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ULTRA-HIGH-SPEED RELAYING FOR TRANSMISSION LINE PROTECTIO!
By M.E. Hodges, C.A. Mathews and S.B. Wilkinson

INTRODUCTION

For several years there has been an increasing interest in achieving faster clearing
of severe faults in order to improve the overall reliability of a power system. This
has involved both circuit breaker operating times and relay operating times.

This paper introduces a new ultra-high-speed (UHS) relaying system in which the
measuring functions use the same basic principles as used in conventional mho
distance relays, and which also include several novel design changes which produce
much faster operating times, particularly for those severe fauilt conditions where
high speed is most needed.

The basic circuit design, packaging, and surge protection is similiar to that
used in the MOD Il line of distance relays, which has an excellent record of field
experience. The UHS design objective has been an optimum balance between speed
and reliability. The UHS design changes use techniques which have been thoroughly
pre-tested on existing model power systems.



PURPOSE AND PHILOSOPHY

Advantages of UHS Relaying

The primary advantage of UHS relaying is the increase in overall power system
reliability which results from the fast clearing of severe faults. A prime example is
the three-phase fault near one end of one of two parallel lines where power transfer
is blocked in both lines until the fault is cleared. The faster such a fault is cleared,
the better is the chance of maintaining the stability of the system.

A second advantage is minimizing the risk of insulator damage for insulator
flashovers by reducing the amount of time that fault current flows across the insulator
surface.

A third advantage is the reduced likelihood of current transformer saturation
on an adjacent line section, which may be protected by relays that could operate
incorrectly because of the error current due to CT saturation.

Acceptable Tradeoffs

When different design approaches are considered to get improved performance
in one area, the improvement is quite often achieved at the cost of a decrease in
performance in another area. This is also true in power system relaying design,
where one seldom gets something for nothing. Therefore it is important to consider
which tradeoffs are acceptable.

The obvious tradeoff is to give u;:i some security in order to achieve higher
speed, security being the ability to refrain from tripping incorrectly on external
faults. History has shown that this can be a poor tradeoff. In those cases where the
power system reliability has been jeopardized because of relaying performance, most
often it was the loss of security rather than the lack of speed that was responsible.
This tradeoff, speed vs. security, is discussed in an earlier paper' on relay design
philosophy. Maintaining a high level of security is an extremely important factor when
considering different methods of obtaining higher speed.

An acceptable tradeoff involves the conventional steady-state relay character-
istic. Relays with memory action in the polarizing circuit have both a dynamic and a
steady-state characteristic, and the dynamic characteristic determines the response
immediately after a fault occurs. It is possible to increase the security by greatly
reducing, or even eliminating completely, the steady-state characteristic. If this is
done, the only loss is the ability to provide time-delayed backup relaying with the
same measuring element that provides high-speed tripping. This is not a serious loss
because separate backup relaying is a desirable element of a well-designed protective
scheme.

Another acceptable tradeoff to achieve higher speed without loss of security
involves the relay sensitivity, or the minimum amount of current required for
operation. Low-level faults, such as high-resistance ground faults, do not have



to be cleared with extremely high speed since they have little effect on system
stability. The sensitivity to detect such faults is best provided by other types of relay
designs intended for this purpose. The real need for ultra-high-speed relaying is
associated with the heavier fault currents. A higher minimum fault current capability
than provided by conventional relays is an acceptable tradeoff.

Speed: How much is needed?

It was stated earlier that the primary advantage of UHS relaying is an increase
in overall system reliability. One aspect of overall reliability is system stability, and
fast clearing of severe faults is essential to maintaining stability. However, fault
severity depends on fault type and fault location, and not all fauits require extremely
fast relaying times in order to maintain system stability. This will be illustrated by
the figures described below.

A recent paper' on the subject of speed, dependability and security contained
power transfer curves for a parallel line configuration and close-in fauits of differon?
types. Fig. 1a, taken from that paper, shows the power transfer curve for a three-
phase fault. Until this fault is cleared, the power transfer across both lines is zero.
Obviously, high-speed clearing of this fault is essential.

In contrast to this, Fig. 1b shows the power transfer curve for a single-line-tc-
ground fault at the same location. The interesting fact about this curve is that the
power transfer in the presence of this fault is greater than it is when the faulted
line is tripped out (assuming three-pole tripping). Therefore, there is no particular
advantage to having extremely fast relaying times for this fault type.

