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INTRODUCTION

Many relay systems in the past have made use of a pilot wire over which
information is transmitted to determine if the relay system should trip for a
fault condition. (1) These systems use a continuous metallic circuit between the
substations. This makes the channel susceptible to extraneous voltages, such as
longitudinally induced voltage and station ground mat rise.

These outside influences have at times impaired the reliability of pilot wire
systems. The system described in this paper, known as the LCB, makes use of a
fiber optics channel between the line terminals to solve these problems. The
system not only makes use of a new channel, but new techniques are applied to
the sequence network and current comparison circuits,

The new relay system (2) should be more reliable because the optics channel is
not affected by outside voltage influences caused by the fault. The sequence
network used is simpler and more accurate than any previously known designs
using either passive or active components. Therefore, the system should be more
secure for faults external to its zone of protection, and more dependable for
internal faults. Another factor which will help increase the overall performance
is that the relay system design considered the total problem of relaying as well
as communications. For applications where fiber optic channels are not
considered practical, the basic relay function can be performed over
conventional communication channels by using the audio-tone interface option.
The design of this subsystem contains many unique features providing improved
security and dependability over the traditional designs.

BACKGROUND AND RELAY REQUIREMENTS

The years of experience with pilot wire relaying have made it evident that if the
problems of the pilot wire could be sclved then the overall system performance
would be improved. Fully 90% of the causes of false operations or failures to
trip are in one way or another related to the pilot wire. The fiber optics solution
then presents itself as the solution to be considered for a new type of line
protection system using a differential current technique. In the development of
the new system the use of fiber optics for the channel was to be the prime
consideration ; however, it should not be the only aspect toc consider. Some of
the other items to consider in the design of a new system are:

a) The relay system should have very low burden since burden affects
current transformer performance. It is, of course, very important that
the current transformers not saturate during external faults when
using a current differential system.

b) The sequence network used in the relay must have an accurate
response and more importantly a repeatable response from unit to
unit. Also the transfer angle, that is, the angle between the input
current and the output voltage should be independent of input current
magnitude. Also it is known that a sequence network designed for the




power system frequency will have an error in its output due to other
frequencies. This error cannot be removed, but it is very necessary
that the seguence network have a consistent error for relays at
different ends of the same line.

c) The range of linear comparison should be increased over the present
pilot wire systems. Although this is not a main cosideration it would
be desirable.

d) Due to the type of channel (other than fiber optics) which may be used
with this relay system the channel delay may be significant, and a
phase delay circuit must be considered. The type of delay circuit used
must have equal time delay for a wide range of frequencies other than
the power system frequency. This is to say the delay circuit must
delay a transient but also accurately reproduce it at its output. Also
an arrangement must be provided by which two incoming channels can
be equalized in time for three terminal line applications.

Items a to d above were some of the points considered in the design of a new
relay system. Items a and b point out that the input network design should be
solid state since all sequence networks in the past that used iron have suffered
from these problems. Also it appeared that a new technique should be
considered so that positive, negative, and zero sequence sensitivity be controlled
independently. The following sections of this paper will dicuss the unique
portions of the relay systermn.

RELAY SYSTEM DESCRIPTION

A functional block diagram of the relay system is shown in Figure 1. A low
burden, wide range (100 p.u. symmetrical, 1 p.u. = 1A or 5A) current trans-
formation package supplies the local three phase line current information in
voltage form to a precision composite sequence network. The sequence network
output characterizes the three phase current in a single phase form. The
modulation circuit converts this information into an FM like signal which is the
input to the optical or audio-tone transmitter. In the fiber optic case, the
optical signal at the receiving end is first converted back to an electrical signal
before the demodulation process. The delay equalizer circuit further conditions
the local sequence network output to reflect the same transfer characteristic of
the modem process of the remote quantity. The two sequence quantities are
therefore very closely matched in terms of the frequency and time responses
prior to the comparison process. The comparison circuit performs a true phasor
evaluation of the local and remote quantities and outputs the results to the trip
decision circuit.

A direct transfer trip (DTT) feature is also incorporated in the design as an
option. The DTT is a priority function and when activated, the local quantity
transmission is disabled. In its place, a coded tone signal signifying a DTT
command is transmitted.

