Type RR Receiver Relay
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I. L. 2477

Carrier-Current and Pilot Wire Systems

INSTRUCTIONS

CAUTION

Remove all blocking from the relay. Op-
erate all elements by hand to insure that no
damage has been done to the relay during ship-
ment.

APPLICATION

The Type RR receiver relayis used in the
carrier current and pilot wire schemes of re-
laying as a blocking relay to prevent instan-
taneous tripping for faults external to the
line section to which it is applied and to
permit instantaneous simultaneous tripping for
internal faults. Instantaneous tripping on
internal faults 1s accomplished by virtue of
the recelver relays, one at each end of the
line section, unblocking the trip circuit.
This 1s the result of the directional element
contacts at each end of the line controlling
a carrier current signal, which in turn allows
the receiver relays to unblock.

CONSTRUCTION AND OPERATION

The relay consists of areceiver element,
an alarm element, two contactor switches and
two operation indicators. The receiver ele-
ment 1s a polarized unit arranged with two
colls, one of which receives its energy from
the local battery, the other receiving its en-
ergy from the carrier current transmitted over
the line section. These two colls are arranged
so that they are opposed with the batteryfcir-
cult operating to unblock and the carrier‘eurs
rent circuilt operating to block tripping. The
recelver element contacts are normally in“the
open or blocking position when de-energized:
The local battery circuit is controlled by
means of contacts on fault detector relays jand
1s energlzed when any one of these contacts
closes. The carrier current is controlded by
operation of the directional elements at ei-
ther end of the line section. The, arrangement
1s so that for an internal fault, ecarrier cur-
rent 1s not transmitted, and for an external
fault 1t 1s.

On the occurrence of_an ‘Ginternal fault
the receiver relay functions as follows. One
or more of the fault detector elements operate
and energize the local battery circuit to the
recelver element. Atgthersame time the direc-
tional elements indicate an internal fault and
no carrier currentiysignal 4s transmitted, per-
mitting the recélverigelement to operate from
the local battéry eircuit to unblock the trip
circuit.

On an external fault within the range of
the phase relaysier/the ground relays, as the

case may be, the local battery circuilt is ener-

glzed as before. The directional element con-
tacts in this case allow carrier current to be
transmitted, energizing the carrier current
circuitfof the recelver element.
ing terque produced 1in the receiver element
from thisysource 1s sufficient to overcome the
operating torque produced by the local battery
circulty and the receiver element remains in
the “blocking position.

The alarm element is similar in construc-
tfoen to the receiver element, except 1t is
actuated by carrier current alone. The sensi-
tivity of this element 1s slightly lower than

The restrain-

that of the receiver element, in order“tegfob-
tain a direct check on the sensitivity of the
tubes in the carrier current transmitter-re-
celver during periodic tests taken to,deter-

mine the magnitude of the carrier current
signal received at one end glof the line when
transmitted from the other. Pick-up of the

alarm relay indicates sufficfent/output from

the transmitter recelvers, “to operate the re-
celver element. Operatdion, of) the alarm ele-
ment energizes a bell gircudt and gives an

audible signal as to the gondition of the

tubes.

The alarm relay,picks up at any time car-
rier current whieh,is“transmitted in the line
section and for thisyreason will give analarm
during faults external to the. section, when
carrier currént 1s)being transmitted to block
tripping.

The, ‘collss of the two contactor switches
are in serles and are energized on the com-
pletion of) the trip circuilt. When these
switeches ®pick up, the contacts on the rear
switch“elose a hold in circuit which holds
bothyswitches in the operated position until
the auxdiliary switch on the breaker opens the
trip circuit. The front contactor switch
contacts provide a means of energizing the
trip circuits of two breekers simultaneously.

The two operation indicators show wheth-
er the fault was a phase fault or a ground
fault, by indicating which relay did the ac-
tual tripping, the phase relay or the ground
relay.
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Type NCO Out-Of-Step Blocking Relay

Out-of-step 1s an oscillating condition
which will cause the impedance elements to al-
ternately operate and reset. While in the op-
erated position and the apparent disturbance

1s within the section, blocking i1s accomplished

by means of the X2 contacts. In the reset po-
sition, indicating the disturbance 1s remote
from the section, blocking is accomplished di-
rectly by the receiver relays which are con-
trolled from the operation of the directional
element contacts at each end of the section.
If a phase fault occurs during the out-
of-step condition, one or more of the voltage
elements will be allowed to drop out by oper-
ation of a contact on the third element of 1its
assoclated impedance relay. Since the third
Impedance elements would be alternately oper-
ating and resetting due to the out-of-step
condition, tripping would also be alternately
blocked and unblocked by closing of the back
contacts on the voltage elements of the out-

of-step relay. The occurrence of a phase
fault during this condition would cause at
least one of the 1mpedance elements to re-

main in the operated position, while the oth-
ers would be alternately operating and reset-
ting, the directional elements would unblock
through the receiver relays, and tripping
would be accomplished through the back con-
tacts of one of the voltage elements, during
the time it was reset on the next system os-
cillation succeeding the fault. This applies
to all phase faults other than three phase
faults. If a three phase fault occurs during
out-of-step, tripping will not be accomplished

3 pra DR 35 p/a. DRcL

until the out-of-step relay has gone through
i1ts time cycle, and unblocked the trip ¢ir-
cult.

ADJUSTMENTS

Operation of the X2 relay may be checked
by applying voltage between the "+" and "-"
terminals, and holding the armature of the
pendulum relay down against the core. The re-
lay will operate positivelygfat Q0 volts D-C.

In checking the operatiofn of the pendulum
relay contact terminals "% and4"R" together,
and connect jumpers across ‘the upper or make
contacts of the voltagée elements. Apply 125
volts D-C. between terminals” "+" and "-". The
pendulum relay and the X2 relay will both op-
erate. Remove the jumper from the upper or
make contacts. THe pendulum relay armature
will oscilllate and held the X2 relay closed
for approximately 3, seconds. This time may
be variled slightly by adjusting the spacing
of the two outerfjcontacts. The double contact
arrangementf{for, energizing the X2 coll pro-
vides g, sharpidroep-out point for this relay.

ThelaD-C. voltage elements should be ad-
justed so ‘there 1s a clearance of 1/64" be-
tween the)plunger and the core with the plung-
er ‘plcked up. This element will pick up at 25
velts“b-C.

All9contacts of the relay
cleaneddperiodically with a very fine file.
Doynot under any circumstances use abrasive
paper, or cloth for contact cleaning purposes.
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CARRYER CURRENT RELAYING
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GENERAL CONSIDERATYONS AND PR

Y

INTRODUCTION f

H i
The high-speed clearing oﬁffault /on
transmission 1llnes 1s recognized af necegsary
for good system operation. The st gferall
protection 1s provided by the met}lod Known as
differentlal relaying in which conditions at the
two ends of the line are compared to determine
whether the fault 1s on the line section or ex-
ternal to the protected zone. Thils assures si-
multaneous tripping of the breakers, which 1s
desirable from the standpoints of stabllity,
continulty of service, quick reclosing, and min-
Imum damage to equipment. For many lines the
system known as carrier current 1s the most
practical and reliable medium for comparing the
conditlions at the two ends of the lilne.

Carrier current 1s a term applled to
50 to 150 killocycle frequency currents Supéer-
imposed on a transmission line. Here theyenergy
1s confined almost entirely to the wire “kines
and not radlated into space as 1s commommin Trad-
io broadcasting (550.to 1500 kc.) Thids results
In greater efficlency and makes 1t posglble to
transmit greater distances with 1lgs® high fre-
quency energy.

POWER VS. CARRIER FREQUENCIES

A very 1mportant ,ddfference between
electric power transmlssion and “éarrier current

transmission 1s the frequeney., Although the
fundamental principles @f both are the same,
many of the factors of primary lmportance at

carrier frequencles are negligdble at commercilal
power frequencles and 4ricée versa. For example,
the power circults aPe £1&ctrically short, and
therefore, susceptilble tolapproximate empirilcal
solution, whiledthe “@arrier current cilrcults are

in most case8 concerned with electrically long
circults. The zrelatlvely greater electrical
length of carpiér carrent circults 1s due, not
to thelr mechanleal Adength, but to the higher

frequencles involved. As an example of the wilde
differences 1n electrical 1lengths between the
two types of circults, let us consider a typlcal
220 killovolt line of 750,000 cilrcular mll con-
ductorsfand 19 foot spacing. The wave length of
such a 1line at a 60 cycle operating frequency is
about 3000 \miles. This means that the voltage
at sthe ‘Recelving end of a full wave length line
1s4360%0ut of phase with that at the generating
end" But the maximum power that can be trans-
mitted over any glven line occurs when the volt-
age at the recelving end 1lags the generator
voltage by about 90 degrees. Beyond the 90 de-
gree polnt the maximum power decreases, or, in
other words, the 1longer the line, the less pow-
er can be transmitted. This and other factors,
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such as the efifeet, of the line charging current
on the generator fileld, the effect of short-cir-
cult conditions‘on the generators, and other
synchronougfmaehines enter 1nto the situatilon
which 1s termed W'stabllity". For this particu-
lar 1¥ne,, "the Adine characteristics and the pro-
blems of “8tab¥lity and power 1imits would re-
strict transmission to not more than a quarter
waveWlkength or a maximum distance of 750 miles.
For“Qearrier current frequencles on the other
hand, “mo such 1limltation exists. Considering
theGabove-mentloned transmission line at a car-
rier eldrrent frequency of 60,000 cycles, a wave
Tength becomes approximately 3 milles. This
would Indicate a maximum transmission distance
ofy,0.75 miles while actually distances of sever-
al hundred miles are possible.

RELATIVE EFFICIENCIES

Another 1nteresting comparison between
power transmission and carrier current trans-
misslon 1s afforded by dilscusslon of effilclency.
The 1losses 1n any transmission circult may be
consldered to be made up of resistance and leak-
age losses, or as they are sometimes defilned,
series and shunt losseg, respectively. The
former are equal to IR and the latter to V2G
where R 1s the resistance of the line, V 1s the
voltage and G 1s the leakage conductance. In
most power transmlssion lines, the leakage loss-
es In the absence of corona are small, hence,
the solution of the problem of efficlent trans-
mission 1s to ralse the voltage, thus decreasing
the current. In power transmission, this 1s
readlly accomplished because most lines are e-
lectrically so short that the lmpedance 1s gov-
erned entirely by the step-up and step-down
transformers and the assoclated load at the re-
celving end. Where the lines are long, the line
characteristics play an 1mportant part in the
process. In the case of carrler current trans-
mission, the recelving equipment has little ef-
fect on the transmitting end lmpedance because
the llnes are electrlcally so long that most of
the power 1s absorbed 1n the line. While the
transmlsslon efficlency at carrier frequencies
may be quite easily calculated for wuniformly
constructed two-wlre 1lines, the complexity of
most transmlsslion cilrcults 1s such that 1t 1s
usually more practical to determine this effic-
lency by test. At first thought, 1t would seem
that the very low efficlencles (in the order of
10%) which are quite common, would be entirely
unsatisfactory. However, 1t should be remember-
ed that the energy 1losses of carrler current
transmission do not 1nvolve large amounts of
power, and, therefore, do not represent an ap-
preclable economlc loss.



