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INTRODUCTION

Ultra high speed clearing of faults on EHV transmission systems
improves transient stability and thus realizes economic gain through

(1,2,3)

improved power transfer capability. In order to obtain such fault

clearing times new relaying concepts have been developed which vary

significantly from those traditionally used.(4’5’6’7’8’9)

One concept for an ultra high speed system which uses a modified
conventional relaying technique is suggested in reference (8). It is
applicable over a practical range of system operating conditions in
situations when the source to line impedance ratio is low. In fact, in
recent years there have been descriptions of UHSR schemes both as details
of hardware and as concepts. This paper is in the nature of a purely
conceptual presentation and does not describe commercially available

hardware.

Conventional relaying techniques are typically based upon a series
resistance-inductance lumped parameter model of a transmission line. As
a result of this these relays must make their decisions using the power
system frequency currents and voltages available at the relay point, and
consequently must filter out the high frequency components which normally
exist in both waveforms. This filtering action can cause a significant
delay in the operating time, thus limiting the use of conventional tech-

niques in ultra high speed relaying (UHSR).

The high frequency components of post fault waveforms are due to the
distributed nature of transmission line parameters. Models such as the
lumped parameter one, which do not take these components into account, can-
not be expected to respond consistently in their presence. |If filtering
action is to be removed in order to speed up the relay response, then the
relay must respond in some consistent manner to both the power and high
frequency components. Such a relay has been designed and is operating in
a directional comparison scheme as described in references (6) and (7).

The concept upon which this relay is based was further clarified and

developed in reference (9).



A brief review of the original concepts applied in these references
will be presented before describing a technique which sign}ficantly improves

the accuracy and security of the scheme.

The Deviation Plane

Any faulted system as shown in Figure 1a can be separated, by the
principle of superposition, into a circuit which defines the pre-fault
conditions (Figure 1b) and one which determines the deviations in pre-fault
conditions due to the application of the fault (Figure 1c). Using the
notation of Figure 1 we can define deviation signals(g) ADi(t) andDv(t) as

Di(t)
Dv(t)

These signals are the differences between pre-fault and post-fault values

iq(e) - igp(t) )

[

vi(t) - vyp(t)

and are obtained by applyingva fictitious voltage source at the fault point
which is equal in magnitude but opposite is phase to the pre-fault voltage

at that point. Note that 90 degree impedances are considered throughout.

If the deviation signals of equations (1) are plotted on a deviation
plane with ordinate /Ni(t) and abscissa [Dv(t), an elliptical trajectory is
obtained as in Figure 2 (see Appendix A for details). Under normal operat-
ing conditions, changes in current and voltage will be so slow that they will
not produce a trajectory on the deviation plane. This excludes switching
operations which will not be considered here since they are adequately
discussed in the previously mentioned references. When a fault occurs at
a voltage maximum, with high frequency transients and pre-fault loads being
ignored, the current and voltage will change in a similar fashion to
Figure 2a. The sudden change in voltage Zlv(t) causes the trajectory to
jump immediately to point P along the /v axis of Figure 2b. The arrow
leaving point P indicates the direction of rotation which the resulting
elliptical trajectory takes. It immediately enters the second quadrant
where it crosses a sensing boundary, which we shall call a threshold. If
the fault occurs at a voltage zero the deviation signals would be as shown in
Figure 2c. In this case the current is fully offset, since it can not
change instantaneously, and the trajectory moves in a clockwise elliptical

path from the origin into the fourth quadrant where it crosses a threshold.



Thus the thresholds placed in the deviation plane can be used to determine

which quadrant the elliptical trajectory first enters.