The overall relay system has been designed to accommodate either two or three

terminal lines. For three terminal applications, a second modem channel can be
added.

SEQUENCE NETWORK

The sequence network (Figure 2) implemented in the LCB relay uses a simple



circuit theory developed recently (3). The sequence network completely
eliminates the phase and magnitude dependency and sequence purity problems
found in the traditional designs. Furthermore, this design supplied both the
positive and negative sequence detections independently from one basic circuit.
Figure 3 shows the design of the overall composite sequence network.

The sequence network will provide accurate linear sequence responses to current
magnitudes above 20 p.u. The performance is fully repeatable and consistent
from unit to unit,

DELAY EQUALIZATION

A reliable performance of a differential comparison relay defends heavily on the
ability of the design to bring the remote and local signals together with a
response agreement, especially during transient conditions. In the |_CB relay the
local signal prior to comparison is conditioned by a series of circuits nearly
identical to the ones needed to process the remote signal. This design practice
ensures the integrity of the differential comparison, because the local signal
now has the same transient response as the remote signal. However, the real
time delay occurring in the communication channel must also be provided for in
the local signal by an adjustable, distortion-free delay equalization circuit.
Designs that provide ideal time delays are very involved and not practical for
this application. A much simpler approach (Figure 4) consisting of sectionalized
all-pass delay networks has been developed to provide the time delay
compensation. The design supplying adjustable delay timer up to 8 ms is similar
to a lumped-parameter delay line circuit. It exhibits a linear phase (constant
time delay) chiarcharacteristic over a wide frequency range. A similar design is
also used for equalizing the remote signals of a three terminal line application.

COMPARISON TECHNIQUE

A block diagram of the comparison circuit is shown in Figure 5. For the
comparison. process two quantities are generated from the local and remote
voltages. The first is called the operating quantity and is derived by the vector
addition of the local and remote voltages. This addition is performed by
differential amplifier 2 in Figure 5. The inputs to the amplifier are the local
voltage into the non-inverting input, and the remote into the inverting input
after passing through inverting amplifier number 1. Thus, the output of
amplifier number 2 is the vector sum of the local and remote voltages. The
operating quantity is given by equation 1.

Vop:!vl_*\—/-R! (1)

where Vg = the operating quantity
V| = the local voltage
VR =theremote voltage

The magnitude of the operating voltage is chtained by full wave rectifying the ac
voltage and filtering to obtain a dc voltage proportional to the incoming ac. This
is accomplished by the AC-DC circuits number I. The restraint quantity is
obtained by adding the local and remote voltages on a magnitude basis, thus
phasec angle does not enter into the result. In Figure 5, AC-DC circuits numbers
2 and 3 are used to obtain the magnitude of both the local and remote voltages.
The sum is then obtained in the adder amplifier. The restraint quantity is given
in equation (2).




Vres = [_\_/Ll + lvRi (2>
where Vi gg = the restraint voltage

The quantities Vg, and Vigg must now be compared in some way in order for
the relay to determine if the fault is internal or external to the protected line.

Equation (3) shows how this comparison is accomplished.
/
Vop X‘;?"Vresj;i Vpu ()

where G= a constant: G= 1.4
Vpy = a preset pickup threshold

Amplifier numbers 3 and 4 and the level detector shown in Figure 5 perform the
function of equation (3). The level detector has its reference set at a value
equal to V. Figure 6 represents the characteristic of the comparison circuit
if the fault currents at the two ends of the line are either in phase (internal
fault) or out of phase (external fault). Since many times the currents at the two
ends are not exactly in or out of phase, Figure 7 shows the relay characteristic
when the local (v;) is at three times pickup, and the remote varies in phase
and magnitude. A family of curves similar to Figure 7 could be drawn for
different magnitudes of local voltage. It can be seen from Figure 7 that the
relay system will operate for small amounts of out-feed at the remote terminal.
This is the differential aspect of the device, and in weak terminal applications
this out-feed trip capability is valuable. Also Figure 7 shows that the relay has
about an B2 degree characteristic; that is, the two quantities can be up to 82
degrees out of phase and the relay will trip for any set of magnitudes. This angle
characteristic can be varied by changing the value of G in equation (3).