CARRIER CURRENT RELAYING C

ATTENUATION VS FREQUENCY

In carrier current transmission, as 1in
telephone 1lines, 1t 18 convenlent to consilder
the transmission characteristic of a system in
terms of attenuation or the diminution of power
along the transmission line. The ratio between
the voltages, currents, or power at any two
polnts 1s a measure of the attenuation of the
circuit between these two polnts. However, it
1s not convenlent 1n practice to express trans-
mission losses or galns in terms of these ratilos
directly. The 1losses 80 expressed cannot be
added to obtain the total 1loss, but must be
multiplied. Consequently, this attenuation is
expressed 1n declbels, which are ten times the
logarithm to the base 10 of the power ratio, or
20 times the 1logarithm to the base 10 of the
current or voltage ratlos. An attenuation of 10
declbels 1s equilvalent to a power efficlency of
10%; 20 decibels 1s equivalent to 1%; 30 decl-
bels is equivalent to 1/10%, etc.

In very general terms, the attenua-
tion of a two-wire wuniform line 1n decibels in-
creases 1linearly with frequency. However, this
linear relatlon 1s never exact and 1n some cases
the departure from linearity 1s very large. If,
instead of the simple two-wire line, there are
one or more branch circults, the 1lncrease 1n at-
tenuation 1s no longer directly proportional to
the frequency 1n kilocycles. In fact, a change
of 5% in the frequency may easily cause an in-
crease or decrease 1n attenuation of as much as
25 declbels 1n a normal circult. If the cilrcuit
18 changed by switching so that more or less
branches are 1in use, there may be equally great
changes 1n the attenuation. It 1s, therefore,
deslrable that the line be studled carefully in
order to determlne the most sultable frequency
for transmission.

EFFECT OF BRANCH CIRCUITS

As an example, conslder the netwerk of
Flgure 1 and 1ts attenuation characteristiepun-
der various operating conditions. Curve 1 gives
the characteristic of the line AB which 1§ €rmap-
ped by choke coils, as shown. Curve 2 shows the
characteristic of the same 1line with "the tap
clrcuit, C, and 1ts assoclated equipmentieon-
nected. The 1ntroduction of this [eircult not
only 1lncreases average attenuatlon off, the 1line
AB, but also introduces irregularitlés caused by
reflection and absorption effects. Thus, be-
tween £000 cycles apart, thekegpishas much as 10
db attenuation difference. Curve 33 shows the
characteristic of the same_giling,section, AB,
with both tap 1lines, C and D, gconnected. This
curve not only shows an lnérease 1n the average
attenuatlon but also reflectlongéffects that are
so pronounced as to give 2,20 db variation 1n
attenuation over a %000 \cy€le interval. Fur-
thermore, there may beg, nosimllarity between the
last two conditionms. That 1s, the peaks and
troughs 1n atten@iatign may not occur at the same
f'requencles.

it 1s desirable to

surge 1mpedance.
impedance* 1s deflined as the in-
infinite length line. It
willl have, a finfte value due to shunt capacl-
tance and “¢onductance. For finite length lines,
surge 1lmpedance 1s the value of termlnating im-
p=dance which wi1ll make the 1nput impedance
equalfgto W t, regardless of the 1ine length.
Theregls no reflection from the terminating end
when the 1llne 1s terminated in 1ts characteris-

Before continuing,
discuss characteristic or
Characteristic
put impedance of, an

*Fora more complete definition and discussion
of characteristic 1mpedance see chapter on "The
Infinite Line" in Communication Englneering by
Bworitt (See Bibliography.)
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Fig. 1
Carrier Current Frequency-Attenuation Curve for
a Typlcal Transmission Line

tic 1mpedance, and hence,
attenuation 1s possible over a
frequencles. The characteristic 1mpedance 1s
determined by configuration, 1nsulation, and
other line constants, and 1s independent of line
length.

practically constant
large range of

Returning to the discussion of reflec-
tlon and absorption, consider a llne having an
electrical length of 90° or 1/4 wave length for
a particular frequency. If the remote end of
this 1line 1s open, the 1nput impedance 1s ver
low. If the 1line were 270° (3/4 wave 1ength§
long, the input 1mpedance would also be low, but
not quite so low as for 1/4 wave length, How
ever, at 190° (2/4 wave length), the impedance
is very high, and at 360° (4/4 wave length), it
1s not quite so high.**

*¥*The large difference 1n 1input 1mpedance at
the odd and even quarter wave lengths, 1s due to
reflection. A complete discussion of this phen-
omenon 1s beyond the scope of thils leaflet, and
reference 1s made to a very excellent discussion
in the chapter on "Reflection" in Communication
Engineering, by Everitt. (See Bibliography).



CARRIER CURRENT RELAYING

As the lengta 1s increased, 1t 1s usu-
ally possible to distinguish between the odd and
even quarter wave lengths, up to about 50 quart-
ers or 4500°. However, the maxima and minima
peaks approach the surge impedance and are not
easlly recognlzable on long lines. The units of
length, (electrical degrees or quarter wave
lengths) are dependent as much on frequency as
upon mechanical 1length. Based on previous as-
sumptions, a 15-mile 1lilne would be about 20-
quarter wave length a%t 60 kc. Its input imped-
ance would be slightly higher than the surge 1m-
pedance of the line, slnce, as was polnted out
above, even quarter wave-length lines have rela-
tive high input impedance. If the frequency
were changed to 63 kc, the 15-mile 1line would -
be about 2l-quarter wave length, and the 1input

Impedance would be below the surge impedance
corresponding to an odd quarter wave-length,
line. In other words, the maxima and minima

would be separated by 3 k¢ or one-fourth the
frequency which corresponds to the wave length
of the line. Also, for a 15-mile, 20-quarter,
wave-length line, there will be approximately 16
maxima and 16 minima (impedance peaks) in the
carrier frequency baad of 50 to 150 kc. These
variations 1n 1mpedance may have conslderable
effect on the proper adjustment of the carrier
transmitter. In the <c¢ase of branch circults,
the 1mpedance minima wusually represent absorp-
tlon which causes high attenuation. Therefore,

they should be carefully consldered for short
lines and branch circuilts.
The above discussion has considered

carrlier transmission over an open wire trans-
mission line. Carrier transmission over a power
cable 1s much more difficult because of the
characteristic of the cable. The 1nductance of
cables 1s small, while in comparison the regist-
ance and capacltance are large. This meams high
losses and attenuation, and glves a valuefof
surge impedance which may be as low as 1/20 of
that for open lines. Hence, cables offer con-
siderably greater attenuation to the_ cakwrier
frequencles and often make carrier tpé&nsmission
quite difficult. Carriler transmi8sion| yover
cables should be gilven very speclal attéention.

THE CARRIER CIRCUIT

The wuse of transmdssieon 1lines as a
communicating medium for a €arrierychannel can
be accomplished 1in two ddfiferent ways. Carriler
frequency may be 1mpressedien circults between
one conductor and ground (¥ between any two con-
ductors such as between phase§ A and B or phases
A and C or phases C and Bs The former 1s termed
phase-to-ground cilrcudt,, “Whlle the latter, 1s
termed phase-to-phas¢ ox interphase circuilt.

The JAnherentyg8dvantage and 1limita-
tions of eachmethod@ef coupling are as follows:

14, Ph@se-to-ground transmission is
usually lessQexpensive since only one set of
coupling units“@eé necessary at each end of the
transmission channel.

2. ,Jhe attenuation to carrier fre-
quency,of phase-to-ground circuits 1s usually
two or‘more times that of phase-to-phase.

3. The interference 1level (ratio of
exX®raneous voltages to carrier signal voltage)
1sy muchVgreater with phase-to-phase carrier cir-
cults.

4. With single 1line to ground coupl-
Ing, the other two phase conductors together
with the earth act as the return path for the
carrier signal. Very approximately, half of the
signal returns 1n the ground path and the other
half 1s divided between the two phase wilres.

-3

The resistance of the phase wires to the carrler
frequencles 1s roughly 1 ohm per mile as, com-
pared to average earth resistance of 20 @hms{per
mile. Thus the attenuatlon 1n phase to ground
coupling 1s reduced by the presence ofgtheyother
two phases. When two or three 1ing togground
coupling 1s used, 1t 1s evident that\(the attenu-
atlon 1s 1ncreased since more of “the return
current 1s forced to flow in the earth.

The type of transmission employed
wlth any particular application is determined by
the individual requirementsgof that application.
In some cases, coupldng units are already
avallable on all phase cémnductor® so that interp
phase transmission w1ll beyemployed even though
the distance may be gvery “B8hort. In general,
relaylng and supervisorycontrol will usually
employ a phase-to-ground carrier channel because
(§§ the distances™§invelved are seldom greater
than 100 miles, Jb) “Bhe interference level or
Interference with“glgnals 1s usually not serious

for these appldicatlons. For other types of
transmission, especlally communication, the
Interphase cireult Is preferable.
CARRIER FREQUENCIES

The 4 frequency band avallable for

carrier) current use 1s from 50 to 150 kilocycles.
This freguency band 1s used because at lower
frequeneles than 50 kc interference might result
wlthWearrler frequencles used for telephone com-
munication over telephone lines, and above 150
kc,3the attenuatlon and radiation i1s high. From
this, 1t 1s apparent that for a glven 1nstalla-
tdon, the lower part of the frequency band
should be utilized for the longer distances.

RESULTANT CONSIDERATIONS

It 1s apparent from the above dis-
cussion that 1nsofar as the transmission medium
1s concerned there are important differences be-

tween carrier current transmission and power
transmission. Some of these 1rregularities in
transmission characteristics could be smoothed

out by transposing and properly terminating the
circuits. This 1s not usually feaslble as the
circults must be used as previously installed.

The transmission line offers an excel-
lent circuilt medium except for two limitations:

(1) The presence of branch lines,
taps, spurs of such a length as to offer inter-
ference from reflection, or absorption of
certaln carrler frequencles, as dlscussed above.
Power factor correctlion capacitor banks may also
offer a serlous shunt.

(2) The presence of power trans-
formers 1n the transmission circult which may
completely or partially block the passage of
carrier currents.

The first 1limitation can wusually be
overcome by choosing a frequency in which the
transmission characteristlics are good over the
circult used. An alternate method 1s to use
resonant choke coills (wave traps) at the tap or
connecting polnt of the offending circult. These
colls are adjusted to offer a high impedance to
the carrier currents.

Resonant choke colls are used exten-
slvely to 1solate a particular section of the
transmission 1line from the rest of the power
system. Thils 1s the most satisfactory means of
Insuring at all times a through carrier current
channel. If the resonant choke colls are con-
nected at the ends of the transmission line and
inside the grounding switches, the line may be

taken out of service and grounded without 1nter-
rupting or interfering with the carrier channel.



CARRIER CURRENT RELAYING

i;7ess  the cholce of frequencles 1s very 1limi-
4 and the number of taps or spurs large,
vrioke colls will be only requlred at the ends
~¢ the transmission system to prevent 1nterfer-
e from the connected circults or from ground-

Ly
e

The second 1limitation 1s seldom en-

ntered on most transmission systems. However

Jrazre 1t 1s desired to operate a carrier channel

~hrough a transformer bank 1n the transmissilon

ine, by-pass equipment can be used. This by-

+nss equipment consists of capacitors and 1n-

1 .stances which form a tuned circult of low Im-

dance path around the transformer bank for the

" .pticular carrier frequency, and a high im-
sance for the power frequency currents.

