operation occurs at the sensitivity limit as a result of these 
limited number of decrements. Figs. 5.5a,b and c show the 
variation of D(t), Dr(t) with m = 1, and Dr(t) with m = 6 re
spectively for a fault inception angle of 90®. The correspond
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ing counter output from the extended process is shown in Figs. 
5.5d, for m = 1, and 5.5e for m = 6. Figs. 5.6a,b and c show 
the variation of D(t), Dr(t) with m = 1, and Dr(t) with m = 6 

respectively for a fault inception angle of 0® and the extended 
decision process counter outputs with m = 1 and m = 6 are shown 
in Figs. 5.6d and e respectively. For both these two fault 
inception angle examples, the extended decision process counter 
outputs do not contain a significant number of decrements. It 
is also evident that the derivative signal magnitude is signifi
cantly increased when m=6, and therefore should provide greater 
relay sensitivity than if m=l were utilised.

Since UHS operating speeds are required, the variation of 
the filtered wave signals 10ms after fault inception cannot 
usefully contribute to the performance of the relay and it is 
possible that the signal variation after such a delay could be 
responsible for some mal-operations close to the sensitivity 
limit.

In order to eliminate the effect of subsequent signal 
variations, it is proposed to de-sensitise the relay a defined 
period after the arrival of the measurands. In order to achieve 
this the decision process is de-sensitised by increasing the 
value of D^, thus requiring to be a function of time (D^(t)).

Consider the threshold level D (t) derived from the waven
signals :-

N
D^(t) = (I/N) I |si(m)| + |s2(m)| 5.21

m= l

D^(t) is thus a moving average over a window of time; such a 
moving average is useful since D^(t) can then also be utilised 
to monitor pre-fault noise. Signal comparisons would then be 
taken subject to the actual noise floor present at the time of 
fault. For each sample, the summation of the wave signal magni
tudes provides a result which is dependent upon the higher
component in the voltage or current channel:-

When v(t) > i(t) |si(t)| + |s2(t)| = 2|v(t)| 5.22
or when i(t) > v(t) |si(t)I + |s2(t)| = 2|i(t)|
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From Equ. 5.22, it is evident that D^(t) would, as required in
practice, be based upon the higher noise content in the voltage
or current channel at each instant. After D (t) has been calcu-n
lated from the algorithm, it is subject to a minimum value,
which would be the pre-calculated noise floor. The calculated
minimum setting thus maintains the relay maximum sensitivity at
a defined level as would be desired in practice. In order to
ensure that the threshold level (D (t)) does not increase im-n
mediately with Sl(t) and S2(t), the averaging window is delayed 
and for the operating times envisaged, a delay of 8 ms enables 
operation to be accomplished for all points on wave with the 
pre-defined sensitivity maintained throughout the comparison 
period.

The delay of the moving average window together with its 
duration defines the time taken after the impulse duration of 
the digital filter for the maximum relay sensitivity to be re
covered following a disturbance. In practice, the averager 
width has to be sufficient to provide a reasonably smooth output 
during frequency drift conditions when the spill output will be 
close to system frequency. A 6 ms window has an acceptable 
response during such conditions and results in an additional 14 
ms recovery time after the impulse duration and prevents relay 
operation approximately 11 ms after the arrival of the measur
ands. For secure operation in practice, it is necessary for the 
threshold to be above the estimated noise, and in order to 
achieve this the modified algorithm defined in Equ. 5.23 is 
utilised for the computation of .

D^(t) = (1/8) I |sl(t-m)| + |S2(t-m)| 5.23
m = 3 2

D^(t) is thus 3 times the average value of the estimated noise, 
the factor of safety applied may be reduced when precise infor
mation is available as to the spectral form of the noise en
countered in practice. Such an adaptive noise monitor also 
provides additional benefits:-
i/ The post-fault performance of the digital filter is

monitored; any frequency components which are not elimin
ated (resulting in spill output) will not cause subsequent 
mal-operation for subsequent disturbances.
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il/ Some additional post-fault residual output may be expected 
in the practical implementation due to the transient re
sponse of the frequency tracking unit. The noise monitor 
will provide a threshold above such an output, 

iii/ During abnormally high rate of change of system frequency 
conditions, the transient response of the frequency track
ing unit has greater error in the estimation of system fre
quency and thus spill output can occur. The adaptive
algorithm has been tested up to 6 Hz s  ̂drift and pre
vented spurious decisions occurring during such conditions 
which in turn would be indicative of a system collapse.

The decision process discussed in section 5.1 achieved 2:1
reverse to forward sensitivity by applying a 2D^ threshold to
signal variations which could possibly indicate a forward dis
turbance. The application of a 2:1 threshold to the composite 
signals is equivalent to a 2:1 ratio being applied to both the 
voltage and current channels. However, in order to achieve 
correct co-ordination, it is sufficient to apply the 2:1 ratio 
to only the current channel. This can be implemented within the
extended decision process by the following logic.

If Sl(t) > 0 and S2(t) > 0 apply 2:1 threshold 5.24
If Sl(t) < 0 and S2(t) < 0 apply 2:1 threshold
For any other condition apply 1:1 threshold

A 2:1 threshold is thus only applied when the wave signals are 
of similar polarity, and the current signal dictates the oper
ation of the relay. The relay forward voltage sensitivity is 
thus increased by a factor of 2 from that attainable previously.

Fig. 5.7 shows the flow diagram for the extended decision 
process which utilises the rate comparison in addition to the 
magnitude comparison process, the derivative signal being de
rived with m=6. The critical examination of the extended de
cision process with the iterative search routine produces the 
reach against point on wave characteristic shown in Figs. 5.8a 
and b for the voltage and current boundaries respectively. The 
mal-operations which occurred with the original magnitude com
parison scheme have thus been eliminated.
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5.3 SUMMARY

This chapter has been concerned with the development of the 
decision process which interprets the filtered modal wave 
signals to render a directional decision. An initial proposal 
which only operates on the relative magnitudes of the wave 
signals was found to be unstable at the limit of sensitivity as 
a result of the period of time after a fault when energy is 
discharged from the source into the protected line section. The 
simplified directional process discussed in the definitive work 
would also be prone to similar problems at its limit of 
sensitivity.

In order to produce a decision process which is not subject 
to such mal-operations, a second pair of signals (proportional 
to the rate-of-change of the wave signals) has been developed.
It should be emphasised that it is the characteristic of the 
digital filter which provides initial outputs that are double 
integrals of the inputs, which in turn enables correct operation 
of the proposed two stage decision process. The digital filter 
tends to emphasise the more fundamental components without a 
significant delay and this enables secure operation when infor
mation is obtained via restricted band-width transducers.

The decision process has been proven by an iterative search 
routine and a very large number of full scale simulation runs, 
the results of which are presented subsequently.
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CHAPTER 6 PRIMARY SYSTEM SIMULATIONS

6.1 Multi-Busbar, Plain Feeder Formulation with Sequential
Fault capability.

The system shown in Fig. 6.1 represents a multi-busbar 
plain feeder system with associated relay locations Rl,R2,R3 and 
R4. Faults occurring on line PQ are in-zone for the relay set 
R1,R2 and out-of-zone for R3 and R4. The simulation of this 
system enables the response of the directional relay to be 
studied under a variety of forward and reverse disturbances. 
Furthermore, the post-disturbance performance of the relay set 
R3,R4 can be studied, which is critical for faults occurring on 
the line PQ. A sequential fault simulation capability has been 
included so that a fault can occur on line QR a short time after 
faults on PQ, and this facility is particularly useful for 
studying the recovery performance of the digital filter within 
the relay. At each busbar the source systems are general, the 
mixture of local generation and infeeding lines can be arranged 
to provide all the relay locations with measurands derived from 
a system that is highly complex in configuration.

In order to model the multi-node system it is convenient to 
represent it by a general admittance relationship in the 
frequency domain:-

I = Y.V 6.1

for a sequential fault capability the minimum number of nodes 
required is 5; the three busbars, P,Q and R and the two fault 
points. Vector Vf1 represents the frequency spectrum at the 
fault point FI and vector Vf2 the spectrum of the fault point 
F2, and Fig. 6.2 shows the position of the voltage and current 
vectors attached to the system. Equ. 6.1 can thus be expanded:-
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Ifl
If2
Ip =
Iq
Ir

Yll Y12 Y13 Y14 Y15 
Y21 Y22 Y23 Y24 Y25 
Y31 Y32 Y33 Y34 Y35 
Y41 Y42 Y43 Y44 Y45 
Y51 Y52 Y53 Y54 Y55

Vfl
Vf2
Vp
Vq
Vr

6.2

Each current and voltage vector contains phase information

Ix
lax
Ibx
lex

6.3

The general Y matrix is composed of individual matricies Yij:-

Yij
yll yl2 yl3 
y21 y22 y23 
y31 y32 y33

6.4

The system of Fig. 6.1 is therefore represented by a 15x15 
matrix in the frequency domain.

Johns and Aggarwal(21) adopting the modal decomposition of 
the transmission line(31), represented a homogeneous line 
section with the two port relationship

Vs 'a b" Vr"
Is = c D Ir 6.5

where A = cosh(^L)
B = sinh(i|/L) .Zo 
C = Yo.sinh(^L)
D = Yo.cosh(^L).Zo 
Tp = S.y.S ^

Zo =
Yo = Zo'l

In order to define the general admittance matrix it is necessary 
to rearrange the above two port relation on an admittance 
basis
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'is' yll yl2 Vs'
Ir y21 yll Vr 6 . 6

For a homogeneous line section yll=y22 and yl2=y21

Is yll yl2 Vs
Ir yl2 yll Vr 6.7

where yll = Yo.coth(^L)
yl2 = -Yo.cosech(^L)

The sequential simulation requires the computation of three 
components; a pre-fault steady-state component, a superimposed 
component generated by the fault at FI and a superimposed 
component generated by the fault at F2. The total variation of 
voltage and current is then formed from a summation of these 
three components.

6.1.1 Pre-fault component calculation.

A pre-fault calculation is performed to provide the steady- 
state voltages and currents at the relay locations and also to 
determine the fault point voltage at FI; it shall be assumed 
that the fault at FI occurs before the fault at F2. The pre
fault calculation is evaluated at power frequency, since it is 
assumed the system is in a steady-state condition before the 
occurrence of the first disturbance. The pre-fault system 
voltages are dependent on system loading, and to simplfy the 
initial calculation the system is assumed to have defined 
voltages (with a known phase relationship) at busbars P,Q and R. 
These are then arranged to provide the required pre-fault 
loading condition.

The elements of the main admittance matrix are defined in 
Appendix A6.1. During the pre-fault period, Xfl=If2=0 by 
definition and this constraint is applied to the general 
relation to enable the calculation of Vfl and Vf2:-
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Vfl 0
Vf2 0
Vp = [Z] Ip
Vq Iq
Vr Ir

6 . 8

where Z -1

Partitioning of Z yields

Ip “Vp“
Iq =[yd] Vq
Ir Vr

where
[yd] =

Z33 Z34 Z35 
Z43 Z44 Z45 
Z53 Z54 Z55

- 1 6.9

Vp,Vq and Vr are known and therefore Ip,Iq and Ir can be 
obtained directly from Equ. 6.9. Vfl and Vf2 are then 
determined by the substitution of Ip,Iq and Ir into Equ. 6.8.
All the voltages in the system are then defined and the simple 
two port Equ. 6.7 is used to calculate the pre-fault currents in 
each of the line sections.

6.1.2 Computation of the superimposed component produced by the 
fault at FI.

The transient solution is a computation of the voltages and 
currents in the system following the application of a 
superimposed generator at the fault point. Source admittances 
yp,yq and yr are included which define the source networks. 
Matrix relation 6.2 is again used to represent the system, 
but the following terms are modified from those defined in 
Appendix A6.1.
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Y33 = yp + yllflp
Y44 = yq + yllflq + yllf2q
Y55 * yr + yllf2r

6 . 1 0

For the simulation of the fault at FI, the following currents 
are constrained by definition, If2=Ip=Iq=Ir=0. The solution 
establishes all the required system voltages:-

Vfl Ifl
Vf2 0
Vp = [Z] 0
Vq 0
Vr 0

where Z = Y= V ~ 1

6.11

Partitioning of Z yields:- 

[Ifl] = [yd][Vfl] 

where yd = Zll“^

Equ. 6.12 can be expanded;

6.12

Ifla ydll ydl2 ydl3 Vfla
Iflb = yd21 yd22 yd23 Vf lb
Iflc yd31 yd32 yd33 Vflc

1 'vfla~
Vf lb =
Vflc

where zd = yd-1

6.13

clearly, the solution requires the calculation of the fault-path 
currents Ifla,Iflb and Iflc in order to define the system 
superimposed voltages. Consequently, the solution now becomes 
fault type dependent.

Consider an "a"-phase to earth fault, so that lflb=lflc=0. 
Equ. 6.13 is reduced to Equ. 6.14:-

zdll zdl2 zdl3 
zd21 zd22 zd23 
zd31 zd32 zd33

~Ifla'
0 ,
0 6.14
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Vfla = zdll. Ifla

In order to include fault path resistance the fault path at FI 
is constructed as shown in Fig. 6.3, Equ. 6.14 is then expanded 
to Equ. 6.15 to include fault path resistance

Efla - Rf.Ifla = zdll.Ifla
Ifla.= Efla/(zdll + Rf) 6.15

Efla is the forcing function of the transient solution and is 
known; it is a suddenly applied sinusoidal variation which is 
equal and opposite to the pre-fault voltage at Fl. It is the 
frequency spectrum of Efla which excites the system and neces
sitates the solution of Ifla over a range of frequencies and the 
choice of sampling frequency and observation time for given 
simulations is described in detail in reference 21. All the 
required system superimposed voltages are then found by 
substitution of Ifla into the general admittance relationship.

6.1.3 Computation of the superimposed component produced by the 
fault at F2.

With the assumption that the fault occurs at F2 after Fl, 
the general admittance matrix has to be modified when 
considering the application of a superimposed generator at F2:-

Yll = yf + yllflp + yllflq
Y33 = yp + yllflp
Y44 = yq + yllflq + yllf2q 6.16
Y55 = yr + yllf2r

The admittance yf is dependent upon the type of fault which 
occured at Fl. For example, if the initial fault were 
"a"-earth, yf would be defined by:-

yf
(l/Rf) 0 0 
0 0 0 
0 0 0

6.17
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In this way yf is definable for all the common types of fault 
simulated at Fl. The current constraints for the second fault 
are Ifl=Ip=*Iq=Ir=0 and therefore the system voltages are a 
function of the injected current at the second fault point

"vff ’o
Vf2 If2
Vp = [Z] 0
Vq 0
Vr 0

6.18

where Z =

It is possible by similar techniques to those described for the 
fault at Fl to reduce the problem to the solution of Equ. 6.19. 
If one considers an "a"-earth fault occurring at F2, then

If2a = Ef2a/(zdll + Rf) 6.19

In order to solve for the fault at F2, the frequency 
spectrum of Ef2a is required. The total voltage variation of 
the "a”-phase at F2 until the time of the second fault is 
composed of two components; a steady-state component and a 
superimposed component from the fault at Fl. Then, at the 
inception of the second fault, a superimposed generator is 
applied to the "a"-phase at F2 which is equal and opposite to 
this total variation, but until the time of the second fault the 
superimposed generator at F2 is zero. It is clear that the 
superimposed voltage at F2 is not in general an analytical 
function, and its precise form is a function of the system 
configuration and the occurrence of the fault at Fl. In order 
to obtain the frequency spectrum of the non-analytical function, 
the time domain waveform, computed from the response to the 
first fault, is transformed into the frequency domain via a 
Fourier Transform routine. The system superimposed components 
are then calculated in a similar manner to the initial fault.

The source systems have been described by a single admit
tance matrix and Appendix A6.2 describes the formulation of this 
term for complex infeeding networks.
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6.1.4 Example system behaviour during sequential fault 
conditions.

The system shown in Fig. 6.4a was chosen to provide an 
example of the response of a system subject to sequential 
faults. The fault occurring on line PQ is an "a"-phase to earth 
fault which occurs at the pre-fault maximum of the "a"-phase 
voltage. The second fault on line QR occurs 61.67 ms later and 
is an "a"-"c" fault clear of ground. The primary system voltage 
and current variations for relay positions R1,R2,R3 and R4 are 
shown in Fig. 6.4b,c,d and e respectively.

The system voltages and currents at R1 show the effect of 
each fault in turn, but the influence of the second fault upon 
the "a"-phase at R1 is reduced compared with the "c"-phase, 
because the fault at Fl is still present on the system. At R2 
and R3 positioned between the faults, the effect of each fault 
in turn is clearly evident and the similarity between the two 
responses is a result of the small infeeding source capacity at 
Q busbar. The system voltages and currents at R4 are almost 
totally dominated by the fault at F2 after the second fault 
inception and the distance of each fault from position R4 is 
also evident from the travelling wave frequencies contained 
within the voltage and current waveforms. It is evident that 
the fault at Fl produces a relatively low frequency of wave 
component when compared to the fault at F2.

6.2 Double-Circuit Formulation with an Inter-Circuit Fault
capability.

Fig. 6.5ashows the system simulated to study the perform
ance of the directional relay in a double-circuit application, 
where R1 and R2 are relay positions for the protection of 
circuit-1 and R3 and R4 are for the protection of circuit-2.
The response of a double-circuit line under faulted conditions 
has been studied by Johns and Aggarwal(22), but it was necessary 
to devise a re-formulation using admittance methods, so that the 
double-circuit simulation could then be incorporated into a 
multi-terminal system described in a following section. It was
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also desired to include the facility to simulate inter-circuit 
faults which have not been studied to date,

A homogeneous double-circuit line section can be repre
sented by the two port admittance Equ. 6.20.:-

Is Yll Y12 Vs

Ir Y12 Yll Vr
6.20

where Yll = Yo.coth(^L) 
and Y12 = -Yo.cosech(^L)

The vectors Ix and Vx contain phase information from circuits-1 
and -2:-

Ilax

Ix
I Ibx 
Ilex 
12 ax 
I2bx 
12 cx

6.21

The double-circuit two port admittance matrix is thus of order 
12x12. In order to facilitate faults on each circuit and inter
circuit faults, the double-circuit system is represented by the 
4-node system of Fig. 6.Stand the general admittance relation 
6.22 defines the system:-

'in
in
Ip =
Iq

Yll Y12 Y13 Y14 
Y21 Y22 Y23 Y24 
Y31 Y32 Y33 Y34 
Y41 Y42 Y43 Y44

Vfl
Vf2
Vp
Vq_

6.22

The elements of the main admittance matrix are defined in Ap
pendix A6.3.