The paper quoted in Reference 1 also shows curves for phase-to-phase and
double-phase-to-ground faults. These show power transfer conditions that lie
between the two extremes of Figs. 1a and 1b, with the double-phase-to-ground
condition being more severe than the phase-to-phase condition. It also shows, as
one would expect, that faults near the center of a long line are much less severe
than faults near the terminals.

To summarize, the need for speed in order to preserve system stability varies
with fault type and with fault location; close-in three-phase faults are of far greater
significance.

Speed: Relay-breaker relationship

Another consideration relates to the fact that a circuit breaker can interrupt
current only at a current zero, and that a given increase in relay speed does not
necessarily produce an equivalent decrease in breaker clearing time. This is partic-
ularly true for very short relay and breaker times.

To illustrate this point, let us assume that a “one-cycle” breaker has the
characteristic that it will interrupt at the first current zero that occurs 12 ms. or more
after the relay operates (which is approximately the performance described in a '



recent article?). Fig. 2 shows that a 12 ms. breaker time plotted on a symmetrical
fault current wave results in fault clearing at the second current zero. For this current
waveshape, any relaying time between 0 and 4.7 ms. produces the same fault clearing
time, measured from the beginning of the fault.

An offset current wave having a time constant of 100 ms. and an initial major
loop is shown in Fig. 3. For clearing at the second current zero (at 17.6 ms.), any
relaying time between 1.5 and 5.6 ms. will produce the same total fault clearing time.

Fig. 4 is a plot of the second and third current zeroes (solid lines) and the
maximum allowable relay times (dotted lines) plotted against all possible fault
incidence angles on the voltage wave, assuming 12 ms. for the breaker operating
time and a 100 ms. system time constant. While it is theoretically possible for a fault
to occur at any incidence angle, the most probable incidence angles are those near
the voltage peak (90°), or at some angle in advance of 90° as the voltage approaches
its peak value. This plot shows that for the more probable incidence angles between
0° and 100°, the allowable relay times are longer than they are for angles between
100° and 180°. Similar plots can be made for other breaker operating times and
system time constants.

RELAY DESIGN

The new relays that have been developed as a result of these considerations are
described below. These include first and second zone phase-tripping relays, first
and second zone ground-tripping relays, and trip-blocking functions.

Tripping Relays

The same basic design principles have been used for the phase-tripping relays
and the ground-tripping relays. The chief difference is in the input quantities to the
measuring circuits. The description given below is based on the phase relays and in
most cases applies as well to the ground relays.

The basic circuits of the UHS phase relays are similar to those used in the
latest designs of GE phase distance relays, such as the SLY61A, which contains
three mho distance relay functions, one for each phase pair, and which has a
“variable mho’ rather than a “fixed mho” characteristic. Several design changes have
been made to the SLYB1A circuits to achieve the faster speed of the UHS relay, and
the most significant modifications are discussed below.

Fig. 5 shows a schematic representation of one phase of the SLY61A distance
relay. The inputs to the operating circuit, IZR and -V, are summed, filtered, squared,
and applied to one input (VOPp) of the AND function. The inputs to the polarizing
circuit, V (line-to-line voltage) and KV1 (a positive sequence voltage) are summed,
passed through the memory filter, squared, and applied to the second input (Vpg()



of the AND function. The memory circuit produces a dynamic characteristic® that
includes the source impedance at first, and then shrinks to the steady-state charac-
teristic in approximately three to five cycles.

The characteristic timer in Fig. 5, shown as 6,4/5, is an integrating timer,
typically set for a 5.5 ms. first-pulse pickup, a 4.2 ms. steady-state pickup, and a
5 ms. reset time. An integrating timer is one that does not reset completely between
input pulses, thereby producing less variation of operating time with incidence angle.

The schematic representation of the UHS phase relay is shown in Fig. 6. This
representation applies to both the first zone and the second zone relays. The
principal differences between the UHS relay and the SLYB1A relay are listed below.
In the new relay:

(a) the characteristic timer setting is 2.5 ms. with no integration;

{b) there are level detectors in both the operating and the polarizing circuits which set
sensitivity limits; and

(c) an IZR’ quantity has been added to the polarizing voltage to produce a forward offset
of the steady-state characteristic.