The examples which we have just discussed correspond to the signals

ODiq(t) and Avy(t) in Figure 1c. When the switch is closed at t=o the
trajectory jumps to a point on an elliptical path which is offset from the
origin by an amount dependent upon the fault initiation angle, and which
rotates in a clockwise sense. Such a response occurs when a fault is
initiated in front of the relay, with the polarities as shown in Figure lc.
A fault occuring behind the relay would be the equivalent of reversing the
current polarity and thus cause rotation in a counter clockwise sense. In
this case the trajectory would enter the first or third quadrant where it
would cross a threshold. The thresholds then, are used to determine the
direction of a fault as defined by the direction of rotation of an elliptical
trajectory. Entry into quadrants 1l and IV corresponds to a forward fault,

while entry into quadrants | and |1l corresponds to a reverse fault.

Settings and Operation in the Deviation Plane

Up to this point we have been discussing the response in the deviation
plane of signals which vary at the power system frequency. Since this has
neglected the high frequency transient response we will call this the quasi

steady state mode of operation.

Placement of the thresholds in the deviation plane defines the reach
of the relay. Since the trajectory follows one complete elliptical path for
each power system cycle, the time to reach a given threshold should only be
a fraction of a cycle and thus provide very quick indication of the direction
to the fault. 1t should also be noted however, that for each elliptical path
the trajectory may cross all four thresholds. It is therefore necessary to

make a decision after the first crossing and ignore all subsequent crossings.

Since the relay settings are based upon the quasi steady state mode
response, it is useful to determine how this response changes for different
system conditions. We have already illustrated that the ellipse will have

no offset for faults at a voltage peak and be fully offset for faults at a



voltage zero. Further inspection of the deviation plane indicates that the
shape of the ellipse, as defined by its major and minor axes, is highly
dependent upon source reactance (see Appendix A). Figures 3a and 3b show
how these ellipses change with varying éource and constant fault reactance.
Setting one threshold which would be tangent to all ellipses in each
quadrant of Figure 3 is not possible. This inability to determine a line
of constant fault reactance in the deviation plane seriously limits its
application in a channel independent mode. If a straight line threshold is
to be used it can be shown (see Appendix B) that the line in the second
quadrant would intercept the Ni axis at ~§—3 where Xg is the relay setting,
and the éﬁy axis at -E. Similar Tines cou?d be drawn in the other three

quadrants.

If the thresholds are set according to this approach, then the reach
of the relay for a given source reactance is determined by the fault reactance
which causes the trajectory to just touch the threshold. If we are to
consider source reactances which vary from 0.0 to 5.0 per unit then we are
immediately limited to setting the relay for 50% of the line to prevent
overreach at Xg = 0.0 pu. Figure 4 illustrates the actual reach which the
relay provides for fully and non offset trajectories as sourée reactance
changes. It can be seen that for a source to line impedance ratio of 1.0
the reach of the relay will be between 12 and 60% of the line. The situation
is further complicated by the fact that changes in system voltage will affect
the reach as in Figure 5. This is a direct result of the fact that the E
used in setting the relay would be different than the E used to drive the

trajectory.

If the source reactance is limited to the more reasonable range of 0.5
to 2.0 pu then the relay setting may be increased to 58% of the line as shown
in Figure 6. Note however, that a 10% reduction in voltage can cause zero

reach for faults initiated at a voltage maximum.

High Frequency Response i{n the Deviation Plane

As pointed out in the introduction, it is important that a UHSR scheme
behave consistently in the presence of high frequency transients in order to
avoid lengthy filter delays. It also ensures that none of the benefits

corresponding to the quasi steady state response are sacrificed.



High frequency transients can be thought of as the propagation of
forward and backward travelling current and voltage waves along the
transmission line. They are the result of interaction due to the sudden
dischérging of line capacitance. It is obvious then that the travelling
wave activity will be at a maximum for faults occurring at voltage peaks,
and minimal for faults at voltage zeros. The trajectory of such a transient
is given in the deviation plane by a pair of straight lines as shown in
Figure 7 (for details see Appendix C). There is an initial jump along the