6.2.1 Pre-fault calculation

If it is assumed that the pre-fault voltages are defined at 
busbars P and Q (related by the required system loading) the
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fault point voltages can then be calculated as follows, where 
Xfl=If2=0 by definition.

Vfl
Vf2
Vp
_Vq _

Z = Y-1

Z14~ 0
Z24 0
Z34 Ip 6.23
Z44 Iq

Partitioning produces

’Vp“ Z33 Z34 "ip"

_Vq_ Z43 Z44 _iq_

and hence

Ip

_iq_

ydll ydl2 Vp

ydl2 yd22 Vq

where ydll ydl2 Z33 Z34

ydl2 ydll Z43 Z44

-1

6.24

6.25

6.26

Vp and Vq are known and therefore Ip and Iq are found directly 
from Equ. 6.25. Substitution of Ip and Iq into Equ. 6.23 then 
enables the calculation of the required pre-fault voltages Vfl 
and Vf2. The system pre-fault currents can then be found by use 
of the two port admittance relationships for each line section.

6.2.2 Superimposed component calculation for a fault on one 
circuit.

The derivation of the system superimposed voltages for a 
fault on circuit-1 for example, is similar to the superimposed 
calculation discussed for the plain feeder simulation, and the 
corresponding current constraints are If2=Ip=Iq=0.
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Vfl
Vf2
Vp =
_Vq _

Z14 Ifl
Z24 0
Z34 0 6.27
Z44 0

This can be partitioned:-

Vfl = Zll.Ifl 6.28

Equ. 6.28 can be reduced to Equ. 6.29 for an "a"-earth fault :-

Ifla = Efla/(z + Rf) 6.29

Efla is again the known forcing function from which Ifla is 
computed and by substitution into Equ. 6.27, all the system 
superimposed voltages are then defined.

6.2.3 Superimposed component calculation for an inter-circuit 
fault.

The inter-circuit fault is defined, for the purposes of 
this formulation, as a fault which involves either faults 
between phases of the two circuits, or any faults occurring on 
each circuit at the same position and at the same instant in 
time; the fault type on each circuit can be different. For an 
inter-circuit fault, the current constraint on the general 
admittance equation is Ip=Iq=0.

'vff "zil Z12 Z13 Z14 ”lff
Vf2 Z21 Z22 Z23 Z24 If2
Vp = Z31 Z32 Z33 Z34 0
Vq Z41 Z42 Z43 Z44 0

6.30

Partitioning produces:-

Vfl Zll Z12 Ifl

Vf 2 Z21 Z22 If2
6.31
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The current constraint applied to Equ. 6.31 is fault type 
dependent and Appendix A6.5 describes the computation of the 
system superimposed voltages for phase-to-phase faults between 
circuits. Appendix A6.6 describes the corresponding formulation 
for faults on each circuit at the same location.

6.2.4 Example double-circuit faulted response.

The double-circuit system shown in Fig. 6.6a is subject to 
a "b"-"c" fault clear of ground 30 Km from busbar P and the 
fault occurs at a maximum of the pre-fault *'b"-"c" voltage.
Figs. 6.6b,c,d and e show the primary system variations at relay 
locations Rl,R2,R3 and R4 respectively. Because of the 
difference in the source capacities and the fault location, the 
steady-state direction of fault current is through sound 
circuit-2 from busbar Q to P. However, a close examination of 
the current variation at R4 shows that a relay situated there, 
whilst eventually experiencing a steady-state fault current 
direction from Q to P, is initially subject to a reverse wave 
because the propagation distance from the fault point to R4 is 
shorter via circuit-1 than via circuit-2.

6.3 Single Circuit Teed Feeder Formulation.

A general teed feeder, shown in Fig. 6.7, represents the 
system devised to investigate the response of the directional 
relay in a multi-terminal application. The teed feeder between 
busbars P,Q and R, has relay positions R1,R2 and R3 available 
for protection. The behaviour of a teed feeder system under 
faulted conditions is as dependent upon the configuration of the 
surrounding system as upon the individual line lengths of the 
feeder. In this respect, of particular importance is the 
presence of direct interconnections between any two ends of the 
teed feeder. The system shown Fig. 6.7 can be configured so as 
to have one, two or three direct interconnections of arbitrary 
length; the source networks are completely general as discussed 
in the previous formulations. The simulation includes the
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facility to fault the teed feeder on any leg, or on a direct 
interconnecting line.

To provide these facilities, the system is represented by 
the 5-node model of Fig. 6.8. A general admittance relation for 
the system with a fault point between P and T, for example, can 
be defined:-

If
Ip
Iq =
Ir
It

Yll Y12 Y13 Y14 Y15 
Y21 Y22 Y23 Y24 Y25 
Y31 Y32 Y33 Y34 Y35 
Y41 Y42 Y43 Y44 Y45 
Y51 Y52 Y53 Y54 Y55

Vf
Vp
Vq
Vr
Vt

6.32

Appendix A6.7 defines the elements of the main admittance 
matrix.

6.3.1 Pre-fault calculation.

The current constraint applied to the general relation is 
If=It=0, where the voltages Vp,Vq and Vr are defined by a 
consideration of the system loading condition.

Ip yll yl2 yl3 Vp
Iq = y21 y22 y23 Vq
Ir y31 y32 y33 Vr

where yll yl2 yl3 Z22 Z23 Z24
y21 yll yl3 Z32 Z33 Z34
y31 y32 y33 Z42 Z43 Z44

-1 6.33

and Z = Y= V — i

Ip,Iq and Ir are then used to define Vf from the inversion 
of Equ. 6.32. The defined node voltages, combined with the two 
port admittance relations are then used in order to define all 
the pre-fault currents of interest.
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6.3.2 Superimposed component calculation.

Equ. 6.32 is constrained for this calculation so that 
Ip=Iq=Ir=It=0 and the system equation can then be reduced to a 
fault point relation in a similar manner to that described for 
the plain feeder formulation. Thus for an "a"-earth fault

Ifa = Efa/(ze + Rf) 6.34

The current Ifa substituted into Equ. 6.35 defines the system 
superimposed voltages for the fault condition:-

Vf
Vp
Vq =
Vr
Vt

Zll Z12 Z13 Z14 Z15 
Z21 Z22 Z23 Z24 Z25 
Z31 Z32 Z33 Z34 Z35 
Z41 Z42 Z43 Z44 Z45 
Z51 Z52 Z53 Z54 Z55

If
0
0
0
0

6.35

6.3.3 Example teed system faulted response.

The system in Fig. 6.9a was simulated with the fault at F 
being an "a"-earth fault occurring at the pre-fault maximum of 
the "a"-phase voltage. This example emphasises the large vari
ation in measurand behaviour that can be experienced at 
locations R1,R2 and R3 for a fault on the teed feeder. The 
system voltages and currents at positions R1,R2 and R3 are shown 
in Figs. 6.9b to d respectively. It is evident that the main 
fault current infeed occurs at R1 and R3; the faulted phase 
current at R2 is very small and tends towards an outfeed. The 
initial variation of the "a"-phase current at R2 shows a pulse 
in the forward direction which occurs because of the shorter 
propagation path from F to R2 via the T point, than via P busbar 
and the feed-round circuit.
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6.4 Double-Circuit Teed-Feeder Formulation.

A double-circuit teed-feeder system is shown in Fig. 6.10, 
where the system has direct double-circuit interconnections 
between busbars external to the teed-feeder. Relay positions 
Rl,R2 and R3 are used to protect circuit-1, whilst positions 
R4,R5 and R6 are required for circuit-2. The surrounding system 
configuration can dramatically affect the faulted behaviour of a 
plain teed feeder as indicated in the previous section. The 
double-circuit system has two forms of direct interconnection 
between busbars when considering the behaviour of one of the 
teed circuits. In this respect, the inclusion of any direct 
lines between busbars external to both teed circuits is one 
such path, whilst the second circuit also provides an additional 
interconnection. The influence of the second circuit upon the 
first's faulted response will be dependent upon the status of 
breakers Pbl,Pb2,Qbl,Qb2,Rbl and Rb2 prior to the occurrence of 
the fault. Clearly, a double-teed feeder can be operated in 
many switched states and therefore the simulation includes the 
possibility of any combination of these breakers being open at 
fault inception.

To model the system with arbitrary breaker states, the 
circuit shown in Fig, 6.11 is adopted. The model includes two 
fault positions, one within the double-teed feeder, and one on 
an external direct interconnection.

The double-teed system requires a minimum of a 15-node 
representation and is thus defined by a 45x45 admittance 
matrix:-

I = Y.V 6.36

where I =
[Iftl Ift2 Ifel Ife2 Ip Iq Ir Itl It2 Ipl Ip2 Iql Iq2 Irl Ir2]^

6.37
and V =
[Vftl Vft2 Vfel Vfe2 Vp Vq Vr Vtl Vt2 Vpl Vp2 Vql Vq2 Vrl Vr2]^
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Phase information is contained within each vector

Iftl =
Iftla
Iftlb
Iftlc

6.37

The main admittance matrix elements are defined in Appendix A6.8

6.4.1 Pre-fault calculation.

The pre-fault calculation used to define the various fault 
point voltages and currents of interest utilises the general 
admittance equation, with the current and voltage constraint 
applied being dependent upon the status of the breakers. If one 
assumes for example, that all the breakers are closed then:-

Iftl = Ift2 = Ifel = Ife2 = Itl = It2 = 0 

and Vpl = Vp2 = Vql = Vq2 = Vrl = Vr2 = 0

With these constraints applied, the main admittance equation can 
be reduced to Equ. 6.38:-

Ip ' ’vp~
Iq Vq
Ir Vr
Ipl 0
Ip2 = [Yp] 0
Iql 0
Iq2 0
Irl 0
Ir2 0

6.38
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where Yp = Zp“ ,̂ Zp is partitioned from Z:-

Z (5 ,5 ) Z (5 ,6 ) Z (5 ,7 ) Z (5 .10 ) Z ( 5 , l l ) Z (5 ,12 ) Z (5 ,1 3 ) Z (5 ,1 4 ) Z (5 ,1 5 )

Z (6 ,5 ) Z (6 ,6 ) Z (6 ,7 ) Z (6 ,10 ) Z ( 6 , l l ) Z (6 ,12 ) Z (6 ,13 ) Z (6 ,1 4 ) Z (6 ,1 5 )

Z (7 ,5 ) Z (7 ,6 ) Z (7 ,7 ) Z (7 ,10 ) Z ( 7 , l l ) Z (7 ,12 ) Z (7 ,1 3 ) Z (7 ,1 4 ) Z (7 ,1 5 )

Z (10 ,5 ) Z (1 0 ,6 ) Z (1 0 ,7 ) Z (10 ,10) Z ( 1 0 , l l ) Z (10 ,12) Z (10 ,13) Z (10 ,14 ) Z (10 ,15 )

Z ( H ,5 ) Z ( l l , 6 ) Z ( H ,7 ) z ( n , i o ) Z ( l l , l l ) Z (U ,1 2 ) Z ( l l ,1 3 ) Z (11,14) Z (H ,1 5 )

Z (12 ,5 ) Z (1 2 ,6 ) Z (1 2 ,7 ) Z (12 ,10) Z ( 1 2 , l l ) Z (12 ,12 ) Z (12 ,13 ) Z (12 ,14 ) Z (12 ,15 )

Z (1 3 ,5 ) ZC13,6) Z (1 3 ,7 ) Z (13 ,10) Z ( 1 3 , l l ) Z (13 ,12) Z (13 ,13) Z (13 ,14 ) Z (13 ,15 )

Z (14 ,5 ) Z (1 4 ,6 ) Z (14 ,7 ) Z (14 ,10) Z ( 1 4 , l l ) Z (14 ,12) Z (14 ,13) Z (14 ,14 ) Z (14 ,15 )

Z (1 5 ,5 ) Z (1 5 ,6 ) Z (1 5 ,7 ) Z (15 ,10) Z (15 .11 ) Z (15 ,12) Z (15 ,13) Z (15 ,14 ) Z (15 ,15 )

and Z = Y— v ” l 6.39

Vp,Vq and Vr are defined by the pre-fault system loading and 
substitution of the currents from Equ. 6.38 into the general im
pedance equation defines all the required system pre-fault 
voltages.

The order of Zp is directly related to the number of 
breakers that are closed prior to fault inception, and if for 
example, only breaker PI were closed Zp would be partitioned 
from Z:-

Z(5,5)
Z(6,5)
Z(7,5)
Z(10,5)

Z(5,6)
Z(6,6)
Z(7,6)
Z(10,6)

Z(5,7)
Z(6,7)
Z(7,7)
Z(10,7)

Z(5,10)
Z(6,10)
Z(7,10)
Z(10,10)

6.40

The calculated currents Ip,Iq,Ir and Ipl would then be combined 
with the following constrained currents

Iftl=Ift2=Ifel=Ife2=Itl=It2=Ip2=Iql=Iq2=Irl=»Ir2=0

to define all the system pre-fault voltages.

6.4.2 System superimposed voltages calculation.

For this calculation the admittance equation has current 
and voltage constraints applied that are dependent upon the
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fault position and breaker status. For a fault occurring on the 
teed-feeder between busbar P and the T point on circuit-1 with 
all breakers closed, the superimposed system voltages can be 
found:-

Ift2=Ifel=Ife2=Ip=Iq=Ir=Itl=It2=0 

and Vpl=Vp2=Vql=Vq2=Vrl=Vr2=0 6.41

Therefore the general admittance relation can be reduced to 
Equ. 6.42.

Iftl "vfi'
Ipl 0
Ip2 0
Iql = [Yp] 0
Iq2 0
Irl 0
Ir2 0

6.42

where Yp = Zp” ;̂ Zp is partitioned from Z:-

2(1,1) 2(1,10) 2(1,11) 2(1,12) 2(1,13) 2(1,14) 2(1,15)
2(10,1) 2(10,10) 2(10,11) 2(10,12) 2(10,13) 2(10,14) 2(10,15)
2(11,1) 2(11,10) 2(11,11) 2(11,12) 2(11,13) 2(11,14) 2(11,15)
2(12,1) 2(12,10) 2(12,11) 2(12,12) 2(12,13) 2(12,14) 2(12,15)
2(13,1) 2(13,10) 2(13,11) 2(13,12) 2(13,13) 2(13,14) 2(13,15)
2(14,1) 2(14,10) 2(14,11) 2(14,12) 2(14,13) 2(14,14) 2(14,15)
2(15,1) 2(15,10) 2(15,11) 2(15,12) 2(15,13) 2(15,14) 2(15,15)

where Z -i

Matrix Equ. 6.42 can be further partitioned to give Equ. 6.43:-

Iftl = [Yp(l,l)][Vfl] 6.43

Iftl and Vfl can be fully defined, dependent upon fault type and 
fault path resistance, as discussed in the previous 
formulations. When Vfl is known, all the superimposed currents
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in Equ. 6.42 can be found from substitution and consequently the 
system superimposed voltages are defined by substitution of 
these currents, together with the constrained zero currents and 
voltages, into the main impedance relation.

The order of the partitioned matrix Yp varies in a similar 
manner to the pre-fault formulation, being dependent on breaker 
status. If only breaker PI were closed at fault inception, then 
Yp would be defined:-

Yp = Zp 1 6.44

where Zp is partitioned from Z:-

Z(l,l) Z(l,10) 
Z(10,l) Z(10,10) 6.45

6.4.3 Example double-circuit tee faulted response.

The system shown in Fig. 6.12a was simulated since this 
allows a verification of the double-tee with the single-circuit 
tee simulation. The faulted response of the system should 
provide measurands at Rl,R2 and R3 that closely resemble those 
at R1,R2 and R3 in Fig. 6.1a although it is not expected that 
the two sets of responses will be identical because of coupling 
between the circuits.

Figs. 6.14b to d show the primary measurands at R1,R2 and 
R3 which do indeed agree closely to those shown in Figs. 6.11b 
to d. It is interesting to note that the response at R2 also 
shows a very small faulted phase outfeed with an initial current 
'spike’ in the forward direction. The response of circuit-2 
locations R4,R5 and R6 are shown in Figs. 6.15a to f 
respectively.

6.5 Summary

This chapter is concerned with the development of a number 
of primary system simulations which are to be used to verify the
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directional relay design. Each simulation contains novel 
features which have required new formulations to be devised and 
the single-circuit, multi-busbar system has the facility for 
modelling sequential or evolving faults. The sequential 
facility has been extensively utilised to investigate the 
recovery performance of the relay after out-of-zone faults. The 
programme can be configured so as to simulate an evolving fault 
at one location, but this facility has not been demonstrated in 
the thesis.

The double-circuit formulation has been devised so that it 
can easily be incorporated into a multi-terminal system 
discussed subsequently. The formulation contains an 
inter-circuit fault formulation which has not been included in 
previous simulations.

Single and double-circuit teed-feeder formulations have 
also been devised which include external system interconnections 
which are known to have a critical effect on protection 
performance. The double-circuit formulation also includes the 
facility for having all teed-feeder breakers in arbitrary 
positions prior to the occurence of the fault. Because the 
breaker nodes are incorporated within the formulation, the 
programme can easily be converted to simulate auto-reclosure 
cycles, although this is beyond the scope of the work covered in 
this thesis.
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CHAPTER 7 DIRECTIONAL RELAY PERFORMANCE ON SINGLE AND 
DOUBLE-CIRCUIT SYSTEMS

7.1 Linear Setting Procedure and the Consequences of Current
Clipping.

If either the voltage or current interface gains (Kv or Ki) 
are increased such that clipping occurs, then a non-linear 
response is introduced into the respective signal path. During 
the pre-fault period, clipping would be symmetrical and would 
not result in any additional spill from the digital filter; for 
this condition, symmetrical clipping only introduces additional 
frequency components into the measurands which are harmonics of 
the fundamental and are thus at the zero gain points in the 
filter frequency response. Whilst clipping of pre-fault wave
forms is not expected to produce spill output, it cannot be 
inferred that correct relay operation is still possible.

When an input signal is clipped, superposition cannot be 
used to extract the superimposed components and therefore it is 
necessary to process all pre-fault information in a linear 
fashion. Similarly, it is necessary to process all faulted 
waveforms linearly, if the relay is to recover sensitivity to 
subsequent disturbances. However, it will not be generally 
required for the relay to recover sensitivity after in-zone 
faults since the local breaker will have received a trip signal, 
but it is desirable for the relay to recover sensitivity after 
an out-of-zone fault.