Three terminal lines can be protected by the addition of the blocks shown in
Figure 5 as dotted lines. Again the operate quantity is the vector sum of the
local plus both remote voltages, and the restraint quantity is the magnitude sum
of the local quantity and the vectorially combined remcte quantities,

MODULATION TECHNIQUE

Optical fibers are know to have superb characteristics suitable for signal
transmissions of any nature. However, precision amplitude modulation designs
using electro-optical components and fiber optical links are still difficult to
achieve. This is due to the lack of consistent transfer characteristics in
electro-optical components presently available as well as the losses in the fiber.
In this respect, fiber optics offer no prevailing advantage over conventional
communication channels. For applications such as in the LCB relay, where the
sequence quantities have to be accurately transmitted and recovered, selections
of a suitable medem scheme are limited to either a digital of an FM scheme. In
either case, the resultant signal transmission in the optical fiber is an on-off
light. To enhance the application flexibility, communication links such as leased
data channels had to be considered. These other channels, unfortunately, do not
permit the data rates needed for sending signals with fidelity by digital
schemes. This limitation leaves FiM as the only choice to meet the need.
Common FM designs, however, are also inadequate to provide the needed speed
and accuracy. This is agaiii due to the bandwidth limitation in the standard
leased data circuit (3002, unconditioned or equivalent channel). To circumvent
the difficulty, a pulse period modulation (PPM) scheme was developed. The
process is done entirely in the time domain. All design parameters are precisely
under control producing a performance that meets all the objectives.



PPM, where the carrier time period is varied linearly to the modulating signal
amplitude, is similar to FM when the deviation ratios are small. A prominent
merit of the PPM scheme is the comparatively miniscule filter requirements in
the demodulator. A sample-and-hold process implemented in the demodulator
virtually removes the carrier frequency content without the need of a filter.
This feature greatly enhances the relay speed and also simplifies the circuit that
is needed to compensate the local sequence signal. Diagrams illustrating the
PPM operation are shown in Figure 8 and 9. The modulator formation is based on
the charging time of capacitor Cp, under a constant current [. The
voltage on Cy, is compared to the modulating voltage V.

When the voltage on C,, reaches V., flip-flop FF1 is toggled and Cp, is
reset, commencing another charging cycle. This encoding operation is performed
at 27.2 kHz center frequency, which is subsequently counted down by 16 to 1.7
kiHz for transmission. Performing modulation at a higher frequency permits a
more practical design. This choice also produces a digitally selectable center
frequency feature which may be beneficial for applications in the future.

The PPM modulation can be characterized by the eguation,
T)=Tg+Km x Ve (0 (4)

where T (t) = period of modulated carrier
Ty = period of unmodulated carrier
Km = Cm/lms @ design constant
Vi (t) = the modulating voltage

T (t) and V,y, (t) are time functions.

In the demodulator, the incoming carrier is first shaped to a square wave. Two
pulse signals, Pl and P2, generated from transitions of the square wave are used
respectively for the sample-and-hold operation and capacitor Cg reset
function., Constant current I4 charges Cgy to produce a linear ramp voltage.
Prior to reset (P2 function) of the ramp, Cq voltage is sampled (Pl function)
and stored in capacitor C3. C3 holds the sampled ramp voltage until the next P2
pulse appears. Assume that the modulating signal in the carrier is a 60 Hz
sinusoidal wave then the recovered signal at the holding circuit output will be a
stepped 60 Hz sinusoidal wave carrying very little residual carrier frequency
components. A simple filter will remove the steps accurately recreating the
original signal. The demodulator operation is given by the equation,

Vo (B) = Kg x T (t) (5)
where Kg= [4/Cy, a design constant.

To demonstrate the overall PPM process, one can substitute T(t) by the
expression given by equation (4). Then

Vo (£) = Kg x Tg + Ky x IKg x Vi (1) (6)
KyxTg is a constant voltage term and can be removed by a simple highpass
filter leaving V o{t)=KxV p(t). Where K=Ky XK g=C 1y X, /C X1 gy

a constant term representing the gain of the PPM process.

It is noted that the demodulation is performed on each half of the carrier signal.
This vyields an effective sampling rate of 3.4 kHz, or approximately 55




samples per cycle of a 60 Hz frequency. This is an adequate rate to ensure a
good reproduction of the original modulating signal.