The combined effect of these changes is to produce dynamic and steady-state
characteristics that are considerably reduced in size. The security of the relay is
improved, and at the same time much faster operating times are obtained from the
shorter characteristic timer setting.

pl

~ Characteristic Timer Setting

The dynamic characteristic for the UHS relay would be as shown in Fig. 7 if
the level detectors had infinite sensitivity. This characteristic passes through ZR, the
forward reach setting, and Zg, the source impedance. The forward offset setting
does not have a significant effect on the dynamic characteristic. The characteristic
timer setting of 2.5 ms. causes the relay to produce an output when the angle
between VOp and VPQL is less than 126°, i.e., when the impedance seen by the
relay falls within the characteristic shown. (The coincidence period of 2.5 ms,,
which is 54° at 60 Hz, is equivalent to a separation angle of 180° - 54° or 126°.)

Polarizing Circuit Level Detector

The effect of the polarizing circuit level detector is to reduce the size of the
dynamic characteristic, as shown in Fig 8. For a typical level detector setting of 25% of
rated voltage, the polarizing voltage is not effective for 15° on either side of voitage
zero. Therefore, the angle between Vop and Vpo( when viewed from the relay input
terminals, must be reduced by 15° to produce an output. The combined effect of the
2.5 ms. characteristic timer setting and the polarizing circuit level detector setting
on the dynamic characteristic is the solid curve of Fig. 8.



Operating Circuit Level Detector

The operating circuit level detector further reduces the dynamic characteristic
for a typical combination of settings and a typical system condition, as shown in
Fig 9. For a fault at the reach setting, Zg, 1ZR equals V, and VOP is zero. The
requirement that VOp be greater than the operating circuit level detector setting
produces the sensitivity depression in the upper part of the solid characteristic.
The remainder of the solid-line characteristic also is reduced relative to the dotted
characteristic because of the effect of the operating circuit level detector on the
required angle between Vop and VpQL.

This characteristic, and those shown in Figs. 7 and 8, are representative of the
no load condition. If load flow is present before the fault, the dynamic characteristic
will shift, causing the required angle between VOP and VPOL to be smaller on one
side of the ZR impedance phasor and larger on the other, as described in Reference 3.

Relay Settings

For the relay characteristics described above, the recommended settings are
different than they would be for a conventional mho relay. Since the tripping
zone is determined by the combined effect of the reach setting, Zr, and the
operating circuit level detector setting, a number of different combinations could
be used to obtain a desired actual reach setting. The following choices are recom-
mended, keeping in mind the fact that the actual tripping zone is considerably less
than the reach setting, as shown in Fig. 9.

For the first zone relay, it is necessary to choose a reach setting (ZR) greater
than the line length in order to have the tripping zone cover a large percentage of
the line. A typical setting of ZR is 150% to 200% of the line, with a level detector
setting that is higher than the calculated value of VOp for a fault near the end of the
line for the conrdition of maximum fault current (minimum source impedance). If
CVT's are used, the setting would be further increased to cover errors due to CVT
transients. Also, to prevent operation on potential failure, the level detector is set
higher than the product of the reach setting and the load current. The forward
offset setting is typically 75% to 100% of the protected line length.

The second zone relay reach and forward offset settings are similar to those
for the first zone relay, but the level detector is set to be lower, with margin, than
the calculated VOP value for the minimum fault current condition for any interphase
fault at the far end of the line. A typical margin is a setting of two-thirds of this
calculated minimum VQPp value.

This new relay does not have the usual 1% restraint tap adjustment. Forward
reach is set by selection of the effective relay replica impedance, and is adjustable
from 1.2 to 30 ohms in increments of 0.3 ohms at the lower end and 2.4 ohms at the
higher end of the range.

The polarizing voltage level detector is preset to 25% of rated voltage. This
means that an input voltage that is 25% of rated voltage or more is required to permit
the phase angle comparator to operate.