For a given application, the current clipping level can 
thus be set to the maximum out-of-zone fault current which 
occurs for a fault immediately behind the remote relay location. 
If one assumes that the maximum phase fault current is 
associated with a 3-phase to ground fault, then the relay 
current for which linearity is required is given by Equ. 7.1. A
CT ratio of 1200:1, a nominal system voltage of 400kV, and a PPS 
line impedance of 0.30 km”̂  has been assumed.
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Im = 192.5/(0.3.L + 2s) 7.1
where L = Line length of the protected line (km)

The out-of-zone fault current is dependent upon the local source 
capacity and assuming a maximum source capacity of 50GVA, the 
out-of-zone current is therefore related to line length by Equ. 
7.2.

Im * 192.5/(0.3L + 3.2) 7.2

In order to ensure linearity it is necessary to include the 
maximum load component, assumed to be 4A. It is not expected 
that the load current will be offset and therefore the clipping 
current can be related to line length by Equ. 7.3.

Ic = [192.5/(0.3L + 3.2)] + 2.0 7.3

Fig. 7.1a shows the variation of Ic for line lengths up to 
250km. The adoption of a clipping level given by Equ. 7.3 
ensures linearity for out-of-zone faults but will produce some 
clipping for in-zone faults. The interface gain Ki is related 
to Ic by Equ. 4.8, the corresponding relationship between ki and 
line length being as shown in Fig. 7.1b. Additional voltage 
sensitivity is achieved by modifying the wave signals with the 
voltage control constant K ’. The maximum value of permitted 
for a given threshold level equalises the assumed noise content 
in the current and voltage channels. This constraint relates K̂  
to Ki and therefore the maximum value of K ’ for a given line
length is shown in Fig. 7.1c. The minimum threshold level within
the decision process (D^) can be similarly related to line 
length for maximum sensitivity and the relationship is shown 
Fig. 7.Id. A voltage interface constant of 0.0557 ensures 
voltage linearity for an input level of 2 pu, and this value is 
held constant since the pre-fault voltage is the maximum signal 
magnitude which has to be processed.
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7.2 Application Studies for Single and Double-Circuit Systems

In order to produce extreme source conditions at each relay 
location, the systems shown in Fig. 7.2a and b were simulated 
for the single and double-circuit studies. The source 
capacities (35 and 1 GVA) present extremes of high and low 
source impedance and studies were performed for three line 
lengths; 250,100 and 10 km. These lengths represent two 
extremes and a typical line length for uncompensated systems. 
Relay positions Rl and R2 in Fig. 7.2a protect the single
circuit feeder, Rl and R3 protect circuit-1 in Fig. 7.2b whilst 
R2 and R4 protect circuit-2. For all the studies, the digital 
filter moving average window width was maintained at 1.5ms so 
that the performance of the adaptive noise threshold could be 
investigated for the long line study where some post-fault 
residual output is expected for some fault cases.

The initial studies involved two fault types; an "a"-earth 
fault, which produces minimum modal measurands, and a 3-phase to 
earth fault, which is expected to provide maximum modal 
measurands.

7.2.1 250 km Single-Circuit Study

For this system the following relay settings were utilised;

7.4Ic = 4.46 A
Ki = 0.792
Kv = 0.0557
Kv2 = 0.627
D 4
Dn 46
K ’ = 6
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7.2.1a *'a"-earth fault; a study of the relay operating time 
against fault location at specific fault inception 
angles.

Fig. 7.3a shows the relay operating time for a forward 
decision at Rl for fault inception angles of 0°,90® and 145®, 
when the fault location is varied from P to Q busbar. The 
minimum relay operating time occurs for close up faults, being 
2.0, 1.25 and 1.5 ms respectively. The operating times shown 
include any initial propagation delay between the fault point 
and the relay which is a maximum (0.83 ms) for faults at 100% of 
the line length. This propagation delay is the major component 
in the slight increase in operating time observed for faults 
occurring at the remote end of the line. Fig. 7.3b shows the 
corresponding relay response at R2 where the initial propagation 
delay is a maximum for faults at 0% of the line length. The 
relay operation at R2 is generally slower as a result of the 
very high source impedance which restricts the superimposed 
current magnitude. The minimum operating times at R2 are 3.5,
2.5 and 3.0 ms for inception angles of 0°,90° and 145® respect
ively .

At both relay locations, the operating speed is a minimum 
for voltage maximum faults; it is well known that in practice 
the vast majority of faults occur at voltage maximum.

7.2.1b 3-phase to earth fault; a study of the relay operating 
time against fault location at specific fault inception 
angles.

The operating times for a 3-phase fault are shown in Fig. 
7.4a for relay location Rl. It is evident that the operating 
times are generally reduced for inception angles of 0® and 145® 
and of comparable speed to the "a"-earth fault example for an 
inception angle of 90®. The minimum operating time of 1.25 ms 
achieved in the example, is the quickest response time 
achievable with a decisive count of 5 utilised in the decision 
process and occurs for the close up fault. A comparison between 
Figs. 7.4b and 7.3b emphasises the reduced operating time for
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the 3-phase fault where a minimum operating time of 2.25 ms is 
attained at R2.

The initial propagation delay between the fault and relay 
location again accounts for the slight increase in operating 
times for remote disturbances evident at both relay locations.

7.2.1c Relay operating time as a function of the fault
inception angle, for "a"-earth and 3-phase to earth 
faults at 0% and 100% of the line length.

It was evident from Fig. 7.3a that the relay operating time 
was dependent upon fault inception angle for "a"-earth faults 
whilst Fig. 7.4a indicated that the operating time for a three 
phase fault was relatively fault angle independent. In order to 
investigate fault inception angle dependency, a series of faults 
were studied at 0% and 100% of the line when fault inception 
angles between 0® and 180® (relative to the "a"-phase) were 
investigated.

Fig. 7.5a shows the relay operating time against fault 
inception angle at Rl for a fault at 0%. It is evident that the 
3-phase fault operating time is fault inception angle indepen
dent, whilst the "a"-earth fault has a minimum operating time 
for voltage maximum faults of 1.25 ms. It can be seen that the 
phase-to-earth example has a slower operating region for faults 
occurring just prior to a voltage zero crossing of the faulted 
phase. For faults occurring in this region, it is possible that 
the decision process does not progress from stage-1 to -2 during 
the initial flow of energy in to the source network and a delay 
will then occur before the natural cyclic behaviour again causes 
energy flow into the source causing the decision process to 
complete. This delayed operation occurs for fault inception 
angles which are extremely unlikely to occur in practice.

The fault inception angle independence for the 3-phase 
fault is achieved because of the specific aerial mode distri
bution utilised in the modal transformation. It is possible to 
define a number of aerial mode distributions which could be 
utilised assuming ideal transposition. However, a (1 0 -1) and 
(1 -2 1) set define aerial systems which are excited at the
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fault point by orthogonal superimposed voltages during a 3-phase 
fault. Therefore, a fault which occurs at zero point on wave 
for the mode-2 relay, occurs at a voltage maximum with respect 
to the mode-3 relay. This property thus results in the very 
fast response observed for all fault inception angles of 1.25 
ms.

The probability of a 3-phase fault occurring is relatively 
small compared to a single phase to ground fault. Nevertheless, 
such a fault has the greatest de-stabilising effect upon a power 
system and thus the inception angle independence achieved is a 
significant advantage.

Fig. 7.5b shows the corresponding response at R2 where the 
constant operating time for the 3-phase fault (2.75 ms) is again 
evident. The slower second quadrant response for the earth 
fault is emphasised at R2 because the very high source impedance 
reduces the superimposed current magnitude. The operating time 
for a voltage maximum "a"-earth fault is 3.0 ms at R2.

Figs. 7.6a and b show the corresponding fault inception 
angle relay responses for faults at 100% of the line length. A 
comparison with Figs. 7.5a and b indicates that the slower 
second quadrant response at Rl is emphasised because the line 
impedance reduces the superimposed current magnitude at Rl. 
Voltage maximum operating times at Rl are 2.5 and 2.25 ms for 
"a"-earth and three phase faults respectively, the corresponding 
times at R2 being 2.5 and 2.25 ms.

7.2.2 250 km Double-Circuit Study.

The relay settings for this system are identical to the 
single-circuit 250 km example because with one circuit switched 
out, the maximum out-of-zone current becomes identical with the 
single-circuit example.
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7.2.2a "a"-earth fault, a study of the relay operating time
against fault location at specific fault inception
angles.

Fig. 7.7a shows the response at Rl and it can be seen that 
the relay operating times display a similar characteristic to 
the single-circuit studies (Fig. 7.3a), but are generally 
slightly slower; the voltage maximum operating time varies from
1.5 to 3.0 ms. Some difference in operating time can be 
expected between the single and double-circuit applications for 
two principal reasons:-

i Mutual coupling between the two circuits is manifested in 
the modal frame of reference by mutual coupling between the 
earth modes of each circuit. This coupling modifies the 
fault path impedance in each aerial mode for earth faults.

ii Aerial mode current in the second circuit will modify the 
apparent source impedance seen by a relay on the faulted 
circuit.

The corresponding relay response at R3 (Fig. 7.7b) is 
slower than the single-circuit response at R2 (Fig. 7.3b); 
voltage maximum operating times vary between 2.75 and 3.75 ms.
It is also interesting to note that the increased operating time 
for faults occurring in the second inception quadrant at R3, is 
exaggerated for faults occurring close to the remote busbar.
This is because faults in this region of the line increase the 
effective source impedance behind R3 and thus reduces the magni
tude of superimposed current detectable at R3.

The sound-circuit responses at R2 and R4 are shown in Figs. 
7.7c and d respectively and it can be seen that for all the 
faults, either the relay at R2 or R4 indicated reverse and 
therefore a block signal would be generated to prevent breaker 
action on circuit-2. For faults at 0% of the line, a reverse 
decision is produced at R2 with a corresponding forward indi
cation at R4. For this condition, the decision time at R2 is 
faster than at R4 as a consequence of the 2:1 reverse to forward 
sensitivity ratio set within the decision process. For the
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remaining fault locations, a reverse decision at R4 is produced 
with the relay at R2 indicating forward. The directional relay 
operates from a broad spectrum of input information and conse
quently the final relay decision is dependent upon both the 
fundamental and surge components of aerial voltages and 
currents. The sound-circuit direction of flow of fundamental 
fault current is dependent upon the source capacities at each 
busbar and the fault position. Consequently, a null-point can 
be defined for the faulted-circuit, such that faults occurring 
at this position do not cause any flow of fundamental current 
through the sound-circuit. The null point is defined by Equ.
7.5 and is expressed as a percentage of the protected line 
length.

n = 100.Zs/(Zs + Zr) % 7.5
Zs = PPS sending end source impedance
Zr = PPS receiving end source impedance

For the system under consideration, the null point occurs 
at 2.78% of the line length and therefore for faults between 0% 
and 2.78% the fundamental component of current will tend to 
cause a reverse decision at R2 as is evident from Figs. 7.7c and
d. The behaviour of the surge components is always such as to
assist a reverse decision at at least one of the relay locations 
on the sound-circuit because, for ideally transposed circuits 
there can be no mutual coupling across the fault point between 
the aerial modes. The fault example at 10% with a fault 
inception angle of 145° causes a reverse decision at R4 with no 
corresponding response at R2 and this example clearly emphasises 
the desired increased sensitivity to reverse disturbances within 
the decision process.

7.2.2b 3-phase to earth fault; a study of the relay operating 
time against location at specific fault inception 
angles.

The faulted circuit operating times at Rl and R3 are shown 
in Figs. 7.8a and b and it can be seen that there is greater

99



similarity with the single-circuit study for this fault type. 
This is primarily because there is not any mutual coupling 
between the circuit earth modes. The sound-circuit responses 
are shown in Figs. 7.8c and d for relay locations R2 and R4 
respectively and it is evident that a reverse decision is 
produced at R2 for faults up to 20% of the line length and at R4 
for faults occurring from 10% to 100%. The fundamental null 
position is fault type independent at 2.78% for this system. A 
reverse decision is maintained at R2 up to 20% of the line 
length by the surge components generated by the fault entering 
the sound-circuit from behind relay location R2. The fault at 
10% of the line length causes both relays at R2 and R4 to 
indicate reverse and this case emphasises that the aerial surge 
components tend to aid a reverse decision at each relay on the 
unfaulted-circuit. This security increasing property is 
achieved by only utilising aerial mode components within the 
relay.

7.2.2c Relay operating time as a function of the fault
inception angle, for "a"-earth and 3-phase to earth 
faults at 0% and 100% of the line length.

The response times for a fault at 0% of the line length are 
shown in Figs. 7.9a,b,c and d for relay locations R1,R2,R3 and 
R4 respectively and it can be seen that the response times show 
a similar characteristic to those for the single-circuit 
example. The increase in the apparent source impedance 
increases the operating times for the "a"-earth fault and this 
increase is emphasised for faults in the second fault inception 
angle quadrant.

The 100% line length fault responses (Figs. 7.10a,b,c and d 
for locations R1,R2,R3 and R4 respectively) emphasise the 
increased delay at relay location Rl for earth faults in the 
second fault inception angle quadrant when compared to similar 
faults at 0%.
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7.2.3 100 km Single-Circuit Study.

For this system the following relay settings were utilised;

Ic = 7.80 A
Ki = 0.453
Kv = 0.0557
Kv2 = 0.717
D = 8
D =41 n
K' = 10

7.2.3a "a"-earth fault; a study of the relay operating time 
against fault location at specific fault inception 
angles.

Figs. 7.11a and b show the relay operating times at Rl and 
R2 respectively and it is evident that there is a similar point 
on wave dependency as observed for the 250 km application 
studies. The increased clipping current level, required to 
maintain linearity for the 100 km application, causes a slight 
increase in the relay operating time for fault at 0% of the 
protected line. For faults at 100% of the protected line length 
the reduced initial propagating delay (0.333 ms) produces a 
faster response than for the 250 km line application. A
decrease in the relay response time at Rl for remote faults may
also be expected because the magnitude of the superimposed 
voltage at Rl for a 100% fault is greater than that detectable 
in the 250 km application. The superimposed voltage at the 
relay is related to the fault point voltage by Equ. 7.6:-

Vr = Vf.Zs/(Zs + ZL) 7.6
where Zs = PPS source impedance behind the relay
and ZL = PPS line impedance between the fault and the relay.

The response times shown in Fig. 7.11b are almost fault position 
independent and this can be attributed to the very high source 
to line impedance ratio at R2. This ratio results in the magni-
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tude of the superimposed voltages and currents at R2 being 
almost constant for all fault positions on the protected line.

7.2.3b 3-phase to earth fault; a study of the relay operating 
time against fault location at specific fault inception 
angles.

The reduced dependency of the relay operating time on fault 
position is again evident from Figs. 7.12a and b. The relay 
response for 3-phase faults is virtually fault position and 
inception angle independent for this 100 km application example 
which can again be attributed to the higher source to line 
ratio.

7.2.3c Relay operating time as a function of the fault
inception angle, for "a"-earth and 3-phase to earth 
faults at 0% and 100% of the line length.

The relay operating times for faults at 0% (Figs. 7.13a and
b) are almost identical to the 250 km study; this can be 
expected because the line impedance has a small effect for this 
fault position when the source capacities are extreme. For 
faults at 100%, Figs. 7.14a and b show that a slightly faster 
response can be expected at Rl in comparison with the longer 
line study which can be attributed to the increased magnitude of 
superimposed voltage detectable at Rl for remote disturbances.
A marginally increased relay operating time is evident at R2 as 
a result of the increased current clipping level.

7.2.4 100 km Double-Circuit Study.

The relay settings utilised in this study are similar to 
those used for the single-circuit study above.
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7.2.4a "a"-earth fault; a study of the relay operating time
against fault location at specific fault inception
angles.

At location Rl the relay operating times (Fig. 7.15a) are 
similar to the corresponding single-circuit example; a reduction 
in line length reduces the earth-mode coupling between circuits 
and will produce responses for single and double-circuit appli
cations which become more similar with reduced line length. The 
relay operating times achieved at R3 (Fig. 7.15b) are generally 
similar to those obtained for the long line application. How
ever, for faults occurring at 0% of the line length, a rela
tively slow response time is observed at R3 for all the fault 
inception angles shown. The relay operating time for the 
voltage maximum fault is 9.0 ms. Faults at 0% of the line will 
tend to increase the effective source impedance behind R3 and 
this, together with the increased current clipping level, 
reduces the magnitude of the current component within the 
decision process to a value which approaches the sensitivity 
limit. It is also possible for faults at this location to 
produce a surge component which arrives at R3 from a reverse 
direction (via circuit-2) at the same instant that a surge 
arrives at R3 from a forward direction. These two components 
will then tend to cancel the accelerated operating time normally 
associated with voltage maximum faults observed with this relay.

The sound-circuit responses shown in Figs. 7.15c and d are 
marginally slower than those obtained for the long line study. 
For all the faults studied, the relay indicating reverse 
operates faster than the forward indicating relay as a conse
quence of the reverse to forward sensitivity ratio setting 
within the decision process.

7.2.4b 3-phase to earth fault; a study of the relay operating 
time against fault location at specific fault inception 
angles.

Figs. 7.16a,b,c and d all show that the 3-phase fault would 
be cleared from circuit-1 and blocked on circuit-2 as required. 
It is evident that the response at R3 is more fault position
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dependent than the corresponding single-circuit study, this is 
caused by the variation of the effective source impedance viewed 
at R3 with fault position; this effect is exaggerated for faults 
at 0% of the line length.

7.2.4c Relay operating time as a function of the fault
inception angle;for "a"-earth and 3 phase-earth faults 
at 0% and 100% of the line length.

Fig. 7.17a shows the fault inception angle dependency of 
the relay operating time at Rl for faults at 0%; the response is 
very similar to those for the single-circuit study. It is 
evident from Fig. 7.17b that the increased clipping current 
level together with the increased effective source impedance 
produces relay operating times at R3 which are indicative of the 
relay being operated close to its current sensitivity boundary 
for this earth fault example.

The sound-circuit responses (Fig. 7.17c and d) show that as 
the superimposed current magnitude within the relay approaches 
the sensitivity limit, the relay response to earth faults 
becomes more fault inception angle and position dependent. This 
study also shows that correct reverse to forward coordination is 
maintained on the sound-circuit for all fault positions at the 
limit of sensitivity which in turn is essential for security.

The corresponding relay operating times for faults at 100% 
of the line length are shown in Figs. 7.18a-d.

7.2.5 10 km Single-Circuit Study.

For this system the following relay settings were utilised;

Ic = 33.05 A
Ki = 0.107
Kv = 0.0557
Kv2 = 0.677
D 32
Dn 39
K ’ = 43
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7.2.5a "a"-earth fault; a study of the relay operating time
against fault location at specific fault inception
angles.

The responses shown in Figs. 7.19a and b are indicative of 
the relay being operated with a high current clipping level. At 
Rl, the relay response is similar to those obtained for the 250 
and 100 km studies. However, at R2 the relay operating time is 
generally increased and the voltage maximum operating time 
varies from 3.75 to 4.0 ms.