Where doubt exlsts as to the presence
~ .. sultable carrier channel 1t 1s desirable to
- sufficlent test data so that a curve of
,ﬂenuation in terms of frequency may be plotted
shown 1n filgure 1. This may usually be done
‘. »ither of two ways. The carrler current
~wnsmitter and recelver may be set up for
:nlar operation and adjusted for several fre-
-soncles over the range or, 1f more convenlent,
. apecilal test oscillator and special tube volt-
_.ter may be used instead of the regular carriler
csurrent equipment. Owing to the fact that line
;1tching conditions affect thls curve very
wooreclably, 1t 1s deslrable to make several
test runs coverlng as many normal and abnormal
conditions as can be set up without undue inter-
ference to the transmission of electric power.
These curves should be filed with the instruc-
t1ion book as an ald to malntenance. Ir 1t 1is
subsequently found that the frequency chosen 1s
unsatisfactory, the operator can consult these
curves and declde upon a more sultable fre-
quency for operation.

LINE COUPLING SYSTEM

So far this dlscussion has not brought
out the method of 1introducling the carrier fire-
quency on the transmission lines. If thé par-
ticular transmisslon circult 1s a high volfage
system, such as 110 kv for example, Jtwis es-
sentlal that some means must be used to comnect
the carrler equipment to the liAe wlthout re-
sorting to a direct electrical conneGtionmoef the
carrier equlpment to the phase conductoiks. For
thlis purpose a serles of capaclter units and a
drain coil connected from the phé@se ‘eonductor to
ground 1s used. This capacitor stock (.0006 to
.004% mfd.) offers and i1mpedance, of several
million ohms to power frequency current. Thus
the power current thru the capaeltor 1s 1n the
order of 50 millliamperes. A& small radlio fre-
quency choke coill (approx.4 100 millihenries)
of'ferlng many thousand “ohms/ impedance to the
carrler frequenclesdy 1s“jmounted 1n the base of
the coupling capdeltors and connected between
the capacitor and groind ,so that the 50 ma of
60 cycle chargingeurreng flows through the coill
to ground. The powergfréquency lmpedance of thils
coll 1s very small compared to 1ts carrier fre-
quency 1mpedance so that 1ts ungrounded terminal
1s at a potentlal of 1less than 100 volts above
ground with the 60" cycle charging current flow-
i1ng throughilt.

The, carrier

frequency i? impressed
Girectly, &dcross this co

choke {drain i11. The
carrlér voltage 1s applied to the transmission
1ine_conductor through (or in serles) wlth the
capacl¥ter. The capaclitor has a low impedance to

carrier frequencles so that in effect that
earrler) voltage 1s 1mpressed dlrectly on the
transmission conductors without resorting to a

high voltage connection. To further improve
thls coupling, the reactance of the capacitor 1s
series tuned by the reactance of a tuning cir-

cult 1n the carrler current transmitter. In
this way, the carrler equlipment 1s connected
directly to the transmission line 1n a fashi®n

which permits a 1low voltage connectlon but (1m-

presses the carrler voltage directly between
phase conductor and ground. For phase-to~phage
transmission, +this same connectlon 1s used on

each phase conductor so that the carriler voltage
appears 1/2 between each phase and ground.

TRANSMITTER-RECEIVER EQUIPMENT

The transmitter-recelven
qulte similar 1n construction
communication equipment, ufing mé&ny of the com-
ponents origlnally deslgned“for gspace radilo
equipment. The arrangement offjthe cilrcults 1is
very slmilar to those usedfln space radio equilp-
ment except that wusually( the eIrcults used for
space radlo are complicated by speclal require-
ments which have no sIgmificance 1n the case
carrler current equlpment.

equlpment 1is
tomspace radio

CARRIER CURRENT SCHEME-- PRINCIPLE OF OPERATION

As explalned above, an outdoor-mounted
radlo transmitgler=recelver 1s used at each of
the line for generating the high frequency and
operating{ an "auxlliary or recelver relay 1in
response to) the recelved signal. Flgure 3 and 4
shows schematically the connections of these
transmltter-recelvers to the transmission line
and to the auxlliary relays. Each line sectlon
1s consldered as a unlt and should be assigned a
separate, frequency to minimize the possibllity
of dnterf'éPence.

All circults assoclated with the
se¢tlon are tuned to respond to the assigned
frequency so that elther recelver may recelve a

sfgnal from 1ts own transmitter
transmitter at the opposite end of the sectilon.
The correct functionlng of the carrler current
1s not affected by 1nternal transmlssion line
faults because 1t 1s used to block tripping 1n
unfaulted llne sectlons and therefore 1s not re-
quired to transmlt a signal over a faulted sec=
tion.

or from the

This system of protection uses relays
on current and voltage at each end of
the llne to detect and determine the direction
of faults. Carrier current 1s started by fault
detectors when a fault occurs. Fault povwer

flowing out of a line sectlion indicates that the
fault 1s external and the breakers should not be
tripped. At the same 1instant, however, power
wlll be flowlng 1nto the other end of the line
as though the fault were 1n the section. Under
this condition, the directional relays at the
end where power 1s flowlng out of the section
wlll operate to continue the transmission of a
carrlier current signal which 1s recelved at both
ends and prevents the relays at both ends from
tripping for all external faults. For internal
faults power wlll not be flowlng out at elther
end and carriler current willl be stopped by
operation of the dlrectional elements at both
ends to permlt simultaneous tripping of both
breakers.

operating

The carrler current scheme utlllzes
the time-distance characteristic of the type HZ
lmpedance relay to provide high speed simul-
taneous tripping with carrier 1n service, and
step type dlstance protectlon wlth carrler
elther 1n or out of service. The first element
of the HZ relay operates 1ndependently of the
carrler current. The second element trips at
high speed for faults 1n the section because
carrier tripplng contacts short around the syn-
chronous timer. These trippling contacts close
1mmedlately 1f the fault 1s withln the sectilon,
but are held open by the carrler current signals
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to block tripplng 1if the fault 1s beyond the
section being protected. This arrangement thus
provides simultaneous tripping over the entire
line section. The synchronous timer 1is used in
connection with the second 1mpedance element to
provide back-up protection for the second zone

section. The tripping circuit of the third
element 1s 1ndependent of carrier current and
operates with time delay for overall back-up
protection. The directional element, supervised

by the second 1impedance element, together with
the third impedance element, control the trans-
mission of carrier current. Additional inter-
locks can be 1ncluded to prevent tripping of an
of the elements (carrier or back-up protection
due to out-of-synchronism surges. Thus, besides
the usual carrier current pillot protection, this
system inherently provides high speed and time
delay back-up protection.

COMPONENTS OF COMPLETE EQUIPMENT
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An outline of the equipment wused at lruc 7.3__ m —
each terminal of a transmission line 1s given in H OSCILLATOR
the following 1list of component parts. éﬁ:;x

T3 | sovra

1l. A set of relays, operating on the cse |esa
current and voltage of the line, to detect and 'uﬁJ M b —C
determine the direction of faults, to trip the
breaker 1if the fault falls within the zone of AR —
protection, to control the transmission of  RecEweR N OPERATING
carrier current for external faults, and to pre- s ACARM
vent tripping due to out-of-synchronism condi- '
t ions . HOLDING

2. A d-c. carrier current transmitter- Fig. 2

recelver set, the transmitter controlled by the
fault detecting and directional relays, and the
recelver to operate a recelver relay included

with the relay equipment under 1.

A high voltage coupling capacitaor
for introducing the high frequency current“ento
the transmission line. This may be supplied
with a potential device for measuring linepto-
ground potentlal or 3 sets can befused for
measuring 3 phase line potential.

4. Surge protective equipment &6 pro-
tect the carrier current sets and personnel from
line surges. This 1s 1ncludeqg, asypart of the
transmitter-receiver and coupling-eapacitor.

. A wave trap lresohant choke coil)
to confine the carrier curkent “@énergy to the
line section for more effiedientybransmission of
carrier and minimize ingerfemence between sec-
tions.

OPERATION OF SCHEME

In the d=e,. “simplified schematic dia-
gram (figure 2)fthe ghound relay and the type HZ
Impedance relays dare “Yoperated by current and
voltage usldg, the wsual connections for these
relays. For simplici#fy, the current and voltage
circults are not“Qshown. The three 1impedance
elements of the "“type HZ relays are set 1n the
usual manner for s:iep-type distance relaying.
The first element Z1, is set for 90% of the line
section, and operates 1independently of carrier.
The second element, Z2, is set for about 150% of
the ldne \sectlion and so covers the entire line,
but isjparbticularly assoclated with that portion
whiehy 18, beyond the setting of the first element
that is,7the last 10% of the line (end zone) ad-
jacent to the next sectionalizing point. 1In
thlsizone 1t 1s not possible to determine by
dIfstance 1ndication vwhether the fault 1s just
within or just beyond the end of the section.
For distance relaying, without carrier, a time
delay contact, T2, 1s wused in series with the
contact of the second zone impedance element to
allow time for the breaker in the next section
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SImplified d-c¢ Schematic of the Carrier Current
Relaying Scheme

%0 clear. When used in carrier relaying, thi
T2 contact 1s paralleled by a contact, RRP, con-
trolled by carrier, as explalned below. The
third element, 23, 1s given a distance setting
to provide complete back-up protection through
contact T3, and to start carrier transmission.
The synchronous timer motor 1is started by 23
operates T2 and T3 in sequence.

The HRK or HRP ground relay has a
directional element and two instantaneous over-
current elements. The operation of these ele-
ments 1s explained below.

The upper part of figure 2 comprises
the trip circuits and the 1lower part, the
carrier control circuits. The distance type
trip paths are: First zone - D and Z1; Second
zone - D, Z2 and T2; Third zone - D, Z3 and T3.
The carrier controlled tripping path 1s through
D, Z2 and RRP contacts. For ground protection a
carrier controlled trip circuit 1s set up
through the contacts Do and Io2 of the ground
relay and the carrier controlled contact, RRG.
The contact Io3 1s used to start carrier. The
contacts, RRP and RRG, are on the blocking re-
lay controlled by the carrier signal operating
RRH and RRT coils.

The contacts Z3 (A, B, & C phases) in
the lower part of the flgure serve to start the
transmission of the carrier signal for phase
faults and contact Io3 performs the same func-
tion for the ground faults. These carrier start
contacts, 23, are on the same fault detector
elements as the trippling contacts, Z3, in the

upper part of the diagram. The ground start
contact, Io3, 1s operated by an over-current
element separate from that which operates the

tripping contact.

Normally, with the phase and ground
carrier start contacts open, the cathode of the
oscillator tube 1s connected through a resistor

to the positive side of the battery. Under thils
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condltion thrhe tube cannot osclllate. However,

upon closure ol any of the 23 contacts or the
ground start contact Io3, the cathode 1s con-
nected to the negative bus through the normally
closed contacts, CSP and CSG, and the tube be-

gins to osclllate and transmit a carrler signal.