OPTICAL COMMUNICATIONS INTERFACE

The optical channel interface comprises an optical transmitter, an optical
receiver, and a channel monitor as shown in Figure 10. The transmitter circuit
obtains the driving signal from the PPM modulator circuit. This signal controls a
transistor switch to turn a light emitting diode on and off at the PPM carrier
rate.

The key element in the receiver circuit is a photo PIN diode. This diode im-
plemented in a trans-impedance amplifier circuit operates in the photo-con-
ductive mode. It has a conversion gain of about 0.5 ampere per watt of optical
power. The trans-impedance amplifier consists of two cascaded non-linear
amplification stages providing a maximum gain of 4.4 x 107 volt per ampere.
The output from this circuit is conditioned by a bandpass amplifier followed by
an automatic gain control (AGC) circuit to supply a relatively constant
amplitude carrier signal to the PPM demodulator circuit.

The channel condition monitoring section comprises two detection circuits. The
low carrier signal detection uses the AGC control voltage to detect carrier
signals that are below a preset level. A low carrier signal signifies a malfunction
in the channel. Since the AGC voltage is a relatively slow responding signal, this
detection is implemented primarily to provide an early warning indication that
problems are developing in the channel. An adequate margin has been given in
the design to accommodate the time delay effect in the AGC voltage. The
carrier frequency monitor, on the other hand, is a fast responding detection
circuit. By sensing the carrier signal directly, any fast interruption in the
channel lasting for more than one carrier cycle will activate this circuit
instantly. The two detection outputs are combined to produce a channel
malfunction signal sent to the relay circuit. Upon receiving this signal the relay
circuit immediately discards the remote signal and trip blocking is imposed. The
relay under this condition can still be used as an overcurrent function using only
the local sequence quantity if desired. Further discussions concerning this
feature are given in the Application Consideration section.

AUDIO-TONE INTERFACE

To broaden the use of the new relay system, it was decided that an audio-tone
interface would be desirable. This objective led to the development of a
subsystem which contains many security oriented features to provide an
interface with unconditioned 3002 circuits, microwave channels, single-sideband
power line carrier, or circuits with equivalent characteristics.

A block deagramn of this interface is shown in Figure 1l. The signal obtained
from the channel is first conditioned by a group of circuits containing functions
such as the cormmon-mode noise rejection, scaling and bandwidth restriction.
The conditioned input signal is then processed by an AGC circuit. The AGC
control voltage is used for high and low signal level monitoring as well as the
reference for signal-to-noise (SNR) monitoring.

In the high/low limit monitoring circuit, the AGC control voltage is compared
with predetermined levels. The differential comparision function of the relay is
permitted to perform only when the incoming carrier is within these set limits.



In the SNR monitoring circuit, the carrier signal output from the AGC circuit is
conditioned by a band reject circuit, only the noise voltage will remain at the
output of this circuit. An absolute-value circuit is used to further process the
noise into a dc quantity which in turn is to be compared with a voltage derived
from the AGC control voltage for the desired SNR level. If the noise voltage
equals or exceeds the set level, a logic signal is sent to the relay circuit to
terminate the differential comparison. The use of the AGC control voltage for
the SNR level setting permits the SNR monitoring to be a truly relative function
not tied to any specific input signal or noise level. The noise voltage obtained in
this circuit can be used yet for another purpose. In the relay design, as described
earlier, the remote and the local current quantities are evaluated by circuits
which perform the vector comparision and magnitude comparision. The outputs
of the two comparisons are then combined to determine a trip. If the recovered
remote current contains noise due to a noisy channel, it would be very desirable
that this noise can be recognized and eliminated. The very nature of the
comparison technique and the characteristics of random noise have already
provided some inherent noise rejection. However, additional noise rejection can
be achieved by relating the noise voltage to the trip reference. This feature
provides an adaptively desensitized trip maintaining the comparison accuracy in
the presence of channel noise.

The carrier frequency monitoring circuit is of a similar design as in the optical
interface and serves the same function. This monitoring together with the SNR
and high/low monitorings ultimately merges into one logic output indicating the
channel status. However, separate alarm indications are provided for identifying
the nature of a channel problem.