7.2.5b 3-phase to earth fault, study of the relay operating
time against fault location at specific fault inception 
angles.

The 3-phase fault relay response times are shown in Figs. 
7.20 a and b and it can be seen that they are fault position and 
inception angle independent as a consequence of the very small 
line impedance.

7.2.5c Relay operating time as a function of the fault
inception angle, for "a"-earth and 3-phase to earth
faults at 0% and 100% of the line length.

Figs. 7.21a and b show that as the magnitude of the voltage
or current component within the composite signals is reduced to
near the sensitivity limit; the fault inception angle dependence
of the relay operating time is exaggerated. For this study, the 
superimposed current magnitude at R2 is close to the sensitivity 
limit. The fault inception angle independence of the relay for
3-phase faults is emphasised in Figs. 7.22a and b.

7.2.6 10 km Double-Circuit Study.

The relay settings utilised for this study are similar to 
those used for the single-circuit study.
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7.2.6a ”a"-earth fault; a study of the relay operating time
against fault location at specific fault inception
angles.

The relay operating time at Rl (Fig. 7.23a) is slightly 
increased for faults at 0% and decreased for 100% of the line 
length in comparison with the longer line applications. At R3 
(Fig. 7.23b) it can be seen that the higher current clipping 
level combined with the effective increase in the local source 
impedance causes faults below 10% of the line length being 
undetected. The superimposed current is only of sufficient 
magnitude to cause relay operation for faults between 10% and 
100% of the line length.

The sound-circuit responses (shown in Figs. 7.23c and d) 
indicate that no response is obtained from either relay for 
faults below 10% of the line length. These set of relay 
response again emphasise the increased sensitivity to reverse 
disturbances which ensures correct coordination between relays 
at R2 and R4 for faults close to the sensitivity limits of the 
relay.

7.2.6b 3-phase to earth fault; a study of the relay operating 
time against fault location at specific fault inception 
angles.

The relay responses to the 3-phase fault (shown in Figs. 
7.24a and b) indicate that complete coverage of the line is 
achieved at locations Rl and R3 but it is interesting to note 
that faults at 0% cause a relay response at R3 which is a func
tion of the fault inception angle. Clearly for this fault 
position, the superimposed current magnitude at R3 is close to 
the relay sensitivity limit. The corresponding sound-circuit 
responses show correct coordination between locations R2 and R4, 
and it is also evident from Figs. 7.24c and d that no relay 
operation occurs for faults below 10% of the line length because 
of the high current clipping level.
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7.2.6c Relay operating time as a function of the fault
inception angle, for "a"-earth and 3-phase to earth 
faults at 0% and 100% of the line length.

Figs. 7.25a and b show the relay operating times at 
locations Rl and R3 for faults at 0% and it can be seen that 
coverage at R3 is not maintained for all points-on-wave of fault 
inception for both fault types. There are also no relay 
operations on the sound-circuit for this fault location. The 
100% fault position responses shown in Figs. 7.26a and b and 
7.26c and d shows complete coverage for both fault types at all 
fault locations.

7.2.7 Non-linear relay operation for short line applications.

In order to maintain linearity for the 10 km application it 
was necessary to increase the current clipping level to 33.05 A, 
and this caused a reduced speed of operation particularly at the 
high source impedance busbar in the double-circuit study. If it 
were required to cover source capacities below 1 GVA for such 
short line applications and still maintain a ÜHS relay response 
it would be necessary to reduce the current clipping level. A 
reduced clipping level could also be utilised to decrease the 
speed of operation for all points-on-wave of fault inception for 
longer line length applications.

The adoption of a reduced clipping level may result in non
linear relay operation for some out-of-zone faults which would 
not permit subsequent detection of in-zone faults. The oper
ating time of the relay with a reduced clipping current level 
for the short line double-circuit application is shown in Figs. 
7.27a and b for locations Rl and R3. The relay settings were:-

Ic = 4.46 A
Ki = 0.792
Kv = 0.0557
Kv2 = 0.627
D = 4
D =46 n
K' = 6
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A comparison between Figs. 7.27a and b and Figs. 7.23 a and b 
shows that the reduced clipping level enables complete coverage 
of the 10 km double-circuit line to be achieved with a UHS 
characteristic, which was not possible with the original linear 
settings.

7.3 The effect of Pre-Fault Load on the Operating Time of the
Relay.

The above single and double-circuit application studies 
were performed with no power transfer between busbars prior to 
the fault. Utilising superimposed components eliminates the 
pre-fault variation from the measurands within the decision 
process, but, the magnitude of the superimposed generator at the 
fault point has some dependency upon the circuit pre-fault 
loading. In order to investigate any load dependency, a series 
of "b"-earth faults were simulated at full and no pre-fault load 
transfer. The system configuration utilised is identical to the 
250 km single-circuit line studied previously. Figs. 7.28a and 
b show the relay operating times at locations Rl and R2 and it 
can be seen that the presence of pre-fault load does not affect 
the operating time of the relay at either location.

7.4 The Effect of Fault Path Resistance on the Relay Operating
Time.

Fault path resistance modifies the fault point waveform in 
each mode and, in general, can be expected to reduce the magni
tude of the superimposed voltages and currents detectable at a 
relay location, and the degree of resistive coverage attainable 
can be expected to be fault type dependent. Figs. 7.29a and b 
show the relay response at locations Rl and R2 for an "a"-earth 
fault at zero point on wave for Rf=0,1000 and 3000. The high 
source capacity at the sending end busbar enables all the faults 
to be detected; at location R2 the relay coverage is reduced 
below 100% of the line as a result of the fault path resistance 
and the very high local source impedance (1 GVA) reducing the
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superimposed current magnitude below threshold. The higher 
fault resistance coverage attainable for other types of fault is 
evident from Figs. 7.30a and b and 7.31a,b and the relay oper
ating time for a "b"-"c" fault with Rf=0,300 and 6000 is shown 
in Figs. 7.30a and b. It can be seen that the relay reach at 
location R2 is reduced below 100% for the two higher resistance 
cases. A similar coverage is attained for the "a"-"c"-earth 
fault shown in Figs. 7.31a and b.

In general it can be concluded that fault path resistance 
does not conflict with the relay directional operating principle 
but reduces the magnitude of the superimposed measurands. The 
degree of fault path resistance coverage is therefore a function 
of the relay clipping level. It is evident that it is possible 
to detect greater resistances than can be achieved with conven
tional distance schemes, by a suitable choice of clipping level.

7.5 Inter-Circuit Fault Response.

The two examples of inter-circuit fault described are:-

7.5.1 "b"-phase circuit-1 to "c"-phase circuit-2.
7.5.2 "b"-earth circuit-1 and "c"-earth circuit-2.

7.5.1 Figs. 7.32a and b show the operating times of modes-2 and 
-3 at locations Rl and R3 respectively where a negative time 
indicates a reverse indication. The relay directional decision 
at Rl would be forward for all fault locations because the 
forward operating time of mode-3 is faster than the reverse 
indication of the mode-2. For faults occurring within the first 
10% of the line mode-2 indicates reverse because the fault type 
does not excite mode-2 at the fault point on circuit-1. There 
is however, a significant excitation of mode-2 at the fault 
point on circuit-2, and this excitation is in a reverse direc
tion with respect to location Rl. The corresponding response at 
location R3 shows that a reverse indication by mode-2 for faults 
beyond 10% of the line length would cause a block signal to be 
generated at R3, It is significant that the mode-3 indication 
at locations Rl and R3 is forward for all fault locations.
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Circuit-2 responses at locations R2 and R4 are shown in 
Figs. 7.32c and d respectively and it is evident that the mode-3 
indication at R4 for faults beyond 30% would cause a block to be 
generated on circuit-2. The mode-2 responses at R2 and R4 are 
forward for all fault locations.

7.5.2 Figs. 7.33a,b,c and d show that for this type of inter
circuit fault a block signal can be generated on each circuit. 
However, for this example the mode-3 indication at Rl and R3 is 
forward for all fault positions and similarly for mode-2 at R2 
and R4.

In general, the protection of a double-circuit line on a 
circuit-by-circuit basis can result in certain inter-circuit 
faults being uncleared. However, it would seem possible to 
greatly reduce the number of such uncleared faults by adopting 
additional communication channels and protecting each circuit on 
a mode-by-mode basis. This would necessitate increasing the 
total number of communication channels to four and in practice 
the low probability of inter-circuit faults occurring does not 
in practice warrant such additional capital expenditure.

It has been reported that conventional distance protection 
can also be in error when multi-circuit faults occur[36]. For 
some such fault conditions, false residual current is derived 
which adversely effects the impedance measurement. There is 
also an impedance connected at the fault point which will cause 
a measurement error.

7.6 Sequential Fault Study.

The system shown in Fig. 7.34 was simulated to provide an 
example of the response of the relay under sequential fault 
conditions. Relay locations Rl and R2 protect line PQ and 
locations R3 and R4 protect line QR. For the purposes of these 
studies, the relays were set for a linear out-of-zone disturb
ance response assuming a local maximum fault level of 50 GVA; 
the settings at Rl and R2:-
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Ic = 12.6 A
Ki = 0.281
Kv = 0.0557
Kv2 = 0.889
D = 1 6
D = 4 0  n
K ’ = 16

The settings at R3 and R4:-

Ic = 7.80A
Ki = 0.453
Kv = 0.0557
Kv2 = 0.717
D = 8
D =41 n
K* = 10

The example considered was a "b"-earth fault on line PQ 25 
km from P followed, 85 ms later, by an "a"-earth fault on line 
QR 20 km from Q. Figs. 7.35a-f show details of the relay 
response at location Rl; the extracted aerial mode voltages and 
currents are shown in Figs. 7.35a and b. It can be seen that 
the initial fault does not produce a significant mode-2 
component whilst the second fault excites both modes. The 
finite recovery time of the relay is also evident which enables 
the system to be viewed as de-energised again before the second 
fault. The variations of signals D(t) and Dr(t), utilised 
within the decision process, are shown in Figs. 7.35c and d for 
both modes. The initial positive variation of each function for 
both disturbances is indicative of the forward direction of 
origin of each disturbance. The behaviour of the adaptive noise 
threshold is shown in Fig. 7.35e and the decision process output 
counter in Fig. 7.35f. A comparison between these two Figs. 
shows that the directional decision is made whilst the adaptive 
noise monitor is at its base setting. It can be seen that after 
the impulse duration time of the digital filters, the adaptive 
threshold monitors the post fault residual output from the

111



filters and maintains a threshold within the decision process 
that is above the noise present before the occurrence of the 
second fault. The protected line lengths within the system 
considered are within the optimum range for the 1.5 ms window 
width used in the digital filters and consequently the post
fault residual output is extremely small. The decision process 
counter outputs indicate forward for each disturbance.

The corresponding relay response location at R2 is detailed 
in Figs. 7.36a-f; the initial disturbance is identified as 
forward so that clearance of the fault on line PQ would be 
initiated. The direction of the second fault is established as 
reverse by the dominant mode-2 variations. However, it is 
interesting to note that for this fault the expected relation 
between mode-2 and -3 for an "a"-earth fault is not evident.
The original analysis for the different fault types, presented 
in Chapter 2, assumed an ideally transposed and balanced system. 
Clearly, the presence of the initial fault has an unbalancing 
effect upon the system which results in the modal networks being 
coupled for subsequent disturbances.

Figs. 7.37a - f show the relay response details at location 
R3 and it is evident that the counter variation in Fig. 7.37f 
correctly identifies a reverse followed by forward disturbance.

The details of the response at location R4 are shown in 
Figs. 7.38a - f where both disturbances are correctly identified 
as forward. For an ideally transposed system, the initial fault 
should not produce any mode-2 components at R4. It is evident 
from Figs. 7.38a and b that a small component is detected which 
causes a counter movement of 1 in each direction for mode-2.
This is attributable to the non-transposition of the lines, but 
clearly does not affect the relay directional decision.

7.7. Scheme Logic for the Coordination of the Relay Directional 
Decisions.

The overall protection scheme operating time will be a 
function of the communication channel response time, the relay 
operating time and the scheme logic employed. The two commonest
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schemes employed in directional comparison protection are 
Blocking and Tripping which are considered below.

7.7.1 Tripping.

A tripping scheme can be defined as one which requires 
operation of the local trip function and the receipt of a trip 
signal from the remote terminal before tripping can be initiated 
at any terminal.

7.7.2 Blocking.

The operation of any one of the local blocking functions 
will initiate a signal to block tripping at all terminals of the 
protected line. The tripping functions at each terminal are 
permitted to initiate a trip within a fixed time delay after 
they operate if no blocking signal is present. Tripping will 
thus be permitted at each terminal independent of the trip 
function operation at remote terminals and the fixed coordi
nating time delay allows time for a blocking function to be 
received from a remote terminal. Hence, trip time at any 
terminal is independent of the operation of the trip function at 
the remote terminal and is equal to the operating time of the 
local tripping function plus the fixed coordinating time delay.

Fig. 7.39a shows the scheme logic timing diagram for the 
coordination of the two directional relays subject to an exter
nal fault behind location Rl. When a blocking scheme strategy 
has been adopted, the reverse sensitivity of the relays is 
higher than the forward direction and the operating time of the 
relay at Rl is thus generally faster than that at R2; for short 
line applications it is possible that the two relays could 
operate simultaneously. The difference in the two relay 
operating times is denoted by Tr in Fig. 7.39a and the delay Tc 
is a total communication channel coordinating delay which will 
be discussed subsequently. It is evident from Fig. 7.39a that 
no trip signal would be issued to the breakers at Rl or R2 for 
the external fault. In order to reset the protection scheme

113



following the disturbance, with no stagger between relays at Rl 
and R2, the block signal issuing relay is reset at time (Tc+Ton) 
after a reverse decision has been made and the forward relay is 
reset Ton after the arrival of the blocking signal. The scheme 
reset as described, avoids any stagger caused by the fault type 
and position dependent variable Tr. A corresponding timing 
diagram for an internal fault is shown in Fig. 7.39b and it can 
be seen that a breaker trip signal would be issued at time 
(Top+Tc) after fault inception at Rl and at a relative time of 
±Tr at R2.

The communication coordination delay (Tc) can be considered 
to be composed of three main constituents

i Back-to-back communication equipment operating time.

This delay is defined as the time taken from the issue of a 
block signal at the terminals of the transmitter to the output 
of a block signal from the receiver. This delay is equipment 
dependent and is largely a function of the bandwidth employed:-

a) Voice Frequency (VF) signalling techniques usually employ 
pilot channels and utilise a bandwidth of around 460 Hz.
An operating time of approximately 15 ms is possible when 
operated in a blocking protection scheme.

b) Power Line Carrier (PLC) equipment can be relatively wide 
band when used in conjunction with wide band line traps and 
can have an operating time as fast as 6 ms for a blocking 
protection scheme. PLC is particularly well suited to 
blocking schemes which do not require a signal to be trans
mitted through a faulted circuit.

c) Microwave equipment utilises a very wide frequency band and 
hence can have an extremely fast operating time of the 
order of 2 ms. This type of communication equipment was 
employed by Chamia et al (9) to provide UHS fault clear
ance.
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d) Optical fibre based equipment is a very recent innovation 
that promises similar operating times to those achieved 
with microwave technology.

ii Propagation delay.

The communication media will dictate the propagation delay 
which is proportional to the route length. For microwave, 
optical fibre and power line carrier links the velocity of 
propagation can approach the speed of light.

iii Tolerance allowance.

A factor of safety will be required in order to allow for 
equipment variation from a given specification.

It is apparent that to achieve UHS clearance of faults on a 
50 Hz system, a microwave or optical fibre link is required for 
the relay operating times achieved at the extremes of system 
operating conditions when operating the relay in a linear mode.
A PLC system could be utilised if the relay were operated in a 
non-linear mode in order to reduce its operating time to approxi
mately 3ms. For 60 Hz systems, a PLC scheme would not operate 
with sufficient speed to enable one cycle fault clearance.

7.8 Summary.

This chapter has presented the application studies for the 
directional relay on single and double-circuit lines. The 
particular examples have been chosen to show the operation of 
the relay at the extremes of source capacity and line lengths 
which might be encountered in uncompensated systems. For all 
the marginal conditions studied, the decision process has 
rendered the expected directional determination.

The operating speed of the relay does show some point-on- 
wave of fault inception dependence. From the work conducted in
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the development of the relay it seems that such a dependency is 
rather inevitable for some fault types. This is primarily 
because the amount of energy contained in the superimposed 
measurands varies dramatically with inception angle when one 
restricts the amount of post-fault information to a few milli
seconds. However, it is reassuring to note that the minimum 
operating times are associated with faults occurring at the 
pre-fault voltage maximum point-on-wave. These faults are by 
far the most common type of fault encountered in practice.

The adoption of arial mode quantities has enabled the 
straight forward application to double-circuit lines. This 
advantage is gained by the introduction of some fault type 
dependency in the relay characteristic. However, the relay 
response is fastest for a 3-phase fault which has the greatest 
destabilising effect upon a system.
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CHAPTER 8 MULTI-TERMINAL APPLICATION STUDIES

8.1 Application Study on a Teed Feeder with Unequal Leg 
Lengths and Source Capacities.

The teed feeder shown in Fig. 8.1 has a configuration 
which poses particular problems for conventional distance pro
tection schemes. The combination of unequal tee leg lengths and 
wide variation of source capacity can cause distance schemes to 
over or under-reach for some fault positions. For example, a 
fault on leg QT would produce an under-reach effect at R1 
because of the high current infeed from source R at the tee
point. Humpage has calculated the apparent impedance presented
to distance relays for many such configurations(24) for a 
variety of operating conditions.

The new directional relay does not rely on a precise value 
of line impedance, but utilises the relationship between the 
incident and reflected wave components at the relay. The direc
tional criteria should therefore be still valid for the multi
terminal system. The performance of the relay at locations R1, 
R2, and R3 is shown in Figs. 8.2a, b and c respectively for a
series of ”a’’-earth and 3-phase to earth faults between P and T.
All the faults occurred at the pre-fault maximum voltage of the 
"a"-phase. The relay settings for the complete series of teed 
feeder studies were:-

Ic = 4.46 A
Ki = 0.792
Kv = 0.0557
Kv2 = 0.627
D = 4
D =46 n
K ’ = 6
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In order to provide correct co-ordination between reverse 
and forward decisions for out-of-zone faults it is necessary to 
use a 3:1 reverse to forward sensitivity ratio for three 
terminal applications.