D v axis when the voltage wave arrives, followed by a straight line
section which will continue until the next voltage wave arrives. In order
to reduce the effect of phenomena such as lightning or induced transients
from coupled lines, the AN BT BAY signals can be passed through a low
pass filter. Figure 8 shows typical filtered and unfiltered voltage and
current waveforms. The low pass filter in this case has a cutoff frequency
of 100 HZ and removes a great deal of the high frequency transients. The
net effect of filtering the inputs and superimposing this high frequency
response onto the underlying steady state response is illustrated in
Figure 9. The unfiltered response of Figure 9a clearly shows the trajectory
starting at the origin, jumping along the positive AV axis, while slightly
entering the fourth quadrant. It then follows a straight line section with
positive slope, until the next voltage wave arrives. The straight lines are
not as distinct as shown in Figure 7 because the transmission line performs
a natural filtering action on the travelling waves as they propagate from
the fault point to the relay. It can be seen in Figure 9b that filtering
Aat 1000 HZ changes the response by removing some of the high frequency
compenents. Increasing the filtering to 100 HZ as in Figure 9¢, has
drastically changed the original trajectory so that it begins to resemble

the steady state elliptical response.

It is important to note the difference between Figures 9a and 9c
since it illustrates the overreaching effect caused by the high frequency
transients. |f the relay is to be set according to the quasi steady state
response then it is obvious from 9a that the high frequency response could
easily cause a relay to overreach. When we consider this overreaching effect
coupled with the problems inherent in the quasi steady state mode, it can be

concluded that the use of this relay in anything but a directional comparison



scheme could apply only in very special cases. It is also apparent that

determining the setting of the relay becomes a non trivial task.

As an example of this last statement consider the response shown in
Figure iO. In this case the thresholds indicate the setting of the relay.
In order to try to control the reach of the relay, filtering has been
added. The trajectory leaves the origin and approaches a threshold at
Point A. If it is not detected as crossing the threshold here, then it will
subsequently cross the threshold at Point B and incorrectly indicate a fault
in the reverse direction. The filtering then, may be a critical part of

designing a system based upon this technique of setting the relay.

A summary of the potential problems with the deviation plane approach
will now help directly formulate a new technique which promises substantial

improvements. The problems which have been presented are:

- overreaching effect due to fault current asymmetry

. lack of a proper threshold to determine the reach, and thus
setting, of the relay

. only one indication of the direction to the fault - if this
is missed then the relay misoperates

. sensitivity of the relay to changes in voltage

- an overreaching tendency, due to high frequency transients,

which can not easily be controlled by filtering.

Each of these points has a varying degree of effect on the channel
dependent or independent modes of operation. It is important to note however
that problems which occur in the independent mode normally create similar
problems in the dependent mode. This would suggest that developing an
independent mode response based on sound operating principles could result

in benefits for both modes of operation.

The Transformed Deviation Plane

Referring again to Figure 1, we can apply some simplified conventional

distance relaying techniques similar to those used in relays like that of



(10)

the Westinghouse KD. For example, in Figure 1a we may write the

following relationship as seen by a relay at bus 1.

v, = Ty @

The bars over these quantities are meant to denote a phasor notation. In

a typical distance relay the current T} would be passed through a replica or
compensator impedance‘?ﬁ and the resulting voltage would be subtracted from
the bus voltage V}. This derived quantity is called the operating voltage.
If the fault reactance MYL is equal to the replica impedance Ek then the
fault is at the balance point and the operating voltage is zero. If the
fault is inside or outside the balance point then the operating voltage is
either positive or negative, as shown in Figure 11. In order to determine
the sign of the operating voltage we phase compare it with the voltage V}
which is called the polarizing voltage. |If the operating and polarizing

voltages are 180° out of phase then the fault is inside the balance point.