The stopplng of the carrier signal 1s
controlled by the tripping contacts, D and Z2,

for phase faults and Do and Io2 for ground
faults. When fault power flows into the pro-
tected 1line sectlon, the tripplng contacts, D
and Z2 <=lose for phase faults and permit the

auxlliary contactor switch, CSP, to
This causes the back CSP contact
control cilrcults to open, which

and permits the RRT operating
coil of the blocklng relay to be energlzed thru
Z3 start contacts. BSimllarly, for ground faults
Do and IcZ close to energize the coll of another
auxlliary contactor switch, CSG, whose back con-
tact, CSG, stops carrier and permlts the opera-
ting coill of the blocklng relay to be energlzed.

coll of the

be energized.
in the <arrier
stops carrler,

The arrangement of starting and stop-
ping carrier, as explalned above, 1s so designed
that the action of the ground relay 1s given
preference over the phase relays. This means

that if Io3 of the ground relay starts carriler,
it ie then 1mpossible for the CSP contact and
the phase relays to stop carrier. The purpose

of this ground preference 1s to prevent possible

Incorrect 1ndications of the phase relays due
to load currents and the flow of positive and
negative sequence currents during external

ground faults.

The carrler controlled blocking ele-
ment 1s a sensitive polarlized d-¢. relay pro-
vided with two make contacts, RRP and RRG, and

one break contact, RRB. These contacts Are
operated by the action of two colls, oné an
operating coll, RRT, energlzed by the local

battery and controlled as explalned above by CSP
and CSG contacts, and the other a carrler hold-
ing coll, RRH, connected in the plate cilrcalt of
the carrler current recelving tube. Normally,
both colls are de-energized and the makel con-
tacts, RRP and RRG, are held open by & magneftlc
bias. The relay 1s prevented from opePating
when the carrler holding colly’ RRGj, is/ener-
giced even though the operating,ceil,“RRT, 1s
energized. This means that es Jdong ‘as carriler
1s belng recleved elther from thejlocal oscil-
lator or from the opposite end, RRH"1s energlzed
and tripping 1s prevented.

The complete sequence of events may be
briefly summarized as followss Assume an in-
ternal phase-to-phase fadlt just beyond the zone
of one of the Z1 eglements. Carrler will be
Initiated 1mmediately, at both ends of the line
by the closure cf ©Onhe ofy the Z3 contacts. Mean-
whille, the dlrecglonad andysecond zone 1mpedance
contacts close dand energlze the auxiliary swilitch,
CSP, stopplng carnder and energlzing the opera-
ting coll, RRT, oOffjthe carrier blocking relay.
act¥on has occurred at the far

Since the same
end of the 1line, no carrier 1s recelved and the
blocking contact, RRP, 1s closed at both ends

circuits through D and Z2.

coll at one end has already
been enemgized through Z1. If the fault had
been externail ) to the sectlon, then tripping
could éet Yhave occurred since the carrier hold-
ing coil, “*RRH, would have been energlzed by
carpler)from the far end.

completing,the trlp
However, the trip

Iff an internal two-phase-to-ground
faultilds assumed, the ground carrier start con-
tact Io%, wi1ll start carrier by making point G

tagative and 1t 1s then impossible for the phase
peliays te remove carrler through the CSP con-
However, the ground tripping contacte.
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Fig. 2 (Repeated)
S4mplifled d-c Schematic of the Carrler Current
Relaying Scheme

DO and Io2, will close energlzing the CSG aux-
1liary relay to stop carrier.

It will be noted that carrier current
1s not started at either end unless fault cur-
rent operates a starting element (fault de-
tectorg. This 1s significant in case a line be-
comes disconnected from a source of power at one
end; 1n other words, becomes a stub end feeder.
If a fault occurs on such a line, the carrier
transmitter will be started and stopped only at
the end which 1s connected to the source of
power and no carrier will be recelved from the
other end to interfere with tripping.

On parallel 1lines 1t 1s possible to
have the fault power undergo a quick reversal as

the breakers on the faulted line open. Under
this conditlon carrier transmission 1s main-
talned at one end untlil 1t has had time to be

started at the other.

It 1s desirable to perlodically check
the condition of the carrier set to determine
1ts abllity to send and recelve a carrier signal
For thils purpose a test push button 1s connected
in parallel with the carrler start elements.
Pressing the test push button sends a carrier
signal which 1s recelved by the recelver tubes
at both ends of the line sectlon to operate an
alarm relay and energlze a milllammeter. If the
carrlier set 1s not functioning, the alarm 1s not
heard and the milliammeter does not deflect 1in-
dicating trouble which must be 1nvestigated. The
alarm relay has a minimum operating value 1n ex-
cess of the minlmum required to operate the
blockling relay so that an i1ndication of 1m-
pending trouble can be obtalned before actual
fallure occurs.

A three pole single throw switch oper-
ated from a common handle 1s connected 1n the
carrler trip and out-of-step circult, as shown
in figure 2, The switch 1s marked "Carrier On-
Off" and opening 1t removes carrier supervision
and permits the HZ relays to operate in the con-
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ventional step-zone mann=r. The switch also re-
moves the HRK or HRP ground relay and ground
protection 1s available through back-up ground
relays. (Shown in figure 3 and 4).

OUT-OF-STEP PROTECTION

It 1s often desirable to prevent the
operation of relays during out-of-step condi-
tions so that the system can be separated at
locations where synchronlzing equipment is
available. The carrier relaying system provides
a means of preventing tripping during out-of-
step conditions without impairing the ability to
trip for internal faults occurring during out-
of-step conditions. One fundamental difference
between a three phase fault and an out-of-step
condition is that a fault suddenly reduces the
voltage and 1increases the current, whereas
during the approach of an out-of-step condition
the voltage and current changes are comparative-
ly gradual.

For a three phas< fault the distance
elements all operate simultaneously, i1f they are
to operate at all, while during out-of-step the
23 operates first, followed by Z2 and then Z1.
As the system returns toward the "in-phase"
position, the elements reset in the opposite
order; that is, Z1, Z2, Z3.

To prevent tripping during out-of-step
it 1s only necessary to arrange for the closure
of the three contacts and for the receiver relay
back contact, RRB, to operate and additional
blocking relay to open the trip circuit. This
blocking relay must have a slight time-delay so
that 1t does not open the trip circuit before
tripping on a three phase fault can occur. [On
the other hand, 1t must open the trip circult
during an out-of-step condition before the

second element, Z2 1s operated.

Referring to figure 2 again,Qthe “out-
of-step-blocking contact 1s designatedvas X2,
and 1s connected 1in the trip circudt /as, shown,
In parallel with it are thres contacts A,”B, C,
which are the ©back contacts onggthe auxiliary
switches A, B, C, operated byl thegZ2? carrier
starting contacts of the déstance reglays. The
make contacts of these swit@heshare in series
with +the back contact, RRB, “ef the recelver
blocking relay, and energize,the €oil, PR, of a
pendulum type time-delay“k€layyy, whose lower con-
tacts ' make and energize “Gthe ¥ coll of the X2
blocking relay. Everyr“timefthat all three of
the Z3 carrier start [contdacts close, the bhack
contacts, A, B, C, and ®¥2, open the trip circuit
after a 3 to 4 cycles@elas™ Back contact X2,
opens by virtue of (211 three make contacts, A,B,
and C, closingl, through'' RRB to energize the PR
coil and in tarn,Gthe®X? coil.

If thé electrical center 1s inside the
protected 1dnelsectdon, and in other cases where
the two voltage solirces appear 180° out of phase
the directionalyf and impedance elements at each
end of the 1line will ©be closed. This stops
carrier (previously started by the Z3 contact
RRB to open. This energizes RRT to allow the
contagt RRB to open. This de -energizes the
pendulum relay, PR, whose spriag arm begins now
to ©seidlate, alternately closing the bottom and
top W\contacts, PR. This keeps the X2 coil
enepgized. After the amplitude of vibration of
the pendulum has decreased to a certain value,
1tOwill not strike either of 1its contacts and X2
will reset. This action occurs in cycles, and
the time delay introduced by the pendulum relay,
should be longer than the time during which both
directional elements '"point in," which depends
upon the 1length of the "slip cycle" of the
system. It 1is desirable to clear internal faults
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occuring during an out-of-step condition 4but 1t
is not so essential to be able to clear them at
high speed. The ground relay trip @ircuitvis
not blocked by the out-of-step relay, X2, and
can trip instantly. On phase-to-phage faults,
one or two of the Z3 contacts wi#ll reset when
the system swings in phase, thus &llowing one of
the back contacts, A, B, or C to“cemplete the
trip circuit without waiting for the Treset of Xg,
On a three-phase fault, however, none of the Z3
contacts will reset, and consequently, tripping
will not occur untll after the expfration of the
X2 time delay. The reset of X2 is made possible
by the opening of the pecedwer relay back con-
tacts, RRB.

It will ©begnoted from Fig. 2 that the
back-up tripping through ™D, Z3 and T3 1s shown
blocked by the outAof-step contacts, in which
case, back-up prote€tidn on three-phase faults
during out-of-stepf, is™ not possible. It is
arranged, howewer, s® that T3 connection can be
made on the other side of the out-of-step con-
tacts, and in"thils case, tripping on out-of-step
cannot be prevented for a period of longer than
the time set®Ting of T3.

ADDITIONAL/USES FOR THE CARRIER CHANNEL

AW complete schematic diagram of the
relays, ang, carrier set 1s shown in figure 3. 1In
addition to circuits already discussed, connec-
tdens™“a@re shown which provide for the addition
of “dmpulse type telemetering using the relay
carrier channel as the communicating means to
transmit telemetering impulses. Connections are
also shown for the addition of a handset or desk
stand telephone to obtain point-to-point com-
munication over the carrier channel.

The telemetering circults are shown
dotted in the 1lower right portion of figure 3.
The connections are similar at each end of the
line section, except at the telemetering trans-
mitter end, the contact marked '"Telemetering
transmitter , TV-1 Relay" is used. The circuits
are arranged so that when telemetering impulses
are belng elther transmitted or received, the
alarm bell both at the local and distant station
is prevented from ringing by a delay circuit.
This circuit consists of a combination of re-
sistors and a condenser energized thru contacts
on an auxiliary Type TV relay. When telemeter-
ing impulses are being sent or receilved, the
coll of the TV relay in the receiver plate cir-
cult 1s energized on each impulse. This causes
the normally closed contact, TV, to alternately
open and close energizing the circuilt thru a re-
sistor marked "10,000 ohms, 125 volts; 20,000
ohms, 250 volts", and a condenser marked "30 mfd.,
125 volts, 16 mfd., 250 Volts." 1In parallel with
this condenser 1is a circult consisting of a
10,000 ohm resistor and the coil AL of the alarm
element of the receiver relay. The resistors
and capacitors are chosen so that for this par-
ticular case a maximum delay of approximately 2
seconds can be obtained. This will prevent
operation on the longest telemetering impulse.
If it 1s desired to signal by means of the push
button, it 1s only necessary to hold the push
button closed for a period long enough to cause
the alarm element to drop out. Energizing
carrier thru the push button maintains the nor-
mally closed contact, TV, open and when the
charge on the condenser is used up, the alarm
element will drop out, closing its back contact
marked "alarm" and causing the bell to sound. By
properly proportioning the resistor and capa-
citor a wide range of drop-out times can be ob-
tained for the alarm element.