It can be seen that the performance of the relay at Rl is 
similar to the responses obtained in the previous single and 
double-circuit applications. This could be predicted since for 
"a"-earth faults between P and T, the system configuration 
beyond the fault point has little effect to the superimposed 
measurands utilised at Rl. For the 3-phase to earth faults the 
remote system configuration has no effect on the superimposed 
components at Rl. At R2 it is evident that detection of the 
"a"-earth faults is not accomplished for faults occurring in the 
first 40% of leg PT. This is because the superimposed current 
at R2 for these faults is below the threshold setting. The 
combination of a very high source impedance at R2 and the 3:1 
sensitivity ratio results only in faults occurring between 50% 
and the tee point being able to generate sufficient superimposed 
current at R2 for relay operation. A further effect peculiar to 
teed feeders also contributes to reducing the superimposed 
current magnitude at R2 for faults on leg PT; the series combi
nation of the line impedance RT and source impedance R provides 
a sink path between the fault point and R2. An extreme example 
to illustrate this point would occur if the length RT were 
reduced to zero and one considered the source at R to be of 
infinite capacity. It would not then be possible to detect any 
superimposed components at R2 for faults on leg PT. In order to 
provide complete coverage for "a"-earth faults, with the 
extremes of source capacity shown in Fig. 8.1, it would be 
necessary to reduce the clipping level below 4.46 A, but it 
should be recalled that it is not possible to reduce the current 
clipping level below the maximum load level. It is, therefore 
inevitable that for teed feeders with a very large variation in 
source capacities, and utilising a 3:1 sensitivity ratio within 
the decision process, that the relay reach for a given local 
source capacity will be reduced below that attainable in plain 
feeder applications. It is also evident that the performance at 
R3 is relatively uneffacted by the out-feed through leg QT.
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8.2 Investigation of the Influence of the Surrounding System
Configuration upon the Teed Feeder Application
Performance.

The new directional relay utilises a broad spectrum of 
information, and this fact was emphasised in the response of the 
relay on the unfaulted circuit in the double-circuit application 
studies. It was seen that the directional decision was influ
enced by both the initial surge phenomena and the eventual 
direction of the fundamental superimposed fault current. In 
this respect it is evident that a teed feeder which is termin
ated by source systems that have insignificant interconnection 
(other than by the protected feeder), will invariably produce 
surge and fundamental components at each relay location (Rl, R2 
and R3), which convey similar direction information for all 
faults. However, if one considers a teed system of the con
figuration shown in Fig. 8.3a it is then possible to conceive of 
situations where the two above components do not convey similar 
directional information. Fig. 8.3b shows the superimposed 
circuit applicable to one of the aerial modes for a fault on the 
feeder, and includes an indication of the possible direction of 
flow of the fundamental component of current at various 
locations. It is evident that a combination of low source 
capacities at P and Q together with a high source capacity at R, 
can cause a reverse direction of current at R2 for faults 
between P and T. The response of the directional relay at Rl,
R2 and R3 for the system shown in Fig. 8.3a is shown in Figs. 
8.4a-c respectively.

The response at Rl and R3 for faults between P and T is 
similar to those obtained for the teed feeder with no external 
interconnections. However, for "a"-earth faults the relay at R2 
indicates reverse for faults between 0% and 50%, and forward 
between 80% and 100% of PT. The reverse indication at R2 for 
faults within the initial 50% of PT is a consequence of the 
eventual reverse direction of flow of the fundamental current 
components at R2. The null region exists because of the finite 
sensitivity of the relay. The regions of reverse and forward 
indication also exist for the 3-phase to earth faults, but the 
null region is greatly reduced because of the relays inherent
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Increased sensitivity to this fault type. For the 3-phase to 
earth faults a reverse indication is obtained at R2 for faults 
between 0% and 60% of PT.

A reverse indication at any relay location would inhibit 
breaker opening at all terminals if the directional decisions 
were combined in a blocking regime. The new directional relay 
cannot therefore be applied to teed feeders with arbitrary 
external system configurations. The out-feed phenomena 
described also causes mal-operation in conventional directional 
comparison techniques and distance schemes applied to teed 
feeders. The extent of the regions where faults can cause 
out-feed at a terminal, are increased as the interconnecting 
impedance? are reduced. The configuration shown in Fig. 8.3a 
can therefore be regarded as a worst case study; the inter- 
connector is of the shortest length which is likely to be 
encountered in practice relative to the teed feeder configur
ation. The effect of including extra interconnections between 
other terminals was investigated using the system shown in Fig. 
8.5 in which all three terminals are externally interconnected. 
It is evident from the responses shown in Figs. 8.6a-c that the 
inclusion of extra interconnections reduces the region of 
reverse indication at R2 to 10% of PT for both fault types.

In a similar vein to the null point derivation for the 
unfaulted circuit of the double-circuit study, a null point can 
be defined such that for faults on the leg PT, no superimposed 
aerial current at R2 would be detected. For faults up to the 
null point, a reverse indication could be expected at R2 and 
forward for faults beyond. Clearly the null point is a function 
of the tee leg lengths, source capacities and the degree of 
external interconnection; the reverse region is maximised for 
systems with one external interconnection. Figs. 8.7a-d show 
the variation of the null point when considering the relay at 
R2, for faults on leg PT as a function of the various source 
capacities. Fig. 8.7a corresponds to a capacity at R of 5 GVA 
which is subsequently increased through Figs. 8.7b-d in 10 GVA 
increments. Therefore Fig. 8.7d corresponds to a capacity of 35 
GVA at R. Each curve on the Figs. corresponds to null points 
occurring from 10% to 90% of length PT. For example, point * A' 
in Figs. 8.7a-d represents a condition where the fault level
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capacities at P and Q are 10 and 3 GVA respectively. When the 
fault level at R is 5 GVA, the reverse region then extends to 
below 10%. For 15 GVA up to 18%, for 25 GVA 25% and for a 
capacity of 35 GVA at R the reverse region extends to 30%. 
Point corresponds to the system conditions shown in Fig. 
8.3a, and from figure 8.7d it is expected that the reverse 
region extends to 60% of PT. This confirms the response shown 
in Fig. 8.4b.

8.3 Application Study on a Double Circuit Teed Feeder, an
Investigation into the Effect of the Parallel Circuit upon
Protection Performance.

The double-circuit teed feeder shown in Fig. 8.8 was 
configured in order to investigate the influence of the parallel 
circuit upon the performance of the directional relays in a 
multi-terminal system. It has been established that the 
adoption of aerial mode components enables the protection of 
double-circuit feeders to be accomplished with the same relay 
design used for single-circuit feeders. Although the system 
shown in Fig. 8.8 does not contain any direct interconnections 
between the source systems external to the double teed feeder, 
it is evident that each circuit can act as just such a connec
tion with respect to the faulted circuit. Therefore, it may be
expected that the responses obtained at Rl, R2 and R3 in Figs.
8.3a and 8.8 will be similar for faults on circuit-1 of Fig.
8.8. In order to emphasise this expected similarity, the
breaker at R2 was simulated as being in an open state throughout 
the studies. Figs. 8.9a-c show the operating times at Rl, R2 
and R3 respectively for faults between P and T on circuit-1. It 
is evident that the reverse and forward regions indicated by the 
response at R2 are similar for the single-circuit system. It 
can therefore be concluded, that some double-circuit teed 
feeders cannot be protected with directional decisions derived 
from the new relay even when there are no surrounding direct 
system interconnections. The double teed feeder itself 
inherently provides the interconnection path that can result in 
some reverse decision regions. A reverse decision is also
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produced at either R4 or R5 on circuit-2; Figs. 8.10a-b show the 
relay responses for the circuit-2 locations for the series of 
faults discussed. No decision is made at R6 because of the open 
breaker constraining the aerial currents to zero.

It is interesting to note that at R4 the directional 
decision for the fault at 90% of length FT is fault type depend
ent. For the "a"-earth fault the relay indicated forward, 
whilst for the 3-phase to earth fault indicated reverse. For 
faults at this location, the decision at R4 and R5 is critically 
dependent upon the mix of the surge and fundamental components 
which can to convey different directional information. For the 
3-phase to earth fault the initial surge information causes the 
reverse decision at R4, because the propagation distance from 
the fault point to R4 is shorter via the reverse route. The 
fundamental flow of superimposed fault current for this fault 
location is from R5 to R4. For the earth fault case, the 
initial surge components do not dominate this fundamental 
component and therefore a forward devision is rendered.

8.4 Integrated Scheme Approach for Complete Teed Feeder
Protection.

The studies performed on single and double-circuit teed 
systems indicated that the surrounding system configuration can 
cause incomplete protection of a teed feeder by the new relay 
for some source conditions. The relay which generates a block 
signal during a fault current out-feed, derives information from 
an apparently negative impedance source. The reverse indication 
is not generated from a mal-operation of the directional 
criteria. In order to provide complete protection of the teed 
feeder utilising the directional relay it is therefore necessary 
to derive further information from the system.

If one considers the system shown in Fig. 8.11, relay 
locations Rl, R2 and R3 are situated at the terminals of the 
teed feeder whilst the external interconnection has two relay 
positions defined as R4 and R5. For the purposes of the follow
ing scheme logic arrangements a forward decision at Rl is
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denoted by fl, reverse by rl, and no decision by nl. The 
following equalities can be defined

f1 * * rl + nl
rl’ = fl + nl
nl’ = fl + rl

A simple extension of the plain feeder blocking scheme 
logic to teed feeders results in the following expressions for 
the local trip functions. These trip functions could be 
utilised where it is known that it is not possible for fault 
current out-feed to occur.

TTl = fl.r2’.r3’ = f1. (f2 + n2).(f3 + n3) 8.2
TT2 = f2.rl’.r3’ = f2.(f1 + nl).(f3 + n3)
TT3 = f3.rl’.r2’ = f3.(f1 + nl).(f2 + n2)

It is evident that a reverse decision at any terminal would 
block breaker action at all three.

In order to provide coverage for teed systems of arbitrary 
configuration, it is necessary to base the trip functions on 
logic expressions which are insensitive to out-feed at any 
terminal. This can be accomplished by protecting the teed 
feeder by a process of elimination described as follows. If the 
fault cannot be identified as having occurred within a local 
source system then it is confined to either the interconnecting 
line or the feeder. This initial identification can be estab
lished by a combination of local relay decisions at one busbar 
and is not subject to error from differing system configur
ations. If it is established that the fault occurred on the 
feeder or interconnecting line it can then be localised to the 
interconnection without dependence on system configuration by a 
combination of the relay situated on the connector. Establish
ing that the fault did not occur on the interconnection implies 
that the fault must have occurred on the teed feeder and breaker 
action can be initiated.

In order to provide protection on this basis for the 
feeder shown in Fig. 8.11 it is necessary to derive directional

123



information from locations R1-R5. A trip signal would be 
initiated at Rl by the function

TTl = (fl + f4).Bl' 8.3

B1 is a block signal that inhibits the local trip function for 
out-of-zone faults. It is composed of information from remote 
parts of the system:-

B1 = Cr2.f5') + r3 + (r4’.f5) 8.4

In order to form the block function at Rl it is therefore 
necessary to receive two signals from terminal-2 (L12,M12), and 
one from terminal-3 (L13).

L12 = Cr2.f5’) 8.5
Ml2 = f5
L13 = r3

The corresponding trip function at R2 is defined in relation 
8.6: —

TT2 = (f2 + f5).B2' 8.6
where B2 = (rl.f4*) + r3 + (r5’.f4)

The remote logic signals required at terminal-2 are L21,M21 from 
terminal-1 and L23 from terminal-3.

L21 = (rl.f4') 8.7
M21 = f4
L23 = r3

At terminal-3 the local trip function is defined by:- 

TT3 = f3.B3'

where B3 = (r2.f5’) + (rl.f4*) + (f4.f5)
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The remote signals required at terminal-3 are L31,M31 from 
terminal-1, and L32,M32 from terminal-2.

L31 = (rl.f4')
M31 = f4 
L32 = (r2.f5')
M32 = f5

In order to achieve correct co-ordination for out-of-zone faults 
it is necessary to employ a reverse to forward sensitivity ratio 
of 3:1 at Rl, R2 and R3, and a forward to reverse sensitivity 
ratio of 3:1 at R4 and R5. Table 8.1 shows how the integrated 
scheme logic enables faults to be cleared on a teed system 
subject to out-feed at one terminal, the results were obtained 
from the system shown in Fig. 8.3a. The series of faults are on 
leg FT with out-feed occurring at R2 for some faults. It is 
evident that the integrated scheme logic provides clearance for 
all faults on the teed feeder independent of out-feed phenomena, 
and similar logic functions can be defined for systems with 2 or 
3 direct interconnections. The integrated scheme requires ad
ditional directional relays and communication equipment to 
accomplish complete protection.

8.5 Hybrid Protection Scheme for Teed Feeders.

Fig. 8.12 shows the regions on an arbitrary teed feeder in 
which faults may generate a block signal at one of the feeder 
terminals. The extent of the regions are a function of the 
external configuration and source capacities as discussed in 
section 8.2. In general it can be concluded that faults occur
ring close to a terminal may generate a block signal at a remote 
terminal.

A hybrid scheme could be adopted to provide complete 
protection of the teed feeder by operating limited reach 
independent mode elements at each terminal in parallel with the 
directional equipment. The reach of the independent elements 
has to exceed the reverse regions that can be envisaged. In 
this respect it is known that the requirement cannot exceed the
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distance to the tee from each terminal. The independent mode 
measurement could be accomplished by utilising conventional 
distance techniques; over and under-reach effects associated 
with tee applications would not occur, since it is not required 
to provide accurate measurement for faults beyond the tee point. 
However, a hybrid scheme enables a much simplified distance 
element to be used for two principal reasons:-

i The limited reach element can be non-directional.
ii Absolute reach accuracy may be less stringent than for 

conventional distance schemes, because for the vast 
majority of applications the tee point positioned a 
significant distance before the remote terminals. In this 
respect it should be noted that it is important that the 
limited reach element does not over-reach for faults 
beyond remote terminals.

It can therefore be envisaged that directional properties 
and accuracy can be traded for an increase in the operating 
speed of the independent mode. The development of such a 
limited reach element is beyond the scope of the work presented 
in this thesis, but the scheme logic functions can be defined 
for the hybrid scheme. Operation of the limited reach element 
for faults close to terminal-1 can be represented by II, and 
therefore the trip functions at each terminal would be:-

TTl = fl.r2'.r3'+ 12.r2' + 13.r3'
TT2 = f2.rl'.r3 + II.rl' + 13.r3'
TT3 = f3.rl'.r2 + II.rl’ + 12.r2’

The extra investment required for the hybrid scheme is the 
provision of the independent elements and an extra communication 
channel. The hybrid scheme has the significant advantage over 
the integrated scheme in that information is only derived from 
the protected feeder.

126



8,6 Summary

This chapter has been concerned with the response of the 
directional relay in multi-terminal systems. It is evident from 
the results that complete protection of teed feeders is only 
possible when the external system connections do not permit 
out-feed at one terminal. This effect has also been well 
documented for conventional protection schemes, but the new 
relay has the significant advantage in that the regions of 
blocking for in-zone-faults are load independent.

Two schemes have been described which may enable complete 
protection of multi-terminal configurations without out-feed of 
fault current preventing clearance. It is likely that the 
hybrid approach will be the more acceptable scheme from an 
operational point of view, since information is only derived 
from the protected circuit. The integrated scheme however, only 
utilises the directional relay and doe's not require information 
from the tee point, which some proposed teed feeder protection 
schemes have required. In this respect, additional information 
is only derived from established relaying locations.
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CHAPTER 9 INITIAL PROPOSALS FOR A SWITCH-INTO-FAULT DETECTOR

9.1 The Behaviour of the Wave Signals During Line Energisation

A switch-into-fault detector is required to detect 
whether, upon energisation, or re-energisation during auto
reclosure, the protected line has a sustained fault at any 
location between the local directional relay and the remote 
busbar.

It shall be assumed that the energisation of the line 
occurs from one source, and not simultaneously from both 
terminals. In the light of the operating times of the equip
ment, it is possible to classify a system that is energised from 
each end within 50ms, as conforming with this restriction. This 
assumption is not too onerous since it is not usual practice for 
switching operations at each end of a line to be co-ordinated 
such that pole closure occurs at the same instant. Furthermore, 
it is doubtful within the time scales discussed, whether simul
taneous energisation could be in fact achieved if desired.

If one assumes that the line is being energised from the 
sending end (S), then the wave signals at S are defined at the 
instant of breaker closure by Equ. 9.1. It is assumed that the 
wave signals are scaled by the surge impedance of the line, for 
switch-into-fault detection.

SI(S,t) = 2Vbb(t) 9.1
S2(S,t) = 0

It will be recalled (from Chapter 2) that the wave signals are 
related at the sending and receiving end (R), assuming a loss
less system, by Equ. 9.2.

S2(R,t) = Sl(S,t-T) 9.2
where T is the transit time of the protected line.
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Since it is assumed that the line is being energised initially 
from S, the breaker at R will be open, and therefore the reflec
tion coefficient at R is + 1. The open-circuit termination 
results in the simple relation between the forward and backward 
waves at R:-

Sl(R,t) = S2(R,t) 9.3

The simple loss-less line relation can then be adopted to relate 
the forward wave at R to the reverse wave at S:-

S2(S,t) = Sl(R,t-T) 9.4

It is now possible to define the relation between the forward 
and backward wave signals at S by combining Equs. 9.2, 9.3 and 
9.4:-

52(8,t) = Sl(S,t-2T) 9.5

It is evident that upon energisation of the line the 
forward and backward wave signals at S are simply related by a 
time delay 2T, which is twice the transit time of the protected 
line and easily defined. This unique condition occurs when the 
line section is homogeneous and the remote breaker is open.

If the line were energised with a sustained fault at some 
location, the wave signals at S would be related by Equ. 9.6, 
assuming a fault point reflection coefficient equal to -1.

S2(S,t) = -Sl(S,t-2Tf) 9.6
where Tf is the transit time between the relay and fault point.

In general, phase faults within the modal frame of reference do 
not have reflection coefficients equal to -1, and therefore the 
faulted relationship between the wave signals is generally given 
by Equ. 9.7:-

S2(S,t) = Kf(t).Sl(S,t-2Tf) 9.7
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From the above discussion it is evident that the discrimi
native signal, Ds(t), can be used to detect whether the line 
being energised is faulted.

Ds(t) = Sl(S,t-2T) - S2(S,t) 9.8

Clearly, a finite value of Ds(t) would be indicative of a 
faulted energisation. The use of the discriminant is restricted 
to systems being energised from one breaker since the variation 
of the wave signals at S would be of the general form given in 
Equ. 9.9 if the breaker at R were closed.

S2(S,t) = Kr(t).Sl(S,t-2T) 9.9

A prior knowledge of Kf(t) and Kr(t) is not available, and 
therefore it would be impossible to simply distinguish between 
relations 9.9 and 9.7.