The same techniques can now be applied to the circuit of Figure lc.
if we consider no fault resistance then the circuits to the left and right
of the fault in Ic are decoupled, and can be considered separately. As far
as the relay at bus 1 is concerned the circuit can be Pearranged as in
Figure 12. Due to the similarity between this circuit and that of Figure 1la,
we can apply the same technique to determine the distance to the fault. The

following equation applies.
Vop = AV + NimX (3)

This equation is valid regardless of fault initiation angle and source

reactance. |[If it is written in its instantaneous form we have

Vop(t) ==Ov(t) + L =3 Aie) (1)
This can be rearranged to give

gy Die) = Av(e) + v (6)  (5)

Equation (5) can be compared with the general equation of a straight line,
y = mx + b, in a normal cartesian coordinate system where m is the slope

and b is the y axis intercept. We can therefore say that (5) represents



the equation of a straight line with a slope of 1 and a y axis intercept

d  ADil(t)
dt

of Vop(t) in a plane where the y axis is represented by L

and the x axis is represented by /\v(t). Taking the derivative of the
current deviation and scaling it by a term Lp, when LR determines the relay
setting, produces a coordinate system where both axes are voltages which are
in phase. There are several advantages in such an approach. The first
thing to notice is that the dependence upon the fault initiation angle or
fault current asymmetry is removed because the differentiator effectively
blocks any d.c. components. One can also intuitively reason that since
both voltages are in phase they should produce a straight line trajectory.
This follows from the fact that the voltages are sinusoidal and will reach
their peaks, zeros, and appropriate intermediate values, at the same
instant of time. Since the same current /\i(t) flows through reactances
Xg and mX , it should be further expected that the slope of this straight
line trajectory will depend upon some ratio of fault to source reactance.
In actual fact it turns out that this intuitive reasoning is correct (see

Appendix D for details) but its full impact is not yet clear.

The straight line trajectories in this new system can be thought of
as a transformation of the elliptical trajectories in the deviation plane.
It is for this reason that this new plane has been called the transformed
deviation plane or simply, the transformed plane. The transformation is
best described by considering Figure 13. The trajectory in the deviation
plane of Figure 13a originates in the origin 0. When a fault occurs it
immediately jumps to Point A and continues in a clockwise sense through
Points B, C, D and E. In the transformed plane (see Figure 13b) the
trajectory originates in the origin and immediately jumps to Point A along
the straight line. It then proceeds to its point of peak deflection in
quadrant 11(B) before returning through Point A and the origin (0) to its
point of peak deflection in quadrant IV (D). When it returns from Point D
to Point A it will have completed the equivalent of one cycle of the
ellipse or one power frequency cycle. The same result could be arrived at
by consideration of the current and voltage waveforms of Figure 13c.
Figures 13d, 13e and 13f illustrate the same transformation for an ellipse
in the deviation plane which rotates in a counter-clockwise sense. Note

that in this case the trajectory enters only Quadrants | and IIl. In other



words, clockwise rotation in the deviation plane transforms into a straight
line which enters only Quadrants |l and IV while counter-clockwise rotation
transforms -into a line which enters only Quadrants | and 111. This is
particularly significant since the direétion to a fault may now be determined
by simply ascertaining which quadrants a straight line trajectory lies in.
The fact that forward fault trajectories never enter Quadrants | and Il and
reverse fault trajectories never enter Quadrants |l and {V offers substantial

improvement in security and reliability.

We are now in the position to consider the use of sensihg boundaries,
or thresholds, in the transformed plane. Actually, we have already unwittingly
defined such thresholds in equation (5). Using an approach like that of the
deviation plane we can see that the peak deflection of any trajectory in the
transformed plane, for a fault at the balance point, will lie along a
straight line whose y and x axes intercepts are given by E and -E. The
significance of this may better be appreciated if it is remembered that this
is true for any value of source reactance. The ratio of source reactance
Xg to relay replica reactance Xg will change the slope of the straight line
trajectory but its peak deflection will still lie along the threshold (see

Figure 14). This is also true for any fault initiation angle.