In figure 3 the circuits for point-to-
point communication are shown both for communi-
cation from the carrier set location and from
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the switchboard panel by use of a monophone.
Connectlons are also lndicated for a desk stand
telephone station, where 1t 1s desired to locate
the telephone on the operator's desk. When the
telephone 1s plugged 1n at elther location, the
local carrier alarm circult 1s opened by a con-
tact on the telephone jack. Thils opens the cir-
cult from negative to the bell alarm and the
connection 1s made thru the terminal marked, BC,
on the carrier transmitter-recelver terminal
board. The functionlng of the carrier equipment
for polnt-to-point communications 1s fully ex-
plained in I.L. 2818-A
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CARRIER CURRENT RELAYING

GENERAL CONSIDERATIONS AND PRINCIPLE OF OPERATION

TYPE GO EQUIPMENT

INTRODUCTION

The high-speed clearing of faults on
transmission 1lines 1s recognized as necessary
for good system operation. The best overall
protection 1s provided by the method known as
differential relaying in which conditions at the
two ends of the line are compared to determine
whether the fault 1s on the line section or ex-
ternal to the protected zone. This assures si-
multaneous tripping of the breakers, which 1is
desirable from the standpoints of stability,
continuity of service, quick reclosing, and min-
imum damage to equipment. For many lines the
system known as carrier current is the mao8t
practical and reliable medium for compariang the
conditions at the two ends of the line.

Carrier current i1s a term appli€d to
50 to 150 kilocycle frequency currents ‘Super-
imposed on a transmission line. Here the, energy
i1s confined almost entirely to the gwdre“Blines
and not radiated into space as 1is commonjin rad-
io broadcasting (550 to 1500 kc.) \This |results
in greater efficiency and makesggit pesSible to
transmit greater distances with lesg high fre-
quency energy.

POWER VS. CARRIER FREQUENCIES

A very 1mportant 'difference between
electric power transmisgionpand carrier current
transmission 1s the #Trequency. Although the
fundamental principles. of | both are the same,
many of the factors Wef primary importance at
carrier frequenciesgarer negligible at commercial
power frequencies anddvice versa. For example,
the power circuitstW@reelectrically short, and
therefore, sUsceptible to approximate empirical
solution, wHile ghe“earrier current circuits are
in most gasegiconcerned with electrically long
circuits. THe rglatively greater electrical
length of carpiegr current circuits 1s due, not
to their mechan¥eal length, but to the higher
frequencies involved. As an example of the wide
differences 1n electrical 1lengths between the
two types officircuits, let us consider a typical
220 Kilovolt 1line of 750,000 circular mil con-
ductors, and 19 foot spacing. The wave length of
such¥yMne at a 60 cycle operating frequency is
about) 3000 miles. This means that the voltage
at the)receiving end of a full wave length line
18, 360° out of phase with that at the generating
end. But the maximum power that can be trans-
mitted over any given line occurs when the volt-
age at the recelving end 1lags the generator
voltage by about 90 degrees. Beyond the 90 de-
gree point the maximum power decreases, or, in
other words, the 1longer the line, the less pow-
er can be transmitted. This and other factors,

~such as they' effeet of the line charging current

on the generagor field, the effect of short-cir-
cult conditions) on the generators, and other
synchronous8 machines enter 1into the situation
whi€h, is” fermed "stability". For this particu-
lar AIne, “@the line characteristics and the pro-
blemsQofistability and power 1limits would re-
SteictOtransmission to not more than a quarter
wave length or a maximum distance of 750 miles.
Forgycarrier current frequencies on the other
hand ,” no such 1limitation exists. Considering
theyabove-mentioned "transmission line at a car-
rier current frequency of 60,000 cycles, a wave
length becomes approximately 3 miles. This
would indicate a maximum transmission distance
of 0.75 miles while actually distances of sever-
al hundred miles are possible.

RELATIVE EFFICIENCIES

Another interesting comparison between
power transmission and carrier current trans-
mission 1s afforded by discussion of efficiency.
The 1losses 1n any transmission circuit may be
considered to be made up of resistance and leak-
age losses, or as they are sometimes defined,
series and shunt 1losseg, respectively. The
former are equal to I<R and the latter to VoG
where R 1s the resistance of the line, V is the
voltage and G 1s the leakage conductance. In
most power transmission lines, the leakage loss-
es 1n the absence of corona are small, hence,
the solution of the problem of efflclent trans-
mission is to raise the voltage, thus decreasing
the current. In power transmission, this is
readily accomplished because most lines are e-
lectrically so short that the impedance 1s gov-
erned entirely by the step-up and step-down
transformers and the associated load at the re-
ceiving end. Where the lines are long, the line
characteristics play an 1important part in the
process. In the case of carrier current trans-
mission, the recelving equipment has 1little ef-
fect on the transmitting end impedance because
the lines are electrically so long that most of
the power 1is absorbed 1in the line. While the
transmission efficiency at carrier frequencies
may be quite easily calculated for uniformly
constructed two-wire 1lines, the complexity of
most transmission circuits 1s such that it is
usually more practical to determine this effic-
iency by test. At first thought, it would seem
that the very low efficiencies (in the order of
10%) which are quite common, would be entirely
unsatisfactory. However, it should be remember-
ed that the energy 1losses of carrier current
transmission do not 1nvolve large amounts of
power, and, therefore, do not represent an ap-
preciable economic loss.




ATTENUATION VS FREQUENCY

In carrier current transmission, as 1n
telephone lines, 1t 1s convenlent to conslder
the transmission characteristic of a system 1n
terms of attenuation or the diminution of power
along the transmission 1lilne. The ratio between
the voltages, currents, or power at any two
points 1s a measure of the attenuation of the
circult between these two polnts. However, 1t
1s not convenlent 1n practice to express trans-
mission losses or galns in terms of these ratlos
directly. The 1losses 80 expressed cannot be
added to obtalin the total 1loss, but must be
multiplied. Consequently, this attenuation 1s
expressed 1n declbels, which are ten times the
logarithm to the base 10 of the power ratio, or
20 times the 1logarithm to the base 10 of the
current or voltage ratios. An attenuation of 10
decibels 1s equilvalent to a power efficlency of
10%; 20 decibels 1s equivalent to 1%; 30 deci-
bels 1s equivalent to 1/10%, etc.

In very general terms, the attenua-
tion of a two-wlire uniform line 1n decibels 1n-
creases llnearly with frequency. However, this
linear relation 1s never exact and 1n some cases
the departure from llnearity 1s very large. If,
instead of the simple two-wire llne, there are
one or more branch circults, the increase in at-
tenuation 1s no longer directly proportional to
the frequency in kilocycles. In fact, a change
of 5% in the frequency may easlly cause an in-
crease or decrease 1n attenuation of as much as
25 declbels 1n a normal circuilt. If the clrcuit
1s changed by switchlng so that more or less
branches are 1n use, there may be equally great
changes 1n the attenuatlon. It 1s, therefore,
desirable that the 1line be studied carefully in
order to determine the most sultable frequency
for transmission.

EFFECT OF BRANCH CIRCUITS

As an example, conslder the network of
Flgure 1 and 1ts attenuation characteristicgun-
der various operating condltlions. Curve 1 glves
the characteristic of the line AB which 1s trap-
ped by choke colls, as shown. Curve 2 shows the
characteristic of the same 1lline with the ®ap
circult, C, and 1ts assoclated edquipment con-
nected. The I1ntroduction of this_ciecui¥ not
only Ilncreases average attenuatlon{of the lilne
AB, but also 1ntroduces irregulagpitles caused by
reflectlon and absorption effectss Thus, be-
tween points 5000 cycles apart, there is as much
as 10 db attenuation differenceg. Gurve 3 shows
the characteristic of the samelline|section, AB,
with both tap 1lines, C and D, Wconnected. Thils
curve not only shows an 1n€rease 1n the average
attenuation but also reflectlon \effects that are
so pronounced as to glwe “&a 20 db variation 1n
attenuation over a 5000 cyele Interval. Fur-
thermore, there mayfbe no similarity between the
last two conditionS8. That 1s, the peaks and
troughs 1n attenuatiesn maynot occur at the same
frequenciles.

Before continulng, 1t 1s desirable to
discuss characteristic or surge impedance.
Characteristic 1mpedance* 1s deflned as the 1in-
put impedance) of an 1infinite length line. It
wlll have ga “€inite value due to shunt capacil-
tance and condueétance. For finite length lines,
surge lmpedance 1s the value of terminating 1m-
pedance which will make the input impedance
equalg toglt, regardless of the 1llne length.
There '43"no reflection from the terminating end
whefigthe, 1line 1s terminated 1n 1ts characteris-

#Forga more complete definition and discussion
Oof ‘eharacteristic 1impedance see chapter on "The
Infiinite Line" in Communication Englneering by
Everitt (See Bibliography.)
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tlc impedance, and hence, practically constant
attenuation 1s possible over a large range of
frequencles. The characteristic 1mpedance 1is
determined by configuration, 1nsulation, and
other line constants, and 1s independent of 1line
length.

Returning to the discussion of reflec-
tion and absorption, consider a line having an
electrical length of 90° or 1/4 wave length for
a particular frequency. If the remote end of
this 1line 1s open, the input impedance 1s ver
low. If the 1llne were 270° (3/4 wave 1ength¥
long, the input impedance would also be low, but
not quite so low as for 1/4 wave length, How
ever, at 180° (2/4 wave length), the impedance
is very high, and at 360° (4/4 wave length), it
1s not quite so high. **

**The large difference 1n 1nput impedance at
the odd and even quarter wave lengths, 1s due to
reflection. A complete discussion of this phen-
omenon 1s beyond the scope of this leaflet, and
reference 1s made to a very excellent discussion
in the chapter on "Reflectlon" in Communication
Engineering, by Everitt. (See Bibliography).
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As the lengta 1s increased, 1t 1s usu-
ally possible to distinguish between the odd and
even quarter wave lengths, up to about 50 quart-
ers or 4500°. However, the maxima and minima
peaks approach the surge lmpedance and are not
easlly recognizable on long lines. The units of
length, (electrical degrees or quarter wave
lengtns) are dependent as much on frequency as
upon mechanical 1length. Based on previous as-
sumptions, a 15-mile 1line would be about 20-
quarter wave length a% 60 xc. Its input imped-
ance would be slightly higher than the surge im-
pedance of the line, since, as was polnted out
above, even quarter wave-1 agth lines have rela-
tive high 1nput 1mpedance. If the frequency
were changed to 63 kc, the 15-mile line would-
be about 2l-quarter wave length, and the 1input
impedance would be ©below the surge lmpedance
corresponding to an odd quarter wave-length,
line. In other words, the maxima and minima
would ‘e separated by 3 kc or one-fourth the
frequ:ucy which corresponds to the wave length
of the line. Also, for a 15-mlile, 20-quarter,
wave-length line, there wlll be approximately 16
mexima and 16 minima (impedance peaks) in the
varrler frequency baad of 50 to 150 kec. These
vurlations 1n 1mpedance may have conslderable
effect on the proper adjustment of the carriler
transmitter. 1In the <case of branch cilrcults,
the 1mpedance minima usually represent absorp-
tion which causzs high attenuation. Therefore,

they should be carefully considered for short
lines and branch circuits.

The above dilscussion has considered
carrler transmission over an open wire trans-

mission line. Carrier transmlssion over a power
cable 1s much more difficult because of the
characteristic of the cable. The 1nductance of
cables 1s small, while in comparison the resdst=
ance and capacitance aie large. This mcadgs nign
losses and attenuatlon, and glves a galue/of
surge 1mpedance which may be as low as /L0 of
that for open lines. Hence, cables offer<eon-
slderably greater attenuation to the “earriler
frequencles and often make carrier tramsmligsion
quite difficult. Carrier transmission, over
cables should be gilven very special attention.