It is interesting to note that a fault path resistance of 
value Zc (the surge impedance of the line), would result in a 
zero value of Ds(t) for this exceptional faulted case.

9.2 Example Responses for a Single Conductor Line

In order to evaluate the theory, a simple single conductor 
line model was formulated which would show the variation of the 
two wave signals during the energisation of a healthy and a 
faulted line. A single conductor model is useful since it is 
representative of the behaviour of one mode of a multi-conductor 
system.

Fig. 9.1a shows the variation of the forward and backward 
wave signals when energising a healthy line of 250 km in length, 
the line being open-circuited at the remote end.

The parameters of the model define a wave propagation 
velocity of 250 km ms ^, resulting in an expected 2.0ms delay 
between Sl(S,t) and S2(S,t). The wave signals shown in Fig. 
9.1a, extracted only by a full cycle filter for simplicity, are 
produced by energising the system when the voltage across the 
breaker is a maximum. The variation of the discriminative
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signal (Ds(t)) is shown in Fig. 9.1b, and it is virtually zero 
for all time as expected.

Fig. 9.2a and b show Sl(S,t) and S2(S,t) for a zero point- 
on-wave energisation, and the corresponding variation of Ds(t) 
is shown in Fig. 9.2c.

The faulted energisation response is shown in Figs. 9.3a 
and b for a pre-existing fault at 10 km and in Figs. 9.4a and b 
for a fault at 245 km. In both cases the discriminant signal is 
finite after the arrival of the reflection from the fault point, 
and therefore the faulted condition is detected.

9.3 Full System Energisation Studies

The auto reclosure simulation developed by Johns and 
Aggarwal(35) was utilised to provide primary information for 
these studies. The protected line is 100 km in length which 
corresponds to a delay of 0.666 ms between the aerial wave 
signals for a healthy energisation. Figs. 9.5a and b show the 
primary system voltage and currents at the sending end of the 
protected line during a reclosure cycle. The initial fault is 
an "a"-earth fault which then breaks off before reclosure. The 
cycle of events occurs very quickly, in practice each event 
would occur after a greater delay, but the digital filter within 
the signal processing enables each event to be extracted in turn 
even for the onerous condition shown. A trapped charge effect 
is evident in Fig. 9.5a which does not affect the switch to 
fault discriminant because of the digital filter frequency 
response.

The modal wave signals for the example are shown in Figs. 
9.5c and d. In both modes it is evident that upon re-ener- 
gisation the wave signals become delayed versions of each other, 
and the corresponding discriminant signals are shown in Fig. 
9.5e. At the time of reclosure, the switch-to-fault discrimi
nant remains low, indicative of a healthy line.

Figs. 9.6a and b show the corresponding primary system 
variations for a sustained "a"-earth fault, and the extracted 
wave signals are shown in Figs. 9.6c and d. At the instant of 
reclosure, the wave signals do not show the delayed property
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that was clearly evident in the unfaulted example. This causes 
the discriminant signals shown in Fig. 9.6e to become finite on 
reclosure.

The examples show that a basis for a switch-to-fault 
detector has been established. The scheme logic would however 
require information from the local breaker in order to know when 
the line is being energised, but the development of the scheme 
logic is beyond the scope of the work presented in this thesis.

9.4 Summary

This chapter describes the basis of a solution to the 
switch-into-fault problem. The novel technique utilises the 
unique relationship between the wave signals during circuit 
energisation to detect sustained faults. Further work is 
required to develop the scheme logic required to integrate the 
system with the directional logic, and to overide the switch- 
into-fault unit once the circuit has been successfully 
energised.

The technique utilises the finite impulse response of a 
homogeneous line section. Some work has also been done in 
developing a similar technique for teed feeders, but in this 
case the impulse response is of infinite duration (assuming a 
lossless system) and this requires an infinite impulse response 
filter to derive the discriminant. This work is in very early 
stages and has not been documented in this thesis, and therefore 
is an area where future work would be useful.
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CHAPTER 10 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The new relay has successfully utilised superimposed modal 
quantities to render a directional decision. A modal transform
ation has been used to significantly reduce mutual coupling 
effects inherent in a multi-conductor system; for an ideally 
transposed system coupling between modes is eliminated. It is 
important to reduce modal coupling, since the directional 
criteria (and the decision process) assumes that the relay is 
initially excited from one direction only. In this respect, if 
one attempted to implement the scheme on a phase-by-phase basis, 
the response on a 'sound phase* would be dependent upon the 
fault position and the source coupling factor. For such a 
condition, the relay would view two sources of excitation; the 
fault point, and the induced source within the terminating net
work. For the modal implementation a 'sound mode' is not 
excited from a reverse direction by coupling within the source 
system, so that no directional decision would be made which 
could contradict the other modes.

The particular transformation adopted defines wave propaga
tion in three modes; an earth and two aerial modes. For the 
commonly assumed fault types it has been shown that coverage can 
be achieved by only utilising aerial mode components. Such a 
simplification from the three mode operation proposed in the 
definitive work, has a number of significant benefits:-

1. Protection of the transmission line is achieved by utilis
ing two directional 'elements', if one attempted a phase by
phase implementation, three would be required.

2. Wave propagation from the fault point within the aerial
mode networks is only dependent upon the PPS impedances of
the system. This is particularly useful when calculating 
clipping levels and null points within double-circuit and 
teed systems.
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3. Aerial mode coupling between each circuit of a double
circuit line is eliminated for ideally transposed systems. 
If an earth mode is not utilised, the protection scheme can 
be applied to double-circuit lines on a circuit-by-circuit 
basis, which is a considerable advantage.

The decision process requires a finite value of super
imposed voltage and current simultaneously to operate. If an 
earth mode is not utilised there may be a limited number of 
applications where, if the aerial source impedance is infinite 
with a finite value of earth mode impedance, no relay operation 
is possible. However, the number of applications where this 
could occur are relatively few, and on balance the advantages of 
aerial mode operation greatly exceed this remote disadvantage.

The direction of the disturbance has been determined from 
the relationship of two signals each composed of superimposed 
voltage and current. The original work indicated that the 
voltage and currents should be mixed in proportion to the surge 
impedance of each mode. However, investigations have shown that 
in order to detect faults over a greater range of source 
capacities, it is necessary to increase the voltage component 
within the composite signals. If one increases the voltage 
component such that the assumed noise content of the voltage and 
current channells is equalised, it is possible to detect a fault 
250 km from the relay with a local source capacity of up to 50 
GVA. This fault would have been outside the sensitivity of the 
relay utilising surge impedance scaling.

The directional criteria is valid for a broad mix of volt
age and current and it is this fact which is probably one of the 
principal reasons for the relative immunity to CVT transients 
noted during the extensive studies. Following a disturbance the 
transient response of the CVT can be regarded as a variable gain 
within the voltage channel. Such a variation of the voltage 
channel gain, adjusts the ratio of voltage to current in the 
composite signal. However, provided that the voltage gain does 
not become negative the directional information is not therefore 
degraded by the CVT.
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A digital filter has been developed to enhance the perform
ance of the directional relay in two specific respects.
Firstly, the transient response of the filter has been designed 
such that secure UHS operation is possible; this is mainly 
achieved by the moving average stages of the filter which are 
dominant during the comparison period. The filter response 
during the comparison period emphasises the lower frequency 
components with very little time delay. Secondly, the frequency 
response of the filter, a steady-state consideration, has been 
designed to minimise the post-fault residual output after the 
filter impulse duration time. In order to achieve this, a band 
pass characteristic has been developed which eliminates low 
frequency components chiefly associated with offset current, and 
high frequency components generated by voltage maximum faults.

In order to achieve the UHS characteristic, it has been 
necessary to be concerned with the transient response of the 
various stages of the filter. Digital filtering techniques 
offer the opportunity to precisely control transient responses 
to a degree which could not be readily achieved with analogue 
techniques. This is an important consideration, which has not 
been widely reported when discussing the merits of digitally 
based protection schemes.

Uncompensated systems of up to 250 km in line length have 
been considered during the course of the work, and as the 
protected line length increases, the dominant fault induced 
travelling wave frequency decreases. When considering appli
cations in excess of 250 km, a digital filter with a lower 
cut-off frequency than that considered would be necessary: this 
is an area where future work can contribute to ascertaining the 
application limits of the filter structures developed in this 
thesis. For long line applications some form of compensation, 
either series or shunt, will undoubtedly be present. It is 
quite conceivable that the compensation equipment will introduce 
additional frequency components into the post fault measurands, 
an example being the subsynchronous components associated with 
series compensation. Future work is required to devise filter
ing techniques which can eliminate such additional aperiodic 
components, which may cause a significant post-fault spill 
output from the digital filter.
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The decision process has been specifically designed to 
render a reliable directional decision for all points on wave of 
fault inception. As the amount of post-fault information is 
reduced to enable UHS operation, the point on wave dependency of 
the relay operating time tends to increase. For second quadrant 
faults close to the zero crossing of the voltage waveform, relay 
operation does not always occur with the initial 'surge* of the 
primary measurands. In order to guarantee a correct directional 
decision, it has been necessary to consider the detailed inter
change of energy between the protected line and the local source 
impedance. In particular, it has been shown that the discharge 
of energy from the source into the line can cause a wrong 
directional decision, for signal magnitude close to the sensi
tivity limit, when utilising a decision process which only 
utilises the relative magnitude of the forward and reverse wave 
signals. The two stage decision process which has been devel
oped is insensitive to the reverse components generated by the 
discharge of energy from the source following a fault. This has 
been achieved by considering the fundamental variations of the 
wave signals together with difference forms. It should be 
emphasised that it is the response of the digital filter during 
the initial comparison period which enables the decision process 
to operate on the fundamental variation with little time delay, 
and it is the combination of filter response and the decision 
process which enables a correct directional decision to be made 
for all points on wave at the sensitivity limit of the relay.

For secure operation, the decision process must have a 
threshold setting above the superimposed system noise. The 
assumed noise thresholds are based upon information from 
engineers with practical experience of static protection schemes 
in the field. However, the radically different operating princ
iple employed in this relay may require a different threshold 
level to be used in practice. Work is currently being carried 
out to establish the precise level and statistical form of the 
superimposed noise on the system. If the system does in fact 
contain significant energy at non harmonic frequencies, the 
digital filter response would have to be adjusted to suppress 
these steady-state components and the non-fundamental frequency 
components.
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The relay response times show a distinct point on wave 
dependency for earth faults, but for all fault types the fastest 
operating times are obtained for voltage maximum faults. It is 
known that the vast majority of faults occur close to the peak 
of the pre-fault voltage, and for these faults the typical 
operating time is approximately 2.5 ms. For close in faults 
this is reduced to 1.25 ms and extended to 5.0 ms for very 
remote faults. All the operating times shown in the thesis 
include initial propagation delays. The evident fault type 
dependency can be chiefly attributed to the modal transform
ation, but it is useful that fault type dependence is greatly 
reduced for close in faults which cause the greatest de-stabil- 
ising effect on local generation.

The performance of the relay in a double-circuit appli
cation was similar to that obtained on single-circuit systems. 
The sensitivity of the relay for the double-circuit application 
was slightly reduced because of two main effects peculiar to 
double-circuits. Firstly, the second-circuit can increase the 
effective source impedance 'viewed' from the faulted line, and 
secondly, surge components can have a cancelling effect for some 
faults at the remote end of a protected line because they arrive 
at the relay from two directions at the same instant.

Pre-fault loading was found to have an insignificant effect 
on the operating time and sensitivity of the relay; it is thus 
possible to set the relay without circuit loading affecting the 
performance. The only reference to circuit loading is made when 
setting the minimum current clipping level. The relay can 
operate correctly with a high value of fault path resistance 
present, and it has been established that fault resistance 
coverage is a function of the clipping level. In order to cover 
very high resistance cases, of the order of hundreds of ohms, or 
if it is known that the system fault level may be particularly 
low, a reduced clipping level can be used to ensure operation.

Current clipping introduces a non-linear response into the 
current channel. It has been found that the relay can initially 
successfully operate with severe clipping of the current wave
form, but during clipping it is not possible to detect sub
sequent disturbances correctly. The simulation of primary 
current transformer saturation has been beyond the scope of the
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work presented in this thesis. However, the ability of the 
relay to operate during severe current clipping strongly 
indicates that primary transducer saturation would not prevent 
correct operation. It is also doubtful whether saturation could 
in fact occur before a decision was rendered, even for rela
tively slow operating times of 5.0 ms.

The teed system studies showed that in general it is not 
possible to protect an arbitrary tee system with the directional 
comparison relays at each terminal. Whilst the method for 
deriving fault direction developed in this thesis is based upon 
novel techniques, the problems encountered with some teed 
systems are similar to those which are well known with conven
tional techniques. However, the behaviour and characteristics 
of this particular directional relay do . have some significant 
advantages over conventional schemes. Consequently, the relay 
operated within a broader scheme logic therefore provides a 
realistic possibility of protecting arbitrary teed configur
ations.

For this relay the extent of the regions within a teed 
feeder for which a block signal could be generated are only 
dependent upon the PPS parameters of the system. This is a 
significant advantage when assessing a particular system con
figuration, and also the regions are pre-fault load independent. 
The extent of any reverse region dictates the maximum reach 
requirement for independent mode elements utilised within a 
broader scheme logic. Some preliminary work has been undertaken 
in attempting to extract fault distance information from the 
wave signals utilised in the directional process. Initial 
findings have indicated that the aerial mode measurands do not 
in themselves provide sufficient information for reliable 
independent mode operation, and this is an area where signifi
cant future work could provide the necessary element to complete 
a universal teed feeder protection scheme.

The alternative proposal for a universal teed feeder pro
tection employs logic functions composed of information from 
various points within the teed system. These logic relation
ships could be employed with any directional equipment, but when 
combining a number of decisions from various locations it is a
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distinct advantage for each relay to have a UHS characteristic. 
Whilst the protection of a teed feeder is possible with the 
integrated approach, it is not usual practice to derive protec
tion signals from remote parts of the system. For this reason, 
the combination of the directional comparison relays with 
limited reach independent elements is probably the most accept
able solution for teed feeder protection from an operational 
point of view.

The basis of a switch into fault solution has been pre
sented in this thesis, the novel technique detects the unique 
relationship which exists between the forward and reverse wave 
signals when energising a healthy line with the remote breaker 
open. Further work would be required to establish a technique 
which is independent of the state of the remote breaker, but, in 
view of the practice of re-energisation from one end only, such 
further work is largely of academic interest.

A number of new primary system simulations have been devel
oped during the course of the work. Multi-terminal, double
circuit with inter-circuit fault capability, and single-circuit 
sequential and evolving fault simulations have been formulated 
and successfully implemented. These simulations, together with 
an existing auto-reclosure programme, have enabled the detailed 
study of the new relay in a very large variety of applications 
to be undertaken.

The fundamental operating principle and properties of a new 
directional relay have been developed and established, the 
practical implementation and optimisation of the relay is now 
being undertaken and field testing of the new directional tech
niques is shortly to be performed.
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APPENDIX 2.1 CALCULATION OF THE MODAL IMPEDANCES

The mode-1 impedance is obtained from applying mode-1 voltage.

A2.1.1Va(w) VI (w)
Vb(w) = [s] 0
Vc(w) 0

Under these conditions :-

Va(w)=Vb(w)=Vc(w)=Vl(w), similarly, Ia(w)=Ib(w)=Ic(w)=Il(w) 

Applying this phase distribution to the line impedance matrix:-

A2.1.2VI (w)
VI (w) =
VI (w)

II(w)
11 (w)
Il(w)

The mode-1 impedance Zl(w), where VI(w) = Zl(w).Il(w) is thus 

Zl(w) = Zs(w) + 2Zm(w) A2.1.3

The earth mode impedance of the ideally transposed line is 
similar to the zero-phase-sequence impedance.

Applying only mode-2 voltage to a line constrains the phase 
voltages and currents as follows:-

and
Va(w) = -Vc(w) = V2(w) 
Vb(w) = 0 A2.1.4

Applying this distribution to the phase impedance matrix 
yields:-

V2(w) Zs(w) Zm(w) Zm(w) 12 (w) A2.1.5
0 = Zm(w) Zs(w) Zm(w) 0

-V2(w) Zm(w) Zm(w) Zs(w) -12 (w)
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The mode-2 impedance defined by V2(w) = Z2(w).I2(w) is thus

Z2(w) = Zs(w) - Zm(w) A2.1.6

This is the positive-phase-sequence of the line.
The solution for mode-3 is similar to mode-2 so that the 

mode-3 impedance is also the positive-phase-sequence impedance 
of the line. The aerial mode admittances are likewise similar 
to the positive-phase-sequence admittances of the line, whereas 
the earth mode admittances are similar to the line zero-phase- 
sequence admittances.
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APPENDIX A3.1 400 kV VERTICAL CONSTRUCTION LINE AND MODE
PARAMETERS

An earth plain resistivity of 100-0-m  ̂was assumed; the 
parameters at 50 hz are:-

Zs = 0.46.10*4 + j o.48*3_n_m*^
Zm = 0.29.10*4 + j 0.19*2-^ m*^
Ys = 0.0 + j 0.34.10*®-^m*l
Ym = 0.0 - j 0.57.10*9^m*^
Z1 (pps) = 0.17.10*4 + j 0.29*3-^m*l 
ZO (nps) = 1.04.10*3 + j 8.6.10*4-0-m"!
Y1 (pps) = 0.0 + j 3.97.10*9-wm*^
YO (nps) = 0.0 + j 3.26.10*9-\j-m*^

Ariel mode surge impedance Zc2,3 = 270 - j 8.0 = 270.0 -O-
Earth mode surge impedance Zcl = 618.0 - j 37.2 = 618.0
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APPENDIX A5.1 ESTIMATION OF NOISE THRESHOLD LEVEL Dn

The noise content of the current channel can be represented 
by three components
1 Input signal noise, contained within the input phase 

signals, designated by ni.
2 Relay introduced noise, which is developed within the relay 

circuitry, designated by nr.
3 A frequency track error arising from the finite accuracy 

of the phase locked system, designated by nt.
Fig. A5.1 shows the noise model appropriate to noise 

sources-1 and -2 where Ki,Km2,Kad and Kf are gains throughout 
the channel associated with the current interface, the modal 
transformation, the ADC unit and the digital filter respect
ively. Whilst Fig. A5.1 is specific to the mode-2 current 
channel, a similar model can be constructed for mode-3 where the 
only difference would be the value of Km3. Thus the input noise 
to the decision process from sources-1 and -2 is given by Equ. 
A5.1 for the small signal condition of an "a"-earth fault.

nd = (Ki.ni/2 + nr).Km2.Kad.Kf A5.1

where nd is expressed in quantisation levels within the decision 
process. The digital filter gain (Kf) is frequency dependent, 
and therefore nd is a function of the statistical or spectral 
form of the combined noise sources and the filter character
istic. Without specific knowledge being available as to the 
particular spectral form of the combined noise, it will be 
assumed that it can be represented by a Gaussian probability 
density function with zero mean. If a signal to noise ratio of 
60 dB is attained throughout the relay circuitry, the relay 
noise is then limited to ± lOmv. It is also necessary to assume 
a level for the input signal noise which, without access to a 
better estimate, is assumed to be ± 0.015A per phase. For a
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Gaussian distribution these levels represent 3.5a such that 
there is a 0.9995 probability of a noise sample being within the 
levels stated. The assumed noise levels have been arrived at 
after discussion with engineers with practical experience of 
modern protective equipment and will be used until more detailed 
data is available.