Steady-State Characteristic

The steady-state characteristic is determined by the combination of the reach
setting, the offset setting and the level detector settings. For typical first zone
settings, the combination of the forward offset and the operating circuit level detector
setting eliminates the steady-state characteristic completely. For typical second zone
settings, the steady-state characteristic is approximately as shown in Fig. 10. In
this figure the dotted lines show the steady-state characteristic that would exist if
the level detectors were not in the circuits, in order to illustrate how they reduce
the size of the characteristic.

Ground Relays

The ground relays are similar to the phase relays except for the normal
differences between phase and ground relays of conventional design. For example,
for forward reach setting includes a zero sequence compensation term, KOZRQ, and
there is a third input to the AND logic function from IQZRQ to provide zero sequence
current supervision. ’

Blocking Relay Functions

The UHS relaying scheme includes optional trip-blocking relay functions,
packaged as part of the tripping relays. These functions provide additional security
against misoperation under some extreme system conditions. The design of the
tripping relays, particularly the forward offset circuitry, produces a high level of
security against operation for faults behind the relay. However, certain system
conditions, such as the combination of very small source impedances, long relay
reaches, and parallelled CT's with adverse residual fluxes, can result in possible
misoperation of the tripping relays due to excessive CT saturation.

The optional blocking relay functions consist of a positive sequence relay -
function, and a negative sequence relay function. The duration of the positive
sequence blocking function output can be set such that it is sufficient to prevent
any misoperation on CT saturation. Hence minimum delay is encountered in tripping
a severe fault within the protected line should it occur shortly after the occurrence
of an external fault. The negative sequence blocking function produces a continuous
output on external unbalanced faults, but is immediately reset upon the occurrence
of a subsequent severe internal fault.

RELAY SYSTEM

Three-Pole Tripping

Fig. 11 is a simplified logic diagram for a permissive tripping scheme including
first zone direct tripping functions and the optional blocking functions.



The two first zone trip functions trip directly through AND-1 or AND-2, and
OR-10. The blocking functions are designed so that they do not operate for faults in
the forward direction, so they do not inhibit AND-1 or AND-2.

The second zone trip functions provide a local input to the comparer AND-6,
and key the transmitter through OR-9 by way of AND-3 or AND-4, and OR-7. The
receiver output provides the second input to the comparer AND-8, and the output
of AND-86 trips directly through OR-10 with no additional time delay except for a
small coordination delay in the SCR firing circuits for added security.

The blocking functions are connected into the logic so that M1B (positive
sequence blocking) blocks both the phase and ground tripping relays, whereas D2B
(negative sequence blocking) blocks only the ground relays. Therefore, after a suitable
delay to prevent operation on CT saturation, the positive sequence blocking function
resets, and the phase tripping relays are permitted to operate for a subsequent
severe internal fault.

The negative sequence blocking function, D2B, will operate continuously on
external faults, blocking the ground tripping relays. If a significant internal ground
fault should develop before the external fault is cleared, D2B will reset, thereby
permitting the ground tripping relays to initiate tripping.

A number of options are available with this basic scheme. Functions such as
out-of-step tripping, weak-infeed repeat circuit, weak-infeed trip circuit, direct
transfer-trip facility, etc. may be added to the fundamental hardware and logic.

High Speed Pilot Channel

Although the principal advantage of this new relay system is for direct tripping
of a circuit breaker for a severe close-in fault, it can be used in a pilot scheme to
obtain fast clearing of both ends of a line. For this purpose a new high speed audio
tone channel called PROGUARD™ UHS (ultra-high-speed) has been developed, with
a back-to-back channel time of 1.2 ms. Considering the multiplex channel delay
and the propagation delay, this gives a total channel time of approximately 3.0 ms.
for a 100 mile line.

Typical Operating Times

To illustrate the operating times that are typical for this new relay system,
tests were conducted on a model power system simulation of two parallel 100 mile
lines as shown in Fig. 12. The source impedance at each end of the lines was
equivalent to two parallel 50-mile lines. Five internal fault locations were used, one
at each end of the line, one at the center, and one at each quarter point. Tripping
time tests were made under no-load conditions, and external fault security tests were
made under heavily loaded line conditions.

Figure 13 shows the typical relaying times for the relay at the left end of the
line for faults at each fault location. For faults at the near end of the line, the total



relay trip times are established by the direct trip units. Relaying times at the far end
of the line are largely established by the remote-end relays plus the channel time.
The channel time used for Figure 13 (a, b, ¢, and d) was 3 ms. (Type 40 audio tone
channel time plus multiplex and propagation times). For shorter {or longer) channel
times, the typical relay times for far-end faults decrease (or increase).