THE CARRIER CIRCUIT

The wuse of transmis§ion“ lines as a
communicating medium for a ,arrle€g channel can
be accomplished 1n two @&ififerent ways. Carrier
frequency may be I1mpressed,on“@lrcults between
one conductor and ground 0z between any two con-
ductors such as between phases A and B or phases
A and C or phases C and \B. The former is termed
phase-to-ground circult,fwille the latter, 1is
term=d phase-to-phasé or’ interphase circuilt.

The Inherent Jadvantage and 1limita-
tlons of eachmetho@, of coupling are as follows:

14 Phé@se-to-ground transmission is
usually lessifexpersive since only one set of
coupling unltsfaré necessary at each end of the
transmission channel.

2. The attenuation to carrier fre-
quency, of ph@se-to-ground circults 1s usually
two orgmore times that of phase-to-phase.

3. The interference 1level (ratio of
exbraneous voltages to carrler signal voltage)
I's, miech greater with phase-to-ground carrier

clipcults.

4. With single 1line to ground coupl-
Ing, the other two phase conductors together
with the earth act as the return path for the

carrier signal. Very approximately, half of the
signal returns 1n the ground path and the other
half 1s divided between the two phase wires.

-3

The resistance of the phase wires to the carrier
frequenclies 1s roughly 1 ohm per mile as Gem-
pared to average earth resistance of 204ohms, per
mile. Thus the attenuation 1n phase [to ground
coupling 1s reduced by the presence of the other
two phases. When two or three 1in€ " to ground
coupling 1s used, 1t 1s évident that thelattenu-
ation 1s 1ncreased since more of‘ythe return
current 1s forced to flow 1in the earth.

The type of transmission employed
wlth any partlicular application 1is determined by
the individual requirementggiof that application.
In some cases, coupling units are already
available on all phasefeondlictors so that interp
phase transmission will%be employed even though
the distance may be _gmeryy short. In general,
relaying and superylsory, control will usually
emgloy a phase-to-ground carrier channel because

a the distanced)y involved are seldom greater
than 100 miles, (b)Wythe 1interference level or
interference witfysignals is usually not serious

for these applications. For other types of
transmission, especlally communication, the
interphase cércuit®s preferable.
CARRIER FREQUENCIES

Th= / frequency band avallable for

carrier-eurrent use 1s from 50 to 150 kilocycles.
This frequemncy band 1s used because at lower
firequencles than 50 kc interference might result
with, carrier frequencles used for telephone com-
munication over telephone lines, and above 150
ke, the attenuation and radiation is high. From
this§y@it 1s apparent that for a given installa-
tlon, the lower part of the frequency band
should be utilized for the longer dilstances.

RESULTANT CONSIDERATIONS

It 1s apparent from the above dis-
cussion that 1nsofar as the transmission medium
1s concerned there are 1mportant differences be-

tween carrier current transmission and power
transmission. Some of these 1rregularities 1n
transmission characteristics could be smoothed

out by transposing and properly terminating the
circults. Thils 1s not usually feaslble as the
circults must be used as previously installed.

The transmission line >ff=2rs an excel-
lent circult medium except for two l'mitations:

(1) The presence of branch 1lines,
taps, spurs of such a length as to offer inter-
ference from reflection, or absorption of
certaln carrier frequencles, as discussed above.
Power factor correction capacitor banks may also
offer a serious shunt.

(2) The presence of power %rans-
formers 1n the transmission circult which may
completely or partially block the passage of
carrier currents.

The first
overcome by choosing a
transmission characterlistics are good over the
circult used. An alternate method 1s to use
resonant choke colls (wave traps) at the tap or
connecting point of the offending circult. These
colls are adjusted to offer a high impedance to
the carriler currents.

limitation can wusually be
frequency in which the

Resonant choke colls are used exten-
sively to 1solate a particular section of the
transmission 1line from the rest of the power
system. Thils 1s the most satlsfactory means of
Insuring at all times a through carriler current
channel. If the resonant choke colls are con-
nected at the ends of the transmission line and
inside the grounding swiltches, the llne may be

taken out of service and grounded without inter-
rupting or interfering with the carrier channel.
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Unless the cholce of frequencies is very limil-
ted and the number of taps or spurs large,
choke colls willl be only requlired at the ends
of the transmisslon system to prevent interfer-
ence from the connected circults or from ground-
ing.

The second 1limitation 1s seldom en-
countered on most transmission systems. However
where 1t 1s desired to operate a carrier channel
through a transformer bank in the transmission
line, by-pass equipment can be used. This by-
pass equipment conslsts of capacltors and 1n-
ductances which form a tuned circuit of low im-
pedance path around the transformer bank for the
particular carrier frequency, and a high im-
pedance for the power frequency currents.

Where doubt exlists as to the presence
of a sultable carrier channel 1t 1s desirable to
take sufficlent test data so that a curve of
attenuation 1n terms of frequency may be plotted
as shown 1n flgure 1. This may usually be done
in elther of two ways. The carrier current
transmitter and recelver may be set up for
regular operatlon and adjusted for several fre-
quenciles over the range or, 1f more convenlent,
a speclal test oscillator and speclal tube volt-
meter may be used instead of the regular carrier
current equipment. Owing to the fact that line
switching conditions affect thls curve very
appreclably, 1t 1s desirable to make several
test runs covering as many normal and abnormal
conditions as can be set up without undue inter-
ference to the transmission of electric power.
These curves should be filed with the ingtruc—
tion book as an ald to malntenance. If 1t ?s
subsequently found that the frequency chosen 1s
unsatisfactory, the operator can consult these
curves and declde upon a more suitable fre-
quency for operation.

LINE COUPLING SYSTEM

So far this discussion has not brought
out the method of introducing the carrler fre<
quency on the transmlission lines. If thefpar-
ticular transmission circuilt 1s a high voltage
system, such as 110 kv for example, 1t Isfess
sential that some means must be used t@ conneet
the carrler equipment to the line withoutjre-
sorting to a direct electrical connecgtlomn, ofthe
carrier equipment to the phase conddctozs. For
this purpose a serles of capaciter unl¥s and a
drain coll connected from the phase conductor to
ground 1s used. This capacltort §tack®(.0006 to
.004 mfd.) offers and 1mpedé@ncée “of several
million ohms to power frequency cuUrrent. Thus
the power current thru the capacitor 1is in the
order of 50 milliamperes. Ay small radlio fre-
quency choke coill (approx. 4100 millihenries)
offering many thous@nd ‘ohms/impedance to the
carrler frequencies is“Qmounted in the base of
the coupling capaditors amnd connected between
the capacltor anddground so that the 50 ma of
60 cycle charging eusrentdflows through the coil
to ground. The powergfreQuency lmpedance of this
coll 1s very small compared to 1ts carriler fre-
quency impedance so that 1ts ungrounded terminal
is at a potential of 1less than 100 volts above
ground with the 6@p cycle charging current flow-
ing through“lt.

The, carrier frequency 1s  1mpressed
directly, aeross this choke (drain) coil. The
carrie®, voltage 1s applled to the transmission
line _conductor through (or in series) with the
capaceiters The capacltor has a low lmpedance to
caxrier frequencies so that in effect that
carrfer),voltage 1s 1mpressed directly on the
transmission conductors wilthout resorting to a
high), voltage connection. To further improve
this“coupling, the reactance of the capacltor is
series tuned by the reactance of a tuning cir-

"

cult 1n the carrler current transmitter. In
thls way, the carrier equlpment 1s connected
directly to the transmission line in a fashiof
which permits a 1low voltage connection but Am-
presses the carrier voltage directly between
phase conductor and ground. For phase-tofphase
transmission, this same connection 1s tised On
each phase conductor so that the carrier veoltage
appears 1/2 between each phase and ground .

TRANSMITTER-RECEIVER EQUIPMENT

The transmitter-receiver
quite similar 1n constructlon
communication equipment, using many of the com-
ponents originally designedWfor ,space radio
equipment. The arrangement offjthe circuilts 1s
very simllar to those used MAnspace radio equip-
ment except that usually [ the ‘edrcuits used for
space radlo are complicated/ by speclal require-
ments which have no sIgniffficance in the case
carrler current equlpment.

equlipment 1s
togspace radilo

CARRIER CURRENT SCHEME-- PRINCIPLE OF OPERATION

As explalned above, an outdoor-mounted
radio transmitte®ereceiver 1s used at each of
the line for ggnerating the high frequency and
operating @#an Vapxiliary or recelver relay 1in
response to,the recdelved signal. Figure 3 and 4
shows schematlcally the connections of these
transmititer-recelvers to the transmission line
and to the auxlliary relays. Each 1line section
1s comsddered as a unit and should be assigned a
separate, frequency to minimize the possibility
of 1interfeéerence.

A1l circuits assoclated with the
sectlon are tuned to respond to the assigned
Prequency so that elther recelver may recelve a
slgnal from 1ts own transmitter or from the
transmitter at the opposite end of the section.
The correct functloning of the carrier current
1s not affected by 1nternal transmission line
faults because 1t 1s used to block tripping in
unfaulted line sectlions and therefore 1s not re-

quired to transmit a signal over a faulted sec-
tion.

Thls system of protection uses relays
operating on current and voltage at each end of
the line to detect and determine the direction
of faults. Carrler current 1s started by fault
detectors when a fault occurs. Fault power |,
flowing out of a 1ine sectlon indicates that the
fault 1s external and the breakers should not be
tripped. At the same 1nstant, however, power
will be flowlng 1nto the other end of the line
as though the fault were in the section. Under
this condition, the directional relays at the
end where power 1s flowlng out of the section
willl operate to continue the transmission of a
carrier current signal which 1s received at both
ends and prevents the relays at both ends from
tripping for all external faults. For internal
faults power will not be flowing out at either
end and carrier current will be stopped by
operation of the dilrectional elements at both

ends to permit simultaneous tripping of both
breakers.

The carrier
the time-distance

current scheme wutllizes
characteristic of the type HZ

impedance relay to provide high speed simul-
taneous tripping with carrier 1n service, and
step type distance protectlion with carrier

elther 1in or out of service.
of the HZ relay operates 1ndependently of the
carrler current. The second element trips at
high speed for faults 1n the sectilon because
carrier tripping contacts short around the syn-
chronous timer. These tripping contacts close
Immediately 1f the fault 1s within the section,
but are held open by the carrier current signals

The first element

EXTUTOER I
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to block tripping 1f the fault 1s beyond the
section belng protected. This arrangement thus
provides simultaneous tripping over the entire
line section. The synchronous timer 1s used 1in
connectlon with the second 1mpedance element to
provide back-up protection for the second zone
section. The tripping circuilt of the third
element 1s 1ndependent of carrier current and
operates wilth time delay for overall back-up
protection. The directional element, supervised
by the second 1mpedance element, together with
the third impedance element, control the trans-
mission of carrier current. Additional 1inter-
locks can be 1ncluded to prevent tripplng of an

of the elements (carrlier or back-up protection

due to out-of-synchronlism surges. Thus, besldes
the usual carrier current pllot protection, this
system 1nherently provides high speed and time
delay back-up protection.

COMPONENTS OF COMPLETE EQUIPMENT

An outline of the equlpment wused at
each terminal of a transmission line 1s given 1n
the followlng 1list of component parts.

1. A set of relays, operating on the
current and voltage of the line, to detect and
determine the dilrection of faults, to trip the
breaker 1f the fault falls within the zone of
protection, to control the transmission of
carrier current for external faults, and to pre-
vent tripping due to out-of-synchronism condil-
tions.