DIRECT TRANSFER TRIP

The direct transfer trip (DTT) function is supplied as an option. The design
consists of a transmitter and a receiver. When activated, a tone signal of 413 Hz
synchronized with the carrier is produced to substitute the sequence signal as the
new modulating signal. While the DTT function is being sent the sequence signal
is blocked from the modulator. The modulation deviation during DTT is greater
than the maximum deviation allowed for the normal sequence signal operation.
This implementation requires that the DTT detection in the receiver must satisfy
both the magnitude and frequency of preset values to be recognized as a correct
signal. Furthermore, the correct signal must last a minimum of 12 ms to allow a
trip.

The DTT trip and the differential comparison trip are mutually exclusive
functions. Separate trip indicators are provided for the two functions.

APPLICATION CONSIDERATIONS

GENERAL

The relay system described can be applied to either two or three terminal lines.
It is of no concern as to whether or not a terminal is weak since the relay system
does not require a contribution from all terminals for an internal fault. The only
requirement to trip all line breakers is that one terminal of the line must be a
strong source which produces current above the pickup of the relay setting.




It is always preferable that the transmission line current transformers have the
same ratio at both ends of the line. However, if this is not possible the relay
system may be set to overcome as much as a three to one difference in current
transformer ratio. A careful consideration must be given to the current
transformer with the lower ratio, since it may saturate before the current
transformer with the higher ratio. As in all applications of a current differential
system the current transformers should not saturate for a maximum external
fault., The very low burden of the relay aids in solving this problem.

The relay philosophy is independent of the length of the transmission line, but
the length of the fiber optics channel must be considered.

CHANNEL CONSIDERATIONS

The rnost common fiber being used today for communication systems is a graded
index fiber with a core diameter of 50 micrometers. This type of fiber attempts
to limit pulse dispersion and, as a result, has a very large bandwidth for high
density communication systems. If fibers are being installed for high density
communications along with fibers in the same cable for use with the LB, then
the 50 micrometer graded index fiber is the best choice. If on the other hand, a
fiber is being installed only for the purposes of the |_.CB then the 50 micrometer
fiber is not the best choice. In the latter case, a fiber with a larger diameter
would be preferred.

The LLCB does not need a large bandwidth, in fact, its bandwidth is limited to
about 2 kiHz, and all optical fibers can transmit this small bandwidth. The most
important items of concern are the amount of light that gets into the fiber and
the total loss of the fiber. Since the LED used has a light emitting spot of about
200 micrometers in diameter any fiber with a smaller diameter will cause a
significant loss of light when coupling to the fiber. When the |LED is coupled to a
50 micrometer fiber a light loss of 14 db is encountered. This is primarily due to
the diameter difference of the LED spot and the cable diameter. If a larger
cable is used then the loss is less and mare light is available for transmission.

The 50 micrometer fiber is the reference in this paper when considering channel
loss capability, and the maximum allowable channe! attenuation for this fiber is
40 dB. The 40 dB is based on the given light source and detector selected. The
coupling losses have already been taken into account and the 40 dB is just losses
in the fiber optic cable itself, splice losses, and connector losses. The channel
attenuation limit listed above allows for a 3 dB system degradation and a
minimum of a 20 dB signal to noise ratio at the receiver. The following is an
example of the loss calculation. Assume that the fiber being used has an average
loss of 4 dB per km and the optical channel length were 8.5 km with 8 fusion type
splices. A summary of the losses is shown in Table I. The example described
represents the maximum channel loss for this system. If the cable had been a
125 micrometer cable with the same loss per km then the system would handle
an added length of two km. This is because of the extra light which would be
coupled to the larger fiber. For any size fiber then the maximum allowable
channel loss is given by the formula:

L= 40+20xL.0OG(D/50) (7)
Where L= maximum channel loss in dB and D= fiber diameter in micrometers.

The above is true for fibers up to 200 micrometers. Above this size very little
gain is realized due to increasing fiber diameter.



SETTING CRITERIA

The relay is set based on the same criteria as used in previous pilot wire systems
with some minor changes. The power system information required is as follows:

I3p=The minimum three phase fault current from
the strongest terminal.

Ig =The minimum phase to ground fault current as
g - ‘
fed from the strongest terminal.

I =The maximum expected load current through the
protected line.