The use of fixed thresholds in the transformed plane will result in
a change of reach due to voltage variation, just as it did in the deviation
plane. The effect however, is not as significant. For the purpose of
comparison Figure 15 shows the situation in the transformed plane which
corresponds to Figure 6 in the deviation plane. In this case it would be
possible to set the relay for 70% of the line as opposed to 58% in Figure 6.
A far more significant feature is that the reach of the relay never goes
below 40% of the line, whereas in Figure 6 it may vary from 0% to 95%. This
is particulariy important when one considers that the need for ultra high
speed is greatest for close in faults where the power transfer capability is
largely reduced. |f such a fault were to occur at a voltage peak then it
appears that, under certain circumstances, the relay would not operate in an
independent mode in the deviation plane. This problem does not occur in the

transformed plane.

A brief mention of operate times now seems appropriate. In the

deviation plane it was stated that one elliptical path corresponded to one



power system cycle and thus the time for the trajectory to cross a fixed
threshold would only require a fraction of a cycle. In the transformed
plane a similar argument applies to the straight line trajectories but with
the important difference that the derivative of the current deviation can
change instantaneously. Faults which occur at or about a voltage peak would
therefore cause the trajectory to jump immediately towards the threshold and,
if appropriate, to cross it giving an operate time limited only by delays
inherent in the relay design. Since it is expected that most faults would
occur near voltage peaks, this type of response is the most probable one.
Faults in the vicinity of a voltage zero should, in general, take less than
L ms to detect. The longest possible operate time applies for a fault near
the balance point which is initiated slightly after a voltage peak. In this
case the trajectory would jump to a point just short of the threshold and

would take approximately 8 ms before crossing the next threshold.

Let us now take time to consider the improvements obtained at this
point in the development of the transformed plane concepts. A trajectory
exists with an overall response that is independent of fault current asymmetry
and which displays a constant reach, as defined by a fixed straight line
threshold, regardless of source reactance. It provides repeated indication of
the direction to the fault and thus will not misoperate if the first threshold
crossing is missed. Also, the approach is not as sensitive to voltage changes
as that of the deviation plane. Further consideration of sensing boundaries in
the transformed plane will now allow us to select a threshold which is even

better suited to the trajectory.

Equation (5) can be considered a line of constant fault reactance, as
specified by L, in the transformed plane. At any instant of time we can
therefore define a threshold which corresponds to the relay balance point, by
specifying a relay setting Lr. Note that in this case the threshold is not
fixed but instead is a straight line of slope 1.0 whose y axis intercept
changes with Vop(t), Thus the threshold now moves in a fashion similar to
the trajectory. A relationship may be drawn between this threshold and the
straight line trajectories. If a fault occurs at the balance point then
Ly = Lp and at any instant of time the point on the trajectory will lie

directly upon the threshold. Figure 16a ismeant to illustrate this by showing
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the threshold and corresponding point on the trajectory at three different
times. If L  Lp then the fault is inside the balance point and Figure 16b
applies. Note that the trajectory is always greater than the threshold,

indicating a trip condition. The case for L > Lg is shown in 16c.

The use of fixed thresholds is equivalent to setting the relay based
upon peak values of current and voltage deviations. We have already pointed
out that faults occurring near voltage peaks would cause the trajectory to
immediately cross the threshold. By utilizing moving thresholds we create a
system wherein the trajectory immediately crosses the threshold for faults
occurring at any initiation angle. The problem which remains is how to obtain

the signal V,,(t) to drive the thresholds.

If we assume no pre~fault load flow then it is obvious from Figure 1
that pr will be the same as the pre-fault voltage V}p_ If load flow does
exist then Vgp will be a voltage whose magnitude is less than V}P and whose
phase either leads or lags this voltage depending upon the direction of load
flow and assuming no reactive power transfer. In Figure 17 voltage V}P leads
Vép by an angle thﬁs causing load flow into bus 2. Considering a fault
in the middle of the line, when the magnitude of Vgp will be at its lowest
value, should give the largest difference in magnitude between Vyp and Vgp,
If weallow an angle across the line of 60° then the magnitude of Vép‘becomes
86.6% of Vyp. The error introduced by assuming the magnitude of Vgp to be
that of V}p appears to be slight. |If anything it will cause only an under-
reaching effect for the relay which will become less significant as the
fault point moves away from the middle of the line. The problem of phase

difference between V}P and Vgp however, is much more serious.