2. A d-c. carrier current transmitter-
recelver set, the transmitter controlled by the
fault detecting and directlonal relays, and thg
recelver to operate a recelver relay 1lncluded
with the relay equlipment under 1.

3. A high voltage coupling capacifor
for introducing the high frequency currentfonto
the transmission line. This may befsupplled
with a potentlal device for measuring line-to-
ground potentlal or 3 sets can Jpeljusedyfor
measuring 3 phase line potential.

4. Surge protective equipmentyito pro-
tect the carrler current sets,and personnel from
line surges. This 1s 1ncluded“as part of the
transmitter-receiver and coupldng, capacitor.

5. A wave trap, fresonant choke coil)
to confine the carrier ecurrent)energy to the
line section for more effidclent) transmission of
carrler and minimlize Interference between sec-
tions.

OPERATION OF SCHEME

In the“@-c' ,sdmplified schematlic dla-
gram (figure @) theWground relay and the type HZ
Impedance prelaysdr arer operated by current and
voltage using £the gusual connectlions for these
relays. For“simpli€lty, the current and voltage
circults are notyfshown. The three 1mpedance
elements of the" type HZ relays are set 1n the
usual manner for step-type dlstance relaying.
The first element Z1, 1s set for 90% of the line
section and operates 1ndependently of carrier.
The seeond element, Z2, 1s set for about 150% of
the@line), sectlon and so covers the entire line,
but s particularly assoclated with that portion
whieh ls beyond the setting of the first element
that 18, the last 10% of the line (end zone) ad-
jaeent to the next sectionalizing point. In
this zone 1t 1s not possible to determine by
distance 1ndication whether the fault 1s just
within or just beyond the end of the section.
For distance relaylng, without carrier, a time
delay contact, T2, 1s wused 1n serles wilth the
contact of the second zone 1mpedance element to
allow time for the breaker in the next section
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Simplified d-c Schematlic of the Carrier Current
Relaying Scheme

to clear. When used i1n carrier relaying, this
T2 contact 1s paralleled by a contact, RRP, con-
trolled by carrier, as explalned below. The
third element, Z3, 1s given a distance setting
to provide complete back-up protectlion through
contact T3, - and to start carrier transmission.
The synchronous timer motor 1s started by 23
operates T2 and T3 1n sequence.

The HRK or HRP ground relay has a
directional element and two instantaneous over-
current elements. The operation of these ele-
ments 1s explalined below.

The upper part of flgure 2 comprises
the trip clrcuits and the 1lower part, the
carrier control cilrcults. The distance type
trip paths are: First zone - D and Z1l; Second
zone - D, 22 and T2; Third zone - D, Z3 and T3.
The carrler controlled tripping path 1s through
D, Z2 and RRP contacts. For ground protection a
carrler controlled trip circult 1s set up
through the contacts Do and Io2 of the ground
relay and the carrier controlled contact, RRG.
The contact Io3 1s used to start carrler. The
contacts, RRP and RRG, are on the blocking re-
lay controlled by the carrier signal operating
RRH and RRT coills.

The contacts Z3 (A, B, & C phases) in
the lower part of the figure serve to start the
transmission of the carrler signal for phase
faults and contact Io3 performs the same func-
tion for the ground faults. These carrler start
contacts, Z3, are on the same fault detector
elements as the tripping contacts, Z3, in the
upper part of the dlagram. The ground start
contact, Io3, 1s operated by an over-current
element separate from that which operates the
tripping contact.

Normally, with the phase and ground
carrler start contacts open, the cathode of the
osclllator tube 1s connected through a resistor
to the positive side of the battery. Under this

_5_
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condition the tube cannot oscillate. However,
upon closure of any of the Z3 contacts or the
ground start contact Io3, the cathode 1s con-
nected to the negative bus through the normally
closed contacts, CSP and CSG, and the tube be-
gins to oscillate and transmlt a carriler signal.

The stopping of the carrier signal 1s
controlled by the tripping contacts, D and Z2,
for phase faults and Do and Io2 for ground
faults. When fault power flows into the pro-
tected 1llne section, the tripping contacts, D
and Z2 close for phase faults and permit the
coll of the auxiliary contactor switch, CSP, to
be energlzed. This causes the back CSP contact
1n the carrier control circults to open, which
stops carrier, and permits the RRT operating
coll of the blocking relay to be energlzed thru
23 start contacts. Similarly, for ground faults
Do and Io2 close to energize the coll of another
auxiliary contactor switch, CSG, whose back con-
tact, CSG, stops carrier and permlits the opera-
ting coll of the blocking relay to be energlzed.

The arrangement of starting and stop-
plng carrier, as explalned above, 1s so designed
that the actlon of the ground relay 1s given
preference over the phase relays. Thils means
that 1f Io3 of the ground relay starts carrier,
1t 1s then 1mpossible for the CSP contact and
the phase relays to stop carrier. The purpose
of thils ground preference 1s to prevent possible
Incorrect 1ndications of the phase relays due
to load currents and the flow of positive and
negative sequence currents during external
ground faults.

The carrier controlled blocking ele-
ment 1s a sensitive polarized d-c. relay pro-
vided with two make contacts, RRP and RRG, and
one break contact, RRB. These contacts anpé
operated by the action of two <colls, one@n
operating coll, RRT, energlzed by the local
battery and controlled as explalned above by @SP
and CSG contacts, and the other a carrier holds
ing coll, RRH, connected in the plate circuldfof
the carrier current receiving tube. Normally,
both colls are de-energlized and the make’ ¢on-
tacts, RRP and RRG, are held open by agnagnetiic
bilas. The relay 1s prevented from @perating
when the carrier holding coll, RRG,ils ener-
glzed even though the operating coil, RRT, 1s
energized. This means that as lohg asfcarrier
1s being recieved eilther from gheg local "oscil-
lator or from the opposite end, RRH 1shenergized
and tripping 1s prevented.

The complete sequence of jevents may be
briefly summarized as follows: 4#Assume an 1n-
ternal phase-to-phase fauld just beyond the zone
of one of the Z1 elementsé Carrier will be
Initiated 1immedlatelyat both” ends of the lilne
by the closure of ome of“Bhe Z3 contacts. Mean-
whille, the directignal jand “Second zone 1impedance
contacts close and engrgize the auxiliary switch,
CSP, stopplng carrier andfenergizing the opera-
ting coil, RRT, of “@hefcarrier blocklng relay.
Since the same action has occurred at the far
end of the 1line, no carrier 1s recelved and the
blocking contact, _RRP, 1s closed at both ends
completing the trip circults through D and Z2.
However, the), trip coll at one end has already
been energikzed) through Z1. If the fault had
been external™wto the section, then tripping
could notgy have occurred since the carrier hold-
ing coily, RRH, would have been energized by
carrier from the far end.

If an internal two-phase-to-ground
fault 1Is’assumed, the ground carrier start con-
tact) Io3, will start carrier by making point G
negative and 1t 1s then impossible for the phase
relays to remove carrier through the CSP con-
taets. However, the ground tripping contacte.
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Simplified d-c Schematic of the Carrier Current
Relayling Scheme

Do @ndwIo2, will close energizing the CSG aux-
Tfliary relay to stop carricr.

It will be noted that carrier current
1s not started at either end unless fault cur-
rent operates a starting element (fault de-
tector?. This 1s significant in case a line be-
comes disconnected from a source of power at one
end; 1n other words, becomes a stub end fecder.
If a fault occurs on such a line, the carrier
transmitter will be started and stopped only at
the end which 1s connected to the source of
power and no carrier will be received from the
other end to interfere with tripping.

On parallel 1lines 1t 1s possible to
have the fault power undergo a quick reversal as
the breakers on the faulted 1line open. Under
this condition carrier transmission 1s maln-
tained at one end until 1t has had time to be
started at the other.

It is desirable to periodically check
the condltlion of the carrier set to determine
1ts abllity to send and receive a carriler signal
For this purpose a test push button 1s connected
in parallel with the carrler start elements.
Pressing the test push button sends a carrier
signal which 1s recelved by the receiver tubes
at both ends of the line section to operate an
alarm relay and energlze a milllammeter. If the
carrier set 1s not functioning, the alarm 1s not
heard and the milliammeter does not deflect 1in-
dicating trouble which must be 1nvestigated. The
alarm relay has a minimum operating value 1n ex-
cess of the minimum required to operate the
blocking relay so that an 1indlcation of 1m-
pending trouble can be obtalned before actual
fallure occurs.

A three pole single throw switch oper-
ated from a common handle 1s connected 1n the
carrier trip and out-of-step circult, as shown
in figure 2, The switch is marked "Carrier On-
off" and opening it rcmoves carrier supervision
and permits the HZ relays to operate in the con-

O
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venntional step-zone mann~r. The switch also re-
roves the HRK or HRP ground relay and ground
protection is available throagh back-up ground
relays. (Shown in figure 3 and 4).

OUT-OF-STEP PROTECTION

It 1s often desirable to prevent the
operation of relays during out-of-step condi-
tions so that the system can be separated at
locations where synchronlzing equipment is
available. The carrier relaying system provides
a means of preventing tripping during out-of-
step conditions without impairing the ability to
trip for internal faults occurring during out-
of-step conditions. One fundamental difference
between a three phase fault and an out-of-step
condition is that a fault suddenly reduces the
voltage and increcases the current, whereas
during the approach of an out-of-step condition
the voltage and current changes are comparative-
ly gradual.

For a three phase fault the distance
elements all operate simultaneously, if they are
to operate at all, while during out-of-step the
Z3% operates first, followed by 72 and then Z1.
As the system returns toward the "in-phase"
position, the elements reset in the opposite
order; that is, Z1, Z2, Z3.

To prevent tripping during out-of-step
it 1s only necessary to arrange for the closure
of the three contaczts and for the receiver relay
back contact, RRB, to operate and additional
blocking relay to open the trip circuit. This
blocking relay must have a slight time-delay so
that it does not open the trip circuit befoné
tripping on a three phase fault can occur. 0n
the other hand, 1t must open the trip edBeuit
during an out-of-step condition before the
second element, Z2 1is operated.

Referring to figure 2 again, the out-
of-step-blocking contact 1is designdtied as) X2,
and is connected 1n the trip circudt @sishown,
In parallel with it are threec contaet§ Ay B, C,
which are the back contacts ong*theVafixiliary
switches A, B, C, operated, byl theSZ3 carrier
starting contacts of the dIstance relays. The
make contacts of these swifches are in series
with the back contact, RRB, 0f) the recelver
blocking relay, and enengilege“the coil, PR, of a
pendulum type time-delay relay, Wwhose lower con-
tacts make and energizey, thep coil of the X2
blozking relay. Every time that all three of
the Z3 carrier start econtac¢ts close, the back
contacts, A, B, C, and,X2jgeben the trip circuit
after a 3 to 4 cycld delay. Back contact X2,
opens by virtuegof all three make contacts, A,B,
and C, closing “Bhroughf” RRB to energize the PR
coll and in téirn, tThe X2 coil.