Assumed signal noise standard deviation, ai = 4.29.10  ̂
Assumed relay introduced noise standard deviation, 
ar = 2.86.10 ^

The standard deviation of a signal which is a combination of two 
Gaussian functions that are uncorrelated is:-

az^ = ax^ + ay3 A5.2

Thus the standard deviation of noise at the input to the digital 
filter, ax, is given by A5.3.

ax = [Ki3.ai3/4 + ar^]^. Km2.Kad A5.3

The effect of the digital filter on the noise threshold is 
dependent upon its coefficients; it can be shown that the stan
dard deviation of the output (ay) of a digital filter is related 
to the standard deviation of the input (ox) by Equ. A5.4:-

oy - [̂  h*(n)]*̂ ‘CTx
n=o

where h(n) are the coefficients of the impulse response of the 
filter defined by Equ. A5.5.

h(z) = h(0) + h(l).z  ̂+ h(2).z  ̂ + h(n).z A5.5

For the filter considered, the input and output standard devi
ations are related by Equ. A5.br

ay = 9. 69. ax A5.6
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The standard deviation of noise at the input to the decision 
process is thus:-

oy = [Ki^.ai^/4 + ar^]^. Rm2.Kad.9.69 A5.7
oy^ = 24.2Ki= + 42.9

If a noise threshold level (D ) of 3a is utilised, then there isn
a 0.997 probability of the noise combination being below the 
threshold and is given by Equ. A5.8:-

nd^ = 217.8Ki= +386 A5.8

The assumed Gaussian form has zero mean and therefore a 
marginal signal which just attains the threshold level would 
have a 50% probability of actually exceeding the threshold after 
noise addition. When the system superimposed components are 
zero, the probability of both channels attaining the threshold 
level, and thus causing a counter operation, would be 
(1-0.997)®.

When estimating the frequency track noise component, the 
frequency dependent gain (Kf) is then related to the tracking 
accuracy attainable. It is possible to track to within ±0.1%, 
steady-state, thus if the actual measurands are at 50.0 Hz the 
estimated system frequency will be within the range 50±0.05 Hz 
and the digital filter gain at these two extremes is:-

Kf = 2.363.10*3 @50.05 Hz A5.9
Kf = 2.355.10*3 @49.95 Hz

If the higher gain is assumed the noise level nt is:-

nt = 0.279.K1 A5.10

for a maximum load of 4 A rms secondary. The noise contribution 
from source-3 is relatively small because of the cascaded form 
of the extraction stage within the digital filter. It is inter
esting to note that the noise contribution from an extraction
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stage as defined within the definitive work would be increased 
to:-

nt = 87.2.Ki A5.11

The total noise content of the current channel at the input to 
the decision process is therefore

nd + nt = [217.8Ki= + 386]*^ + 0.279Ki A5.12

The corresponding voltage channel expression for signal and 
relay noise is:-

nd = (Kv2.oi=/4 + ar^)^. Km2.Kad.Kf.(Kv2/D).K’ A5.13

Assuming an expected maximum voltage input signal noise of 0.15V 
per phase and lOmV relay noise, the corresponding 3a threshold 
level at the input to the decision process is:-

nd = 21.3(Kv2/D).K* A5.14

The frequency tracking error calculated at 50.05 Hz is given by 
relation A5.15., and is calculated from the nominal full system 
pre-fault voltage.

nt = 0.242(Kv2/D).K* A5.15

The total voltage channel noise at the input to the decision 
process is thus

nd + nt = 21.5(Kv2/D).K’ A5.16

In order to equalise the noise content of the voltage and 
current channels which corresponds to the maximum sensitivity 
condition, relation A5.17 has to be satisfied.

21.5(Kv2/D).K’ = [217.8Ki= + 386]̂  ̂+ 0.279Ki A5.17
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By using Equ. 4.13, a direct relation can be formed between 
the additional voltage factor, K*, and the current clipping 
constant Kit-

Assuming that Kv = 0.0557 and Ros = 90.8 0, A5.18

substitution into A5.17 yields:-

K* = [217.8Ki= + 386]^/5.26Ki + 0.064 A5.19

It is then possible to relate to the input current 
clipping constant Ki:-

= 2[217.8Ki= + 386]^ + 0.548Ki A5.20

It is also useful, for future setting procedures, to relate 
with the rms input current that can just be processed, when 
fully offset, without clipping occurring (defined by Ic in 
relation 4.8).

Dn = 2[2720/Ic3 + 386]^ + 1.94/Ic A5.21
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APPENDIX A5.2 INITIAL VARIATIONS OF D(t) AND 
Dr(t) AFTER FAULT INCEPTION

i Period T1

An integral form of the superimposed voltage wave-form, as 
produced at the digital filter output, will attain a maximum at 
approximately t = (tl/2). Then, when v(t) peaks, v'(t) is zero 
after initially having attained the same polarity as v(t). 
Without exception, v'(t) will initially have the same polarity 
as v(t), for all inception angles, because double integral forms 
of the measurands are utilised. At (t=tl), the current meas- 
urand will be at a maximum because the fundamental inductive 
relationship is emphasised after digital filtering. Thus, 
between (t=0) and (t=tl), i*(t) will have the same polarity as 
i(t) and at (t=tl) i*(t)=0 since i(t) is then at a maximum. The 
signal variations are thus:-

For 0<t<tl |s2(t)| > |si(t)| A5.22
where v(t) > 0 and i(t) < 0
For 0<t<tl/2 |s2'(t)| >|si'(t)|
where v*(t) > 0 and i'(t) < 0
and for tl/2 <t<tl |s2'(t)| < |si'(t)|
where v ’(t) < 0 and i'(t) < 0

It is important to note that it is expected that both D(t) and 
Dr(t) are initially of similar polarity until time t=(tl/2).
The variations of D(t) and Dr(t) shown in Figs. 5.4 a-c demon
strate this property.

ii Period T2

At t=tl, v*(t) maintains its polarity whilst the polarity 
of i*(t) is reversed. At t=t2 i(t)=0 by definition, whilst 
i*(t) maintains its polarity together with v*(t).
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for tl<t<t2 |s2(t)| < |sl(t)| A5.23
where v(t) < 0 and i(t) < 0
Whilst for tl<t<t2 |s2'(t)| > |si'(t)|
where v'(t) < 0 and i*(t) > 0
Hence during period T2, D(t)<0 and Dr(t)>0.

iii Period T3

At t=t2 the polarity of i(t) is reversed, however, the 
polarity of v ’(t) and i*(t) is maintained until t=tn*.

for t2<t<tn' |S2(t)i > |sl(t)| A5.24
where v(t) < 0 and i(t) > 0
Whilst for t2<t<tn' |s2'(t)| > |si'(t)|
where v'(t) < 0 and i*(t) > 0

tn' is the time when v(t) attains a local maximum and thus v'(t)
correspondingly reverses polarity. For period T3, D(t) and 
Dr(t) again attain the same polarity.
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APPENDIX A6.1 MAIN ADMITTANCE MATRIX FORMULATION FOR 
THE PLAIN FEEDER SYSTEM

From the main admittance equation:-

If 1 = Yll.Vfl when Vf2=Vp=Vq=Vr=*0 A6.1

The admittance Yll is thus defined by setting to zero all 
voltages applied to the system except Vfl; If1 is therefore 
composed of two components

Yll = yllflp + yllflq A6.2

The term yllflp is obtained from the two port relation for the 
line section between P and FI and admittance yllflq is obtained 
from the two port relation describing the line section between 
FI and Q. Element Y12 is found from the following condition.

If1 = Y 12.Vf2 when Vfl=Vp=Vq=Vr=0 A6.3

and clearly for the system considered, no current can flow in FI
and therefore

Y12 = 0 A6.4

The remaining elements of Y are found in a similar manner:-

Y13 = yl2flp
Y14 = yl2flq
Y15 = 0
Y21 = 0
Y22 = yllf2q + yllf2r
Y23 = 0
Y24 = yl2f2q
Y25 = yl2f2r
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Y31 = yl2flp 
Y32 = 0
Y33 = yllflp A6.5
Y34 = 0
Y35 = 0
Y41 = yl2flq
Y42 = yl2f2q
Y42 = 0
Y44 = yllflq + yllf2q
Y45 = 0
Y51 = 0
Y52 = yl2f2r
Y53 = 0
Y54 = 0
Y55 = yllf2r
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APPENDIX A6.2 A GENERALISED SOURCE ADMITTANCE FORMULATION

The representation of the source networks by a single 
admittance matrix can be achieved by considering the source to 
be composed of a lumped term representing local generation, and 
a number of infeeding lines themselves terminated by local 
generation. If the admittance of the local generation is yl and 
the total admittance of the infeeding line combination is yi 
then

ys = yl + yi A6.6

The local generation term (yl) is defined by the positive phase 
sequence impedance, the zero to positive phase sequence imped
ance ratio and the X to R ratio requirements. This lumped 
representation has been utilised in the simulations described in 
reference 21.

The admittance component yi is a summation of individual 
admittances for each infeeding line combination; for m infeeding 
lines

m
yi = I yj 

j=i
A6.7

where yj is the admittance of a single line with remote 
generation. Fig. A6.1 shows the equivalent circuit that is used 
to define the admittance yj, the voltages and currents shown in 
Fig. A6.1 are related by the admittance relation A6.8.

Is yj(i.i) yj(i,2)" Vs

Ir yj(2,i) yj(2,2) Vr
A6.8
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The two port line equation and the remote admittance define the 
individual elements of yj:-

yj(i.i)
yj(i,2)
yj(2.i)
yj(2,2)

yllsr
yl2sr
yl2sr
yllsr + yrr

A6.9

The admittance yrr is taken as a lumped term, but there would be 
no restriction in also deriving the term for an interconnected 
system. The source system of Fig. A6.1 has the constraint lr=0.

Vs

Vr

zj(l,l) zj(l,2)

zj(2,l) zj(2,2)

Is
A6.10

where z j = yj

From Equ. A6.10 Vs = zj(l,l).Is

The admittance (yj) of the combination of infeeding line 
and remote source is thus :-

yj = zj (1,1) "1 A6.11
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APPENDIX A6.3 THE MAIN ADMITTANCE MATRIX FORMULATION FOR 
THE DOUBLE-CIRCUIT SYSTEM

The matrix Yll Is found from a consideration of the system 
when Vf2=Vp=Vq=0, and with this constraint

Ifl = Yll.Vf A6.12

The current Ifl is composed of a current flowing in line section 
FP and a current flowing in line section FQ. The two port 
matrix for the line section FP is described by Equ. A6.13

Ifl
YFPll YFP12

Vfl

If2 Vf2

Ipl
YFP12 YFPll

Vp

Ip2 Vp

and when Vf2=Vp=0

Ifl Vfl
= [yfp ii]

If2 0

This equation can be expanded to give:-

Ifl YFPll(1,1) YFP11(1,2) Vfl

If2 YFPll(2,1) YFP11(2,2) 0

A6.13

A6.14

A6.15

It can be seen from Equ. A6.15 that the current flowing in 
section FP is governed by admittance YFP11(1,1) and a similar
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derivation yields the second element of Yll, which is 
YFQ11(1,1). The matrix Yll is fully defined by Equ. A6.16.

Yll = YFP11(1,1) + YFQ11(1,1) A6.16

Similar derivations are used to establish the remaining elements 
of the main Y matrix

Y12 = YFP11(1,2 + Y11FQ(1,2)
Y13 * YFP12(1,1 + YFP12(1,2)
Y14 = YFQ12(1,1 + YFQ12(1,2)
Y21 = YFP11(2,1 + YFQ11(2,1)
Y22 = YFP11(2,2 + YFQ11(2,2)
Y23 = YFP12(2,1 + YFP12(2,2) A6.17
Y24 = YFQ12(2,1 + YFQ12(2,2)
Y31 = YFP12(1,1 + YFP12(2,1)
Y32 = YFP12(1,2 + YFP12(2,2)
Y33 = YP + YFPl (1,1) + YFP11(1,2) + YFP11(2,1) + YFPll(2,2)
Y34 = 0
Y41 = YFQ12(1,1 + YFQ12(2,1)
Y42 = YFQ12(1,2 + YFQ12(2,2)
Y43 = 0
Y44 = YQ + YFQ11(1,1) + YFQ11(1,2) + YFQ11(2,1) + YFQ11(2,2)

The source admittance terms within the main Y matrix can be 
generalised to include local generation and infeeding lines with 
remote generation in a similar manner to those described in the 
plain feeder simulation. The inclusion of double-circuit lines 
within the source admittance is described in Appendix A6.4.
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APPENDIX A6.4 THE INCLUSION OF DOUBLE-CIRCUIT LINES
WITHIN THE SOURCE MATRIX

In order to include double-circuit infeeding lines within 
the source network, the system of Fig. A6.1 is also used to 
model an infeeding line with remote generation.

~Is~ yll yl2 Vs

Ir y21 y22 Vr
A6.18

The matricies yll,yl2,y21 and y22 are found from a consideration
of the double-circuit two port matrix for the line SR and remote
admittance yrr:-

yll = YSR11(1,1) + YSR11(1,2) + YSR11(2,1) + YSR11(2,2)
yl2 = YSR12(1,1) + YSR12(1,2) + YSR12(2,1) + YSR12(2,2)
y21 = yl2 A6.19
y22 = yll + yrr

The current constraint applied to the system is lr=0, and 
therefore the infeeding line and remote source combination has 
an admittance yi where

yi = zdll "1

and zdll zdl2 yll yl2

zd21 zd22 y21 y22

-1

A6.20
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APPENDIX A6.5 THE INTER-CIRCUIT FAULT FORMULATION FOR FAULTS
BETWEEN PHASES OF THE TWO CIRCUITS.

Consider an "a"-phase circuit-1 to "b"-phase circuit-2 
fault; the system admittance relation can be reduced to:-

Zll(l,l) 211(1,2) 211(1,3) 212(1,1) 212(1,2) 212(1,3) 

221(2,1) 221(2,2) 221(2,3) 222(2,1) 222(2,2) 222(2,3)

Vfl

Vf2
_

Ifl

Xf2
A6.21

For the fault example under consideration, Iflb=Iflc=If2a=If2c=0 
and therefore

Vfla - Vf2b = [211(1,1) - 221(2,Dl.Ifla + [212(1,2) - 212(2,2) ] ,If2b A6.22

Furthermore, for this fault Ifla = -If2b = If 
Let Vf = Vfla - Vf2b

then Vf = [211(1,1) - 221(2,1) - 212(1,2) + 212(2,2)].If A6.23 
If = Vf/2e A6.24

Fault path resistance can be included in Equ. A6.24;-

If = Ef/(2e + Rf) A6.25

where Ef = Efla - Ef2b

The known frequency spectrum of Ef can be used to slove for 
the current If which then enables Ifl and If2 to be established.
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APPENDIX A6.6 THE INTER-CIRCUIT FAULT FORMULATION FOR FAULTS
OCCURRING ON EACH CIRCUIT AT THE SAME LOCATION.

If the inter-circuit fault involves an "a"-phase to earth 
fault on circuit-1 and a "b"-phase to earth fault on circuit-2 
for example, the currents are again constrained so that 
If lb=If lc=*If2a=if 2c=0.

"vfla" ”Z11(1,1) 212(1,2)" "ifla"

Vf2b 221(2,1) 222(2,2) If2b

’ifla" yll yl2 Vfla

If2b y21 y22 Vf2b

where yll yl2 211(1,1) 212(1,2)" -1

y21 y22 221(2,1) 222(2,2)

A6.26

A6.27

A6.28

Vfla and Vf2b are the known forcing functions, fault path 
resistance can be included in a similar manner to that described 
in the previous formulations.
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APPENDIX A6.7 THE SINGLE CIRCUIT TEE ADMITTANCE FORMULATION

If one assumes the existence of all three direct intercon
nections, the individual matricies of Y can be defined in a 
similar manner to that described for the plain feeder system.

Yll yfpll + yftll
Y12 = yfpl2
Y13 = 0
Y14 = 0
Y15 = yftl2
Y21 yfpl2
Y22 = yp + ypqll +
Y23 ypql2
Y24 = yprl2
Y25 = 0
Y31 = 0
Y32 = ypql2
Y33 = yq + ypqll +
Y34 = yrql2
Y35 = yqtl2
Y41 = 0
Y42 = yprl2
Y43 = yrql2
Y44 = yr + yrtll +
Y45 = yrtl2
Y51 = yftl2
Y52 0
Y53 = yqtl2
Y54 = yrtl2
Y55 = yqtll + yftll

A6.29

If it were required to simulate a system configured without the 
direct interconnection between busbars P and Q for example, this 
could be achieved by setting ypqll = ypql2 = 0.
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APPENDIX A6.8 THE DOUBLE-CIRCUIT TEED FEEDER
ADMITTANCE FORMULATION

The individual matricies within the main Y matrix are 
defined in a similar manner to that described in the double
circuit simulation.