The concept of a moving threshold requires that the trajectory and
threshold have the same phase. This fact can be reasoned by considering
Figure 18. In 18a the two curves are in phase and the curve corresponding
to the threshold is larger at any instant of time than the one corresponding
to the trajectory. It is analogous to the trajectory always being behind
the threshold. The term behind is meant to imply less positive in the
positive half cycle and less negative in the negative half cycle. The
problem occurs when the trajectory curve leads (or lags) the threshold

curve as shown in 18b. In this case Regions A and B cause incorrect
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indications to occur. The problem is even more acute when the fault

approaches the balance point and the trajectory curve is almost in phase

and as large as the threshold curve (see Figure 18c). In this situation

the region of incorrect operation is nearly 900. it is interesting to

note that 90O is the 1imit to this possible area of misoperation and it is
approached when the fault location nears the balance point. This is in keeping
with our instincts that suggest the tendency to overreach should become

greater as the balance point is approached.

The use of bus voltage VAP to represent vgp could provide shorter
operate times in applications where overreaching is permissible. Note that
thresholds of this type reduce the sensitivity of the relay to voltage
variations since'they are derived from the actual pre-fault bus voltage at
the relay bus. The ability to use a moving threshold is a direct result of
having selected a coordinate system, the transformed plane, which allows a

direct measurement of fault reactance.

A good deéal of time has been spent in developing the quasi steady state
response of the transformed plane. This was done because it is this system
which would be used to set the relay and to a large extent would determine
its characteristics. |In fact, careful attention paid to the steady state
response has removed most of the potential problems stated in the deviation
plane. The effect of high frequency transients in the transformed plane must

now be considered.

High Frequency Response in the Transformed Plane

Careful consideration of the nature of travelling waves can lead one
to predict what the response to high frequency transients will be in the
transformed plane. When the switch is closed at t=o in Figure 1c, a voltage

wave equal to the value of V__(t=0) propagates towards the relay point at

o
bus 1. For the sake of examp?e let us assume that the switch closes at a
voltage peak. Upon arrival at the relay point this wave sees a reactive
source which initially acts as an open circuit. This causes the wave to be
reflected back towards the fault with the same polarity. The effect is that

at bus 1 the voltage Z}kv(t) will be twice what it would have been without



travelling wave activity. When the reflected wave reaches the fault point
it sees a zero impedance voltage source and is therefore reflected back to
bus 1 with opposite polarity. The instantaneous sum of this reflected wave
and the wave being sent by the voltage source at that time, arrives at bus 1
and causes a sudden drop in voltage /\v(t). If these events affect Av(t)
in this way then it seems reasonable to argue that they will affect the

voltage L _9,_J£§ii£), in the same manner. This being the case, we can say
R dt

that the travelling wave response will consist of a set of 'jerky' straight
line actions which will lie directly on top of the quasi steady state

response. The details of this analysis are included in Appendix E.

This type of high frequency response is particularly desirable because
it has no effect on the repeated directional indication of the quasi steady
state mode. Its sole influence is to cause an overreaching effect. This
effect however, is not as severe as in the deviation plane since the amount
of overreach may now be easily controlled by applying filtering. Figure 19
illustrates a transformed plane response to a forward fault at a voltage
peak for three degrees of filtering. It may be comparéd directly with
Figure 9. One can easily visualize the 'jerky' line segments superimposed
upon an underlying straight line trajectory. It is important to note that
at no time did any of the trajectories substantially enter Quadrants ‘| or
I1l. 1t is because of this characteristic that the fault which was not
detected correctly in the deviation plane (see Figure 10) was correctly

detected in the transformed plane (see Figure 20).