The above quantities are always the secondary current magnitudes. The settings
to be made on the relay are as follows:

Positive sequence sensitivity-P jumper to P1,P2, or OFF
Negative sequence sensitivity-N jumper to N1,N2,N3, or OFF
Zero sequence sensitivity-Z jumper to Z1, Z2, or OFF

Current sensitivity adjustment T

Phase Delay-J jumper to J1,J2,J3, or J4

Channel block configuration-I_ jumper to B or U

The sequence network voltage output referenced to secondary current quantities
is shown in equation (8).

VF.:(“;_“;/T) (C1X181+C2X182+C0XIGO) (8)

Where Vp=voltage output of network
T=current setting of the relay
C|=positive sequence network constant
Cp=negative sequence network constant
Cp=zero sequence network constant
Ig1s lazs and Igg= A phase positive,
negative, and zero sequence current com
omponents respectively (phasor quantities)

Table 2 shows the actual constant values of C|, Co, and Cq for various
jumper settings. The T setting may vary between 2 to 20 amperes. The network
output voltage needed to operate the system is 1.414 volts by design. Therefore,
at system pickup equation (B) becomes:

- - - 5 o
Ak =(C | XI5 1+CpxIgp+CxIgg)/T | = £ (9)

Equation (9) may be used by those desiring to check detailed pickup for various
fault conditions. The left side of equation (9) must be equal to or greater than
the right side in order for the system to operate.

For the vast majority of applications the above detailed calculations need not be
made, and the following general criteria will be adequate. Table 3 shows the
preferred combinations of jumper settings, and these should be used unless
special circumstances dictate otherwise,




The criteria are as follows:

I35 > 10.1xT/Cyl (10)
| < 11.25x(0.1xT/C )l See note below (rn
lg = 10.3xT/(C +Cp+Cp)l (12)

NOTE: If the system is strapped to block on loss of
channel then criterion (11) may be ignored.

The first step in picking the relay settings is to first pick the smallest value of
C and calculate the value of T in order to satisfy criterion (10). Then check
to see if criterion (I1) is met. If criterion (l11) is not satisfied then C| and
T must be varied in order to satisfy both criteria (10) and (1l) or jumper L
must be set to B position. When a value for current setting T and C| has been
selected then the setting for Cy is obtained from Table 3. The next step is to
select jumper Cg, and this is done by using criteron (12). Criteron (12)
assumes that 1,; = Igp = Igg. This then completes the current sensitivity
setting of the relay.

The next selection to be made is to select the L. jumper position. It has two
positions, Position B means the relay system will block during a loss of channel
condition, and position U means that each terminal operates as an independent
overcurrent relay during loss of channel. Position U is the preferred position
unless criterion (l1) above cannot be satisfied. The last item to consider is the
phase delay adjustment., The jumper J should be set to J1 and the time delay
potentiometer set to a minimum. This sets the phase delay to almost zero time
since the optical channel delay is very small for the lengths of fiber being
considered.

If the current transformers at the two ends of the line are not the same ratio
then use the higher of the two ratios to make all the calculations described
above. Raise the T current setting at the terminal with the lower ratio current
transformer by a facter equal to the higher ratio divided by the lower ratio.

MODEL POWER SYSTEM TESTS

The relay system was tested on a model power system in order to verify the
design and philosophy prior to placing the system in service. Due to the limited
space the details will not be presented in this paper but a summary of the tests is
presented, :

There were four power system configurations used for the tests, and they are
listed below:

a) The first configuration was a single transmission line with balanced
source impedances at the two ends of the line. The difficult aspect of
this configuration was that the line charging current was high with
respect to the minimum three phase fault current. The ratio of three
phase fault current to line charging current was 6.25. For these tests
the load current was zero amperes.

b) The second configuration was identical to the first one except the
source impedance at one end was raised to a high value to make it a
weak source. The source/line impedance ratio was 62.5 for the weak
terminal.
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c) The third configuration again was the same as in one, but the source
impedance at one end was lower and was shifted in angle by 30
degrees. This caused 3.1 amperes of load current flow on the line
prior to the fault,

d) Configuration four included a parallel line. This set up was to test the
effects of external faults which cause power reversals in the protected
line.