Yll = YFTP11(1,1) + YFTT11(1,1)
Y12 = YFTP11(1,2) + YFTT11(1,2)
Y13 = Y14 = 0
Y15 = YFTP12(1,1) + YFTP12(1,2)
Y16 = Y17 = 0 
Y18 = YFTT12(1,1)
Y19 = YFTT12(1,2)
Yl 10 = YFTP12(1,1)
Yl 11 = YFTP12(1,2)
Yl 12 = Yl 13 = Yl 14 = Yl 15 * 0
Y21 = YFTP11(2,1) + YFTT11(2,1)
Y22 = YFTP11(2,2) + YFTT11(2,2)
Y23 = Y24 = 0
Y25 = YFTP12(2,1) + YFTP12(2,2)
Y26 = Y27 = 0 
Y28 = YFTT12(2,1)
Y29 = YFTT12(2,2)
Y2 10 = YFTP12(2,1)
Y2 11 = YFTP12(2,2)
Y2 12 = Y2 13 = Y2 14 = Y2 15 = 0 
Y31 = Y32 = 0
Y33 = YFEP11(1,1) + YFEQ11(1,1)
Y34 = YFEP11(1,2) + YFEQ11(1,2)
Y35 = YFEP12(1,1) + YFEP12(1,2)
Y36 = YFEQ12(1,1) + YFEQ12(1,2)
Y37 = Y38 = Y39 = Y3 10 = Y3 11

= Y3 12 = Y3 13 = Y3 14 = Y3 15 = 0 
Y41 = Y42 = 0
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= Y4 12 = Y4 13 = Y4 14

+ YETP11(2,1)
1) + YFEP11(1,2)
2) + YPR11(1,1) 
+ YPRl1(2,2)

Y43 * YFEP11(2,1) + YFEQ11(2,1 
Y44 = YFEP11(2,2) + YFEQ11(2,2 
Y45 = YFEP12(2,1) + YFEP12(2,2 
Y46 = YFEQ12(2,1) + YFEQ12(2,2 
Y47 = Y48 = Y49 = Y4 10 = Y4 1 

= Y4 15 = 0 
Y51 = YFTP12(1,1) + YFTP12(2,1 
Y52 « YFTP12(1,2) + YFTP12(2,2 
Y53 = YFEP12(1,1) + YFEP12(2,1 
Y54 = YFEP12(1,2) + YFEP12(2,2 
Y55 = YFTP11(1,1) + YFTP11(1,2 

+ YFTP11(2,2) + YFEPlld 
+ YFEP11(2,1) + YFEP1K2 
+ YPR11(1,2) + YPRll(2,i;
+ YP 

Y56 = 0
Y57 = YPR12(1,1) + YPR12(1,2) + YPR12(2,1)

+ YPR12(2,2)
Y58 = Y59 = 0
Y5 10 = YFTP11(1,1) + YFTPl1(2,1)
Y5 11 = YFTP11(2,2) + YFTP11(1,2)
Y5 12 = Y5 13 = Y5 14 = Y5 15 = 0 
Y61 = Y62 = 0
Y63 = YFEQ12(1,1) + YFEQ12(2,1)
Y64 = YFEQ12(1,2) + YFEQ12(2,2)
Y65 = 0
Y66 = YQT11(1,1) + YQT11(1,2) + YQT11(2,1)

+ YGT11(2,2) + YRQ11(1,1) + YRQ11(1,2)
+ YRQ11(2,1) + YRQ11(2,2) + YFEQ11(1,1)
+ YFEQ11(1,2) + YFEQ11(2,1) + YFEQ11(2,2) 
+ YQ

Y67 = YRQ12(1,1) + YRQ12(1,2) + YRQ12(2,1)
+ YRQ12(2,2)

Y68 = YQT12(1,1) + YQT12(2,1)
Y69 = YQT12(1,2) + YQT12(2,2)
Y6 10 = Y6 11 = 0
Y6 12 = YQT11(1,1) + YQT11(2,1)
Y6 13 = YQT11(1,2) + YQT11(2,2)
Y6 14 = Y6 15 = 0
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Y71 » Y72 = Y73 = Y74 = 0
Y75 « YPR12(1,1) + YPR12(1,2) + YPR12(2,1) + YPR12(2,2)
Y76 = YRQ12(1,1) + YRQ12(1,2) + YRQ12(2,1) + YRQ12(2,2)
Y77 = YPR11(1,1) + YPR11(1,2) + YPR11(2,1) + YPR11(2,2)

+ YRT11(1,1) + YRT11(1,2) + YRT11(2,1) + YRT11(2,2)
+ YRQ11(1,1) + YRQ11(1,2) + YRQ11(2,1) + YRQ11(2,2)
+ YR

Y78 = YRT12(1,1) + YRT12(2,1)
Y79 = YRT12(1,2) + YRT12(2,2)
Y7 10 = Y7 11 = Y7 12 = Y7 13 = 0
Y7 14 = YRT11(1,1) + YRT11(2,1)
Y7 15 = YRT11(1,2) + YRT11(2,2)
Y81 = YFTT12(1,1)
Y82 = YFTT12(1,2)
Y83 = Y84 = Y85 = 0
Y86 = YQT12(1,1) + YQT12(1,2)
Y87 = YRT12(1,1) + YRT12(1,2)
Y88 = YFTT11(1,1) + YQT11(1,1) + YRT11(1,1)
Y89 = YFTT1K1.2) + YQT11(1,2) + YRT11(1,2)
Y8 10 = Y8 11 = 0
Y8 12 = YQT12(1,1)
Y8 13 = YQT12(1,2)
Y8 14 = YRT12(1,1)
Y8 15 = YRT12(1,2)
Y91 = YFTT12(2,1)
Y92 = YFTT12(2,2)
Y93 = Y94 = Y95 = 0
Y96 = YQT12(2,1) + YQT12(2,2)
Y97 = YRT12(2,1) + YRT12(2,2)
Y98 = YFTT11(2,1) + YQT11(2,1) + YRT11(2,1)
Y99 = YFTT11(2,2) + YQT11(2,2) + YRT11(2,2)
Y9 10 = Y9 11 = 0
Y9 12 = YQT12(2,1)
Y9 13 = YQT12(2,2)
Y9 14 = YRT12(2,1)
Y9 15 = YRT12(2,2)
YIO 1 = YFTP12(1,1)
YIO 2 = YFTP12(1,2)
YIO 3 = YIO 4 = 0
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YIO 5 » YFTP11(1,1) + YFTP11(1,2)
YIO 6 = YIO 7 = YIO 8 = YIO 9 = 0
YIO 10 = YFTP11(1,1)
YIO 11 = YFTP11(1,2)
YIO 12 = YIO 13 = YIO 14 = YIO 15 = 0 
Yll 1 = YFTP12(2,1)
Yll 2 = YFTP12(2,2)
Yll 3 = Yll 4 = 0
Yll 5 = YFTP11(2,1) + YFTP11(2,2)
Yll 6 = Yll 7 = Yll 8 = Yll 9 = 0
Yll 10 = YFTP11(2,1)
Yll 11 = YFTP11(2,2)
Yll 12 = Yll 13 = Yll 14 = Yll 15 = 0
Y12 1 = Y12 2 = Y12 3 = Y12 4 = Y12 5 = 0
Y12 6 = YQT11(1,1) + YQT11(1,2)
Y12 7 = 0
Y12 8 = YQT12(1,1)
Y12 9 = YQT12(1,2)
Y12 10 = Y12 11 = 0 
Y12 12 = YQT11(1,1)
Y12 13 = YQT11(1,2)
Y12 14 = Y12 15 = 0
Y13 1 = Y13 2 = Y13 3 = Y13 4 = Y13 5 = 0
Y13 6 = YQT11(2,1) + YQT11(2,2)
Y13 7 = 0
Y13 8 = YQT12(2,1)
Y13 9 = YQT12(2,2)
Y13 10 = Y13 11 = 0 
Y13 12 = YQT11(2,1)
Y13 13 = YQT11(2,2)
Y13 14 = Y13 15 = 0
Y14 1 = Y14 2 = Y14 3 = Y14 4 = Y14 5 = Y14 6 = 0
Y14 7 = YRT11(1,1) + YRT11(1,2)
Y14 8 = YRT12(1,1)
Y14 9 = YRT12(1,2)
Y14 10 = Y14 11 = Y14 12 = Y14 13 = 0 
Y14 14 = YRT11(1,1)
Y14 15 = YRT11(1,2)
Y15 1 = Y15 2 = Y15 3 = Y15 4 = Y15 5 = Y15 6 = 0
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Y15 7 = YRT11(2,1) + YRT11(2,2)
Y15 8 = YRT12(2,1)
Y15 9 = YRT12(2,2)
Y15 10 = Y15 11 = Y15 12 = Y15 13 = 0 
Y15 14 = YRT11(2,1)
Y15 15 = YRT11(2,2)
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WAVE DIFFERENTIAL PROTECTION FOR SEQUENTIAL 
FAULT CL£.AR.‘L\’CE ON E.H.V. TRAT^SMISSION LINES

A. Barker and A. T. Johns, University of Bath.

1. Introduction

The performance of transmission line protection following in-zone and out of 
zone faults that occur in quick succession is an area of importance which 
has hitherto received little attention. The operation of transmission line 
protection schemes during such faults is somewhat uncertain. For example, 
when using conventional distance protection, a reverse fault followed by a 
forward fault can under some circumstances delay forward fault clearance until 
the out of zone fault has been cleared. In this respect it should be noted 
that conventional protection measures on a continuous basis and although fault 
clearance may be delayed under certain sequential fault conditions, clearance 
is ultimately initiated.

In recent years interest has focused on methods of transmission line protection 
measuring from travelling wave information. Although these enable ultra-high
speed clearance of faults to be achieved, they do not measure on a continuous 
basis. This latter factor brings the question of sequential fault clearance 
into sharper focus.

2. Operating Principles of the Directional Wave Detector

The total variation of voltage and current on any phase of a transmission line 
can be considered to be composed of a steady state component and a superimposed 
component as defined for a voltage set in eqn. 1.

Va(t) Vssa(t) Vspa(t)
Vb(t) = Vssb(t) + Vspb(t) (1)
Vc(t) Vssc(t) Vspc(t)

Under normal unfaulted conditions the superimposed components are zero. The 
origin of superimposed components is clear when considering for example a 
phase 'a' to earth fault. Fig, 1 shows an equivalent circuit for the faulted 
phase which is true for all time t. For a fault occurring at time t = 0, the 
superimposed voltage source is related to the pre-fault conditions by 
Vspx(t) = -Vssx(t) H(t). For the circuit of Fig. 1, the theory of superposition 
states that the variation of voltage and current consists of a component due 
to the steady state condition and a component due to Vspx(t). When considering 
the variation of superimposed components the superimposed voltage source Vspx(t) 
can be considered to be applied to an otherwise de-energised system. The 
directional wave detector measures only from superimposed quantities. In 
order to explain the initial variation of superimposed voltages and currents 
after fault inception, the single phase line of Fig. 2 is useful. Consider 
a fault immediately behind S. At t =0

Vg(t) = Vf(t), ig(t) = Vf(t)/Zo (2)

Eqn. 2 is true for 0 < t < 2 1/c, where 1 is the line length from S to R and 
c is the velocity of wave propagation. At time t = 2 1/c,

Vg(t) = Vf(t) + Vf(t) kr (1 + ks) ' (3)

ks and kr are the reflection coefficients at S and R respectively.
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Also at time t = 2 1/c

ig(t) = Vf(t) (1 + kr ks - kr)/Zo (4)

Consider now the variation of two signals Sj[(t) and S2 (t) defined in eqn. 5.

Si(t) = v(t) + i(t) Ro, S2 (t) = v(t) - i(t)Ro (5)

Ro is the value of line surge impedance Zo assuming that the line is lossless. 
For the above reverse fault, the initial variation of S^Ct) and S2 (t) is, 
for 0 < t < 2 1/c

Si(t) = 2vf(t), S2 (t) = 0 (6)

For 2 1/c < t < 4 1/c

Si(t) = 2vf(t) (1 + kr ks), S^Cc) = 2vf(t) kr (7)

From the above, S^Ct) becomes finite before S2 (t).

Consider now a fault between busbars R and S in Fig. 2. The inital
variation of Vg(t) and ig(t) would, for 0 < t < , be such that v^Ct) =
ij-(t) = 0. T\ is the transit time from the point of fault to R busbar.
For < t < 3 Ti

Vf(t) = (1 + ks) vf(t), i[(t) = (ks - 1) vf(t) (9)

Tfius for < t < 3

Sĵ (t) = 2 ks Vf(t), S2 (t) = 2vf(t) (10)

For the in-zone fault the magnitude S2 (t) is initially either greater than or 
equal to S^Ct). The directional wave detector makes a decision as to the
direction of the fault by the order in which signals S]̂ (t) and S2 (t) pass
through a pre-determined setting level. It should be noted that it is only
the initial crossing of setting levels that gives a correct indication as
to the direction of fault, thus any subsequent crossings are ignored until 
S]̂ (t) and S2 (t) remain below setting for a pre-determined time. The two 
signals Si(t) and S2 (t) are solely composed of superimposed quantities and 
are thus zero under steady-state conditions.

3. Extraction of Superimposed Quantities

Consider the circuit of Fig. 3. A signal containing steady-state and 
superimposed components is applied at 'a'. Dius va(t) = vss(t) + vsp(t)
Tiie voltage va(t) is of the latter form for a fault occurring at t = 0. The 
signal at 'b' in Fig. 3 is the signal at 'a' delayed by To seconds where To is 
related to the power system frequency fo by To = 1/fo. It follows that

vb(t) = vss(t - To) vspCt - To) H(t - To) (11)

The differential amplifier produces an output signal at 'c' given by vc(t) = 
va(t) - vb(t).

I
For the above example

|vc(t) = vss(t) - vss(t - To) + vsp(t) H(t) - vsp(t - to) H(t - To) (12)

I 1 7 1



Since vss(t) is composed of only one power frequency component, vss(t) - 
vss(t - To) = 0 .

Substituting the latter in eqn. 12 gives the following variations 
of vc(t) with time.
For 0 < t < To vc(t) = vsp(t) (13)
For t > To vc(t) = vsp(t) - vsp(t - To) (14)

It is evident that the circuit of Fig. 3 outputs the superimposed component 
for To secs. Although the frequency spectrum of vsp(t) contains many 
components dependent upon point on wave of fault inception, the fundamental 
frequency of vsp(t) is still fo.

It follows that,|vsp(t) - vsp(t - To) | << vsp(t) which in turn means
that the output signal drops sharply in magnitude To secs after becoming finite. 
For the case of a sequential fault condition in which an out of zone fault is 
followed by an in-zone fault, va(t) would be of the following form.

va(t) = vss(t) +■vsp l(t) H(t) + vsp 2(t) H (t - Tsf) (15)

The out of zone fault would occur at t = 0 for the form of va(t) given in 
eqn. 15 and the in-zone fault would occur Tsf secs, later. In this case, the 
variation of vc(t) would be as follows:

For 0 < t < To, vc(t) = vsp l(t) (16)
For To < t < Tsf vc(t) = vsp l(t) - vsp 1(t - To) (17)
For Tsf < t < (Tsf + To), vc(t) = vsp l(t) - vsp l(t - To) (18)
+ vsp 2(t)
For t > (Tsf + To) vc(t) = vsp l(t) - vsp l(t - To)
+ vsp 2(t) - vsp 2(t - To) (19)

Provided that eqn. 20 is true and the time between faults exceeds To, the 
two superimposed components are correctly produced at the output subsequent 
to each fault.

I vsp 2(t) I >> I vsp l(t) - vsp l(t - To) I (20)

The delay To is produced using a C.C.D. discrete sampling bucket brigade
delay line driven at typically 12.8 kHz. Alternative components incorporating 
notch filters tuned to suppress the steady-state power frequency components 
could be used ^ , but some masking of the superimposed component caused by the 
second fault may then occur with consequent loss of selectivity.

4. Operation Under Single Fault Conditions

In order to determine setting levels for signals S|̂ (t) and S2 (t) a number of 
single faults were studied, a typical response to an out of zone voltage maximum 
fault being shown in Fig. 4. The device output clearly shows S|(t) and S^Ct) 
correctly produced for 20 ms. Thereafter the output is dominated by the high 
frequency components caused by travelling waves set up by the fault. Si(t) is 
seen to become finite before S2 (t), consistent with a reverse fault. Clearly, 
if the device is to be reset after 20 ms, the setting levels would have to be 
above this residual output.

Fig. 5 shows the response to a fault occurring at a voltage zero. Here the 
waveforms do not contain large high frequency components. However, the signals 
Sĵ (t) and S2 (t) remain of significant magnitude for up to 60 ms. For reasonable 
setting levels, giving good sensitivity to fault path resistance, the device
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silould not be reset for up to 60 ms under such conditions. This block time 
could prove unsatisfactory under sequential fault conditions.

Tlie slowly decaying characteristic of S^Ct) and S2 (t) for voltage zero faults 
is due to the d.c. offset in fault current which occurs for voltage zero faults. 
In order to reduce the reset time, extra filtering is employed at the output 
of the basic device. The filter characteristic is such that low frequencies 
are attenuated while power frequencies lie within the pass band of the filter. 
Fig. 6 shows the filtered response to a voltage zero fault, it being evident 
that resetting now takes place at around 23 ms.

Fig. 7 shows the maximum amount of fault resistance detectable as a function
of line length. The transmission line simulated has a reactance at power
frequency of 0.4 ^ kra“ l. Tlie shape of the response, is as expected since an
increase in distance between the point of measurement and the superimposed 
voltage source reduces the superimposed current and voltage detectable.
Minimum sensitivity was found to occur for smaller source capacities and for 
faults occurring at voltage zero.

5. Performance Under Sequential Conditions

Fig. 8 shows typical outputs for a sequential out of zone followed by an in
zone fault. The figure shows SqCt) finite before S2 (t) for the out. of zone 
fault followed by S2 (t) finite before S^Ct) for the in-zone fault. The times 
of fault inception were separated by 30 ms respectively but it is clear that 
faults separated by 23 ms could also have been detected. When considering the 
sensitivity of the in-zone fault to fault path resistance it becomes clear 
that there are a number of factors to take into consideration. Fig. 9 shows 
the sensitivity as a function of distance to fault for two cases of out of 
zone faults at 1 km and 100 km behind the measuring point. It is clear that 
the device becomes more sensitive to the second disturbance after a close up 
reverse fault. However, by comparison with single faults, the sensitivity 
is relatively low.

6. Operating Speed of Directional Detector

The magnitude of superimposed components only has a significant effect upon the 
operating speed of the device when the components are just above setting levels. 
Under sequential fault conditions the operating speed is between 2 and 3 ms for 
fault path resistances in the range of 0-70 ohms. The operating time increases 
to between 10 and 12ms for fault path resistances in the range of 70-100 ohms. 
The foregoing times relate to the operation of the directional detector. To 
these times must be added the blocking or permissive overreaching coordination 
delays ^. The latter depend on the communication equipment used to link the 
detectors at either end of a line and are typically 2 ms and 10 ms for micro
wave group carrier and power line carrier channels respectively.

7. Conclusions

The basis of a new ultra-high-speed wave differential protection scheme has 
been described. It has been shown that, by using suitable filtering arrange
ments, satisfactory clearance of sequential fault conditions can be obtained 
provided that the time between disturbances exceeds about one cycle of power 
frequency. Tlie principles underlying the new technique have been expounded 
by reference to a single-phase transmission line and the scheme is readily 
applied to practical 3-phase systems by employing modal wave propagation 
principles 3,4.
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