APPLICATION

The most obvious expected application of this type of relaying is in
conjunction with high speed communication equipment in a directional
comparison scheme. In this case the relay would be set to overreach the line
segment and would incorporate the moving threshold concept. The operate time
would theoretically be limited by the delay required for the information, in
the form of current and voltage deviations, to propagate to the relay point

as well as by the channel delay. Since the trajectory in the deviation plane
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passes through the origin it would be necessary to desensitize the response
in the small region immediately surrounding the origin. The actual operate
time obtained would depend upon the delays inherent in any relay design.
However it is expected that these delays would be minimal and that the
operate time would be predominantly limited by the channel time. This mode

of operation would protect the entire line section.

If one considers a two-line two-machine equivalent of a power system
it is obvious that close in faults to either bus pose the most serious
threat to system stability. In order to address this problem:and improve
the overall dependability, this relaying concept could be applied in a channel
independent mode. In this case the relay would be set to underreach the
line segment and would use fixed thresholds. The amount of underreach would
depend upon the particular situation. Regarding this, it should be kept in
mind that an accuracy of reach/speed of operation tradeoff is possible by
adjusting the amount of filtering. Figure 21 illustrates two trajectories
obtained for the same fault, applied at the voltage peak and zero, at the
balance point. Note how the filtering has controlled the overreaching effect
of the fault at a voltage peak. What is not apparent from this is that the -
relay response will be slowed by the filtering action. If the relay is set
for a smaller section of the line then less filtering, resulting in less
delay, may be used without endangering security. Operate times in this type
of application will be dependent upon fault initiation angle and the distance
to the fault. Assuming that the most probable fault initiation angle
corresponds to the region where the voltage builds towards ‘its peak, and
considering close in faults, we can expect that the operate time would be

less than 4 ms.

This section of the paper has been necessarily terse since the

technique is largely conceptual at this time.

CONCLUSIONS

Several potential problems associated with an existing UHSR directional
comparison technique have been outlined and the fundamentals of a concept to

correct these probliems have been presented. The resulting scheme promises
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significantly improved security and dependability. [t has been shown to
be an extension of existing distance techniques, such as the replica

impedance, and thus offers a relatively straight forward procedure to set
the relay. The filtering may be adjustéd to allow an accuracy of reach/

speed of operation tradeoff.

The presentation has omitted reference to the connections convention-

ally used for phase and ground distance relays usually applied on three

(11)

maximum, especially in the channel independent mode, should be evaluated.

phase systems. The added complexity to exploit this technique to the

Furthermore, in systems with low source to line impedance ratios the speed

and coverage to be obtained with relatively simple instantaneous over-

current relays should be evaluated.
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APPENDIX A

If we assume the switch in Figure lc to close at t=o then we may

define the following general equations:

Av(it) = Vecos (wt+ %) (A1)
Ai(t) = 1 sin (wt +3) - sin¥ (A2)
XS E
V= - o (A3)
Xs + Xg
_ E
| = X+ X; (A%)
The symbol ¥ is used to denote the fault initiation angle. By summing

the squares of equations Al and A2 we can arrive at equation A5.

Ovie)? [Dite) + 1 sing] 2
2 7 2

1 (A5)

v

This is the equation of an ellipse in the deviation plane which is displaced
along the Di axis by an amount I sin¥ . This general response is
illustrated in Figure Al. Note that the ellipse rotates élockwise for
forward faults and counter clockwise for reverse faults. The major and
minor axes of the ellipse, as defined by V and |, are dependent upon

source reactance Xg and fault reactance Xf.
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APPENDIX B

From Appendix A we have the following two relationships:

B A O e
S S
I = Xg + Xg (B2)

The intercepts of the threshold along the Dv(t) and Di(t) axes can be
formed by g»simple limiting procedure. If we let the source reactance
become very large compared to the fault reactance then D\i(t) approaches
zero and /\v(t) approaches -E cos wt. Ideally, when Xg is infinity, the
elliptical trajectory becomes a straight line which lies along the VAN

axis and whose peak value is given by *E. This is obvious from equation B1.
Applying a similar argument, only allowing Xs to approach zero, yields a
straight line trajectory which lies along the /i axis and whose peak value
is given by i_—é?u We therefore say that in the second quadrant the
threshold will be a straight line with ADv and i axes intercepts of -E

E .
and X respectively.