The typical relaying times plotted in Figure 13 are defined as the average of
the total operating times for the most probable fault incidence angles (0° to 100° on
the voltage wave measured at 10° intervals).

Series Compensated Lines

The UHS relaying scheme described in this paper is also suitable for use on
series compensated lines. It relies on the memory action in the polarizing circuit
to give correct directional action on a dynamic basis. However, the presence of the
series capacitors requires that a different approach be taken in choosing the relay
settings. Since the capacitor impedance is only a problem when the voltage drop
across the capacitor is less than the gap flashing level, this level becomes an
important factor in choosing settings.

For a first zone relay, the forward reach setting, ZR, is slightly less than the
uncompensated line impedance (instead of overreaching as described earlier), and
the level detector setting is approximately equal to the gap flash setting of the
capacitor at the remote end of the line.

To illustrate, consider the circuit of Fig. 14. If the level detector in the operate
 circuit of the relay at the left terminal is set equal to or higher than the gap flash
level of C2, overreach for a faulit at F1 will be prevented. The forward offset setting
can be chosen so that operation for reverse direction faults, such as F2 in Fig. 14,
is prevented.

The second zone relays are set to see all faults in the line section with the
series capacitors out of service and for minimum fault current conditions. The
forward offset is chosen on the same basis as for the first zone relays.

Multiple-Terminal Line Protection

Multiple-terminal line protection is difficult to discuss in a general manner
because of the large variation in line and system configurations that can occur in
the field. These variations can produce a number of difficult protection problems,
such as:

(a) the relays at one terminal may see a large apparent fault impedance because of
a high fault current infeed at another terminal,

(b) two terminals may be so close together that it is not possible to make effective use
of the direct trip functions; or



(c) the system configuration can cause fault current to ﬂow outward from one terminal
for an internal fault near another terminal.

Because of these problems, multi-terminal lines are evaluated on an individual
basis, and in some cases special techniques are desirable to establish reliable
protection of the line. Directional comparison techniques using normal distance
relays in blocking schemes or direct transfer-trip schemes, combined with weak-

infeed trip circuits, may be employed to provide protection for difficult applications.

The similarity between the application of the UHS relays and the normal distance
relays enables these same techniques to be used to achieve ultra-high-speed tripping
of multi-terminal lines. The speed of protection for multi-terminal lines will tend to be
slightly slower than that for two-terminal lines because a greater number of fault
locations will require relaying by overreaching trip zones, thereby requiring the

added delay of the channel.

Single-Pole Trip and Reclosing

the UHS relaying scheme is also available for single-pole tripping and reclosing
applications. The scheme is described as the integrated type, i.e., the fault detectors
for single-line-to-ground faults also select which pole is to be tripped. The ground
relays are designed so that only the faulted-phase relay will operate on a single-line-
to-ground fault, regardless of its severity. The ground relays take priority over the
phase relays to prevent the phase relays from initiating three-pole tripping. This is
particularly important on severe, close-in single-line-to-ground faults. Circuitry is
provided to trip three poles should two phases be selected by the ground relays.
Such a condition can occur on some double-line-to-ground faults where a ground
relay can operate to block a phase relay from initiating a three-pole trip.

The UHS relaying scheme may also be used for single-pole tripping and
reclosing on series compensated lines.

10



CONCLUSIONS

An ultra-high-speed relaying system has been described which is based on the
design philosophy of achieving maximum overall reliability for the power system.
This relay system, when used with a high-speed circuit breaker, provides very fast
fault clearing by a direct trip function for those faults which would endanger system
stability. It also operates over a UHS pilot channel to provide high-speed clearing
for faults anywhere on the line.

The design of this system provides a high level of security, particularly with
respect to (a) the saturation effects of parallelled CT’s (b) CVT transients, and (c)
loss of potential. It also uses high-speed trip-blocking functions with fast reset
which permit high-speed tripping for any internal fault which may evolve from
an external fault on a parallei line.

This design, an extension of proven solid state relaying principles, uses circuit
techniques which can be thoroughly evaluated on existing model power systems
before application in the field.
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