For the first three configurations internal faults were placed on the line at each
end and the center of the line. All types of faults were applied at each location.
Each type of fault was applied at various fault incidence angles. In some cases,
the angle was varied only 15 degrees and in other cases the angle was varied 45
degrees based on the previous tests as a guide to which angles produced the
slowest trip times. Table 4 gives a summary of the trip time results for the
internal faults, and the table also relates the fault current magnitude to trip
time.

There were all types of external faults applied to the system at each bus. Each
fault was applied 10 times with a record taken of only one test for each type of
fault. In configuration 1 through 3 a total of 220 external faults were applied
and the relay system did not operate. In fact the oscillographs show that the
relay system did not have any trend towards the tripping state. A few special
situations were tested for the external faults. The first was configuration four
which tested the relay for its ability to block during a power reversal in the
protected line when clearing a fault on a parallel line. Again the relay system
showed no tendency to operate during this transient condition. The last type of
external fault that was tried was an arcing type fault which made the through
fault current rich in harmonic content. Three phase and phase to phase arcing
faults were run with no load current flowing on the line. Zero load current is a
worst case situation since load current puts the relay system in a strong restraint
state prior to the fault, whereas with just charging current on the line the relay
is looking at a low level of internal three phase fault current. The relay system
again had no tendency to trip. The results of the tests were that the relay
system performed very well, and the design was continued to the manufacturing
stage.

CONCLUSIONS

The LCB relay system has been designed and tested on a model power system,
and it has performed to its initial design requirements, The use of a new solid
state sequence network, a new comparison technique, and a fiber optic channel
has enabled the relay system to overcome many of the problems associated with
present day pilot wire relay systems. There are problems which have not been
solved. The main problem, of course, is the limited distance associated with the
fiber optic channel. This distance may be increased by using more sophisticated
light sources and detectors at the expense of cost, circuit simplicity, and
component life. Since the fiber optic field is new and ever changing, the future
may allow longer distances without the use of repeaters or other complexities.
On the other hand, if repeaters were used and they were of the regenerative type
the distance would be practially unlimited.

The relay system characteristics of both the audio-tone and optical versions are
identical. The response time of the audio-tone version will be slower due to the
channel delay of a leased line or microwave circuit. However with microwave




channels, long distance applications of the new relay are entirely feasible as long
as the channel delay stays within the range allowed by the design of the channel
delay equalization circuit.

(1)

(2)

(3)
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TABLE 2

TABLE 1 SEQUENCE NETWORKS
SYSTEM LOSS CALCULATION CONSTANTS

ITEMIZED LOSSES LSSSSS CONSTANT |[POSITION|VALUE
IN d P ~0.10
FIBER 4 dB/Km (50um) - Ct po Z0.05

L0SS 8.5 Km OFF 0
SPLICE 0.5 dB/SPLICE % 4 N1 0.23
LOSS 8 SPLICES ND 0.5
CONNECTOR|1 dB/CONNECTOR 5 C2 N3 0.20

LOSS 2 CONNECTORS OFF 0
TOTAL SYSTEM LOSS 40 Z1 2.45
COo 72 1.25

+ FUSION SPLICE OFF 0

DS = 1082.5 - 2000/T

WHERE DS = DBIAL SETTING

T - TAP VALUE IN
AMPERES
TABLE 3
PREFERRED JUMPER TABLE 4
COMBINATIONS LCB SYSTEM TRIP TIMES
COMB | JUMPER MINIMUM
# | POSITION | | CONFIGURATION TgZSLﬁF TRIP TIME |MULTIPLES
T | PI1,NT,Z1 RANGE TN ms|oF PICKUP
2 P1,N1.,Z22 T:RgE 17-26 3.75
3 P2, N2, 71 SINGLE LINE Pg;ngiO
NO LOAD 16~20 3.75
4 P2,N2,22 | | 1. ;1 - _¢. 25 | PHASE
) OFF ., N3, 21 GROUND 1014 55 .7
6 OFF,N3,22 FAULTS
THREE j
; z:,gii,éé has 21-29 4.12
’ ’ SINGLE LINE |PHASE TO 21-24 417
9 |P2,0FF,Z1| | {oaD CURRENT | PHASE
10 |P2,0FF,2Z2 GROUND
FAULTS t6-22 She 3
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