APPENDIX C

When'solving for the current or voltage as function of time, at any
point along a transmission line, it is necessary to consider the solution
of two second order partial differential equations. The solution of this
form of equation was shown by d'Alembert to best be expressed as the sum of
two waves moving in opposite directions. Using the same approach and
notation as reference (9) we may define the forward and backward waves at
the relay point in Figure lc as a(t) and b(t). The resulting deviation

signals will be given from the following equations.

st

|
2Ry
1

i (¢) by + be] 1)
vit) = 3 [é(t) + b(tﬂ (c2)

Ry denotes the surge resistance of the line and relates voltage and current

|

waves.
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APPENDIX C (cont'd)

If we consider‘the voltage Vop(t) to be
Vop(t) = -E cos (wt + %) (c3)

the same voltage will appear at the relay point delayed by the time for
the signal to propagate from the fault to the relay at a speed slightly
less than that of light. |If we apply a time shift and realize that
initially the forward travelling wave is zero, we may write the following
equation: '

Av(t) = - 2b(t) = E cos (wt +¥ ) (ch)

Equation (C4) can be simplified by noting that the time interval we are
interested in is small compared with the power system period. We may

therefore write
b(t) £ 2E cos ¥ (cs5)

The deviation signals at the relay point are related as follows:

A vt) = -L—9 A (c6)

s dt

where L, is the source inductance. Using C5 and C1 we obtain

P(e) = ¥

Di(t) R [a(t) + 2E cos ] (c7)
d ANi(t) | d a(t)
dt l T 2Ry dta (c8)

Substituting €6, C7 and C8 into C1 and C2, and subsequently isolating

for a(t) we obtain

- Ls d a(t)
a(t) = 2E cos ¥ - R, dt
= 2E cos¥ - T —%;199 (c9)

This differential equation may be solved and the result time shifted to

take into account the propagation delay Ts:

'(t'To)
a(t) = 2E cos¥ (1 - 2e T ) (c10)
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APPENDIX C (cont'd)

Using C5 and C10 in C1 and C2 results in the appropriate deviation signals

over an interval where multiple reflections do not occur.

; ' = (t-Tg)
Dv(t) = -2E cos¥ e “"—?“2” (c11)
2E -(t -Tg)
Ni(t) = R cos¥ 1-e — 2 (c12)

We can now see that at time Ty after the fault initiation the trajectory
- will jump along the /v axis according to C11. After that time /)v(t)

and lﬁ>i(t) will combine to form a straight line as given in C13.

R, Di(t) = Qv(t) + 2E cos¥ (c13)

APPENDIX D

Taking the derivative of equation A2 yields
fijfgéLLEL =wl cos (wt+ ¥ ) (D1)

Using D! with A2, A3 and Ak we obtain the following expression:

4 Dile) OSv(n) (02)

-
LS

Both sides of this equation may be multiplied by the relay setting Lp to

obtain the coordinates of the transformed deviation plane.
d i)~ _ R
T ADv(t) (p3)

Note that, as expected, equation (D2) is simply a rearrangement of what

must be true by definition

Do) = - 1, L8810 (D)
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APPENDIX E

Taking the derivative of equation C12 gives

dailt) ﬁi(t) = %—5 cos B (-.Ir—)‘ e “(t-To }To) (E1)

By noting the form of equation C11 this may quickly be reduced to

L%L(_t) - - D (E2)

S

It can be seen that this is identical to equation D2. We therefore say that
the high frequency response in the transformed plane lies directly upon

the quasi steady state response.
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