If, thé eleetrical center 1is inside the
protected 1inef sectfon, and in other cases where
the two voltagelsdlirces appear 180° out of phase
the directional “and impedance elzments at each
end of the 1line w11l be closed. This stops
carrier (preyiously started by the Z3 contact
RRB to open. This energlizes RRT to allow the
contact, RRB to open. This de-energizes the
pendulum, relay, PR, whose spring arm begins now
to osciWlate, alternately closing the bottom and
40Py, contacts, PR. This keeps the X2 coil
encrgized. After the amplitude of vibration of
the, pendulum has decreased to a sertain value,
JE¥WWill not strike either of 1ts contacts and X2
will reset. This action occurs in cycles, and
the time delay introduced by the pendulun relay,
should be longer than the time during which both
directional elements '"point in," which depends
upon the length of the "slip cycle" of the
system. It 1s desirable to clear internal faults
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occuring during an out-of-step condition,“but it
1s not so essential to be able to cleargthemat
high specd. The ground relay trip £ircuit is
not blocked by the out-of-step relay, X2, and
can trip instantly. On phase-to-phasepfdults,
one or two of the Z3 contacts will reset when
the system swings in phase, thus allowing one of
the back contacts, A, B, or C to cemplete the
trip circuit without waiting for the reset of Xz,
On a three-phase fault, however, none of the Z3
contacts will reset, and consequently, tripping
will not occur until after the explration of the
X2 time delay. The reset % X2 is made possible
by the opening of the recedvér relay back con-
tacts, RRB.

It will  Tbegmotedyfrom Fig. 2 that the
back-up tripping throughy D, Z3 and T3 is shown
blocked by the out-©f-step contacts, in which
case, back-up protection on three-phase faults
during out-of-step “@is not possible. It is
arranged, howvever, so” that T3 connection can be
made on thegothe®yside of the out-of-step con-
tacts, and in this case, tripping on out-of-step
cannot be preévented for a period of longer than
the time gettlag of T3.

ADDITIONAL/USES FOR THE CARRIER CHANNEL

A" complete schematic diagram of the
relaysWandpcarrier set 1s shown in figure 3. 1In
add®don, to circuits already discussed, connec-
tiohs are shown which provide for the addition
of TImpulse type telemetering wusing the relay
cakrler channel as the communicating means to
transmit telemetering impulses. Connections are
@lso shown for the addition of a handset or desk
stand telephone to obtain point-to-point com-
munication over the carrier channel.

The telemetering circuits are shown
dotted in the 1lower right portion of figure 3.
The connections are similar at each end of the
line section, except at the telemetering trans-
mitter end, the contact marked "Telemetering
transmitter , TV-1 Relay" is used. The circuits
are arranged so that when telemetering impulses
are being eilther transmitted or received, the
alarm bell both at the local and distant station
is prevented from ringing by a delay circuit.
This circuilt consists of a combination of re-
sistors and a condenser energized thru contacts
on an auxiliary Type TV relay. When telemeter-
ing impulses are being sent or received, the
coill of the TV relay in the receiver plate cir-
cuit is energized on each impulse. This causes
the normally closed contact, TV, to alternately
open and close energizing the circuit thru a re-
sistor marked "10,000 ohms, 125 volts; 20,000
ohms, 250 volts", and a condenser marked "30 mfd.,
125 volts, 16 mfd., 250 Volts." 1In parallel with
this condenser 1s a cilrcuit consisting of a
10,000 ohm resistor and the coll AL of the alarm
element of the receiver relay. The resistors
and capacitors are chosen so that for this par-
ticular case a maximum delay of approximately 2
seconds can be obtailned. This will prevent
operation on the longest telemetering impulse.
If it is desired to signal by means of the push
button, it 1s only necessary to hold the push
button closed for a period long enough to cause
the alarm element to drop out. Energizing
carrier thru the push button maintains the nor-
mally closed contact, TV, open and when the
charge on the condenser 1s used up, the alarm
element will drop out, closing its back contact
marked "alarm" and causing the bell to sound. By
properly proportioning the resistor and capa-
citor a wide range of drop-out times can be ob-
talned for the alarm element.

In figure 3 the circuits for point-to-
point communication are shown both for communi-
cation from the carrier set location and from
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the switchboard panel by use of a monophone.
Connections are also indicated for a desk stand
telephone station, where it 1s desired to locate
the telephone on the operator's desk. When the
telephone 1s plugged 1n at eilther location, the
local carrier alarm circult 1s opened by a con-
tact on the telephone jack. This opens the cir-
cult from negative to the bell alarm and the
connection 1s made thru the terminal marked, BC,
on the carrier transmitter-recelver terminal
board. The functioning of the carrier equipment
for point-to-point communications 1s fully ex-
plained in I.L. 2818-A
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CARRIER CURRENT RELAYING

GENERAL CONSIDERATIONS AND PRINCIPLE OF OPERATION

TYPE GO EQUIPMENT

INTRODUCTION

The high-speed clearing of faults on
transmission 1lines 1s recognized as necessary
for good system operation. The best overall
protection 1s provided by the method known as
differential relaying in which conditions at the
two ends of the line are compared to determine
whether the fault 1s on the line section or ex-
ternal to the protected zone. This assures si-
multaneous tripping of the breakers, which is
desirable from the standpoints of stability,
continuity of service, quick reclosing, and min-
imum damage to equipment. For many lines the
system known as carrier current is the most
practical and reliable medium for comparing the
conditions at the two ends of the line.

Carrier current is a term appliedito
50 to 150 kilocycle frequency current8 supers=
imposed on a transmission line. Here the energy
1s confined almost entirely to the wire (lines
and not radiated into space as 1is common in rad-
io broadcasting (550 to 1500 kc.) This, results
in greater efficiency and makes 1t _gpossible to
transmit greater distances with 1lgss/high fre-
quency energy.

POWER VS. CARRIER FREQUENCIES

A very 1mportant 4differénce between
electric power transmissionfandjcarrier current
transmission 1is the firequency. Although the
fundamental principles “9of %bBeth are the same,
many of the factors Oof“primary lmportance at
carrier frequencies arefnégligible at commercial
power frequencies and wice Versa. For example,
the powver circuits arejeleetrically short, and
therefore, susceptdble to approximate empirical
solution, while thé ca&r¥ier current circuilts are
in most casef§yconeérned with electrically long
circuits. The “pelatdvely greater electrical
length of garrier“current circuits 1is due, not
to their méchandcal length, but to the higher
frequenciesyinvolved. As an example of the wide
differences In, edectrical 1lengths between the
two types of cipeuits, let us consider a typical
220 kilovolt lide of 750,000 circular mil con-
ductors and 19 foot spacing. The wave length of
such a line @t a 60 cycle operating frequency is
about) 3000 miles. This means that the voltage
at theyreceiving end of a full wave length line
1s4360% out of phase with that at the generating
end . But the maximum power that can be trans-
mitted over any given line occurs when the volt-
age at the receiving end 1lags the generator
voltage by about 90 degrees. Beyond the 90 de-
gree point the maximum power decreases, or, in
other words, the 1longer the line, the less pow-
er can be transmitted. This and other factors,

such as the efifect of the line charging current
on the generatorgfield, the effect of short-cir-
cult conditions, on the generators, and other
synchronoug' machines enter 1into the situation
which is termed '"stability". For this particu-
lar linef,“theWline characteristics and the pro-
blems of stabpdlity and power 1limits would re-
strdet transmission to not more than a quarter
wave), Tengthfor a maximum distance of 750 mlles.
For “earrier current frequencies on ithe other
hand, Wno  such 1limitation exists. Considering
the above-mentioned transmission line at a car-
risk, current frequency of 60,000 cycles, a wave
length becomes approximately 3 miles. This
wouldld indicate a maximum transmission distance
of 0.75 miles while actually distances of sever-
al hundred miles are possible.

RELATIVE EFFICIENCIES

Another interesting comparison between
power transmission and carrier current trans-
mission is afforded by discussion of efficiency.
The 1losses 1n any transmission circuit may be
considered to be made up of resistance and leak-
age 1losses, or as they are sometimes defilned,
series and shunt losseg, respectively. The
former are equal to 1I<R and the latter to veG
where R 1s the resistance of the line, V 1s the
voltage and G 1s the leakage conductance. In
most power transmission lines, the leakage loss-
es In the absence of corona are small, hence,
the solution of the problem of efficient trans-
mission 1is to raise the voltage, thus decreasing
the current. In power transmission, this 1is
readily accomplished because most lines are e-
lectrically so short that the 1lmpedance 1s gov-
erned entirely by the step-up and step-down
transformers and the assoclated load a* the re-
celving end. Where the lines are long, the line
characteristics play an 1important part in the
process. In the case of carrier current trans-
mission, the recelving equipment has little ef-
fect on the transmitting end impedance because
the lines are electrically so long that most of
the power 1s absorbed 1in the line. While the
transmission efficiency at carrier frequencies
may be quite easily calculated for uniformly
constructed two-wire 1lines, the complexity of
most transmission circuits 1is such that it 1is
usually more practical to determine this effic-
iency by test. At first thought, it would seem
that the very low efficiencies (in the order of
10%) which are quite common, would be entirely
unsatisfactory. However, it should be remember-
ed that the energy 1losses of carrier current
transmission do not involve large amounts of
power, and, therefore, do not represent an ap-
preciable economic loss.
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ATTENUATION VS FREQUENCY

In carrier current transmission, as in
telephone lines, 1t 1s convenlent to consider
the transmission characteristic of a system in
terms of attenuatlion or the diminution of power
along the transmission line. The ratio between
the voltages, currents, or power at any two
polnts 1s a measure of the attenuation of the
circult between these two polnts. However, it
1s not convenlent 1n practice to express trans-
mission losses or galns 1n terms of these ratios
directly. The 1losses 8o expressed cannot be
added to obtaln the total 1loss, but must be
multiplied. Consequently, this attenuation 1is
expressed 1n declbels, which are ten times the
logarithm to the base 10 of the power ratio, or
20 times the 1logarithm to the base 10 of the
current or voltage ratios. An attenuation of 10
declbels 1s equivalent to a power efficlency of
10%; 20 decibels 1s equivalent to 1%; 30 deci-
bels 1is equivalent to 1/10%, etc.

In very general terms, the attenua-
tion of a two-wire uniform line in declbels 1in-
creases linearly with frequency. However, this
linear relation 1s never exact and 1n some cases
the departure from linearity 1s very large. If,
instead of the simple two-wire line, there are
one or more branch circuits, the ilncrease in at-
tenuation 1s no longer directly proportional to
the frequency in kilocycles. In fact, a change
of 5% 1n the frequency may easily cause an in-
crease or decrease 1n attenuation of as much as
25 decibels in a normal circuilt. If the clrcult
1s changed by switching so that more or less
branches are 1n use, there may be equally great
changes 1in the attenuation. It 1s, therefore,
desirable that the line be studled carefully in
order to determine the most suitable frequency
for transmission.

EFFECT OF BRANCH CIRCUITS

As an example, conslider the networkyof
Flgure 1 and 1ts attenuation characteristic un=
der varlous operating conditions. Curve 1 gdwes
the characteristic of the line AB which 1s /rap=
ped by choke colls, as shown. Curve 2 shows /the
characteristic of the same 1line withgthe (tap
circuit, C, and 1ts associated equipment €on-
nected. The introduction of thi® cikecuit/ not
only increases average attenuation ‘Of thesfline
AB, but also introduces irregularities ‘eaused by
reflection and absorption effects’ Thus, be-~
tween polnts 5000 cycles apart, theredds as much
as 10 db attenuation difference, CGurve 3 shows
the characteristic of the samefline section, AB,
with both tap 1lines, C and D, connected. This
curve not only shows an 1lncrease in the average
attenuation but also reflegtion effects that are
so pronounced as to giveg & 20 db variation in

attenuation over a 500Qycyele lnterval. Fuar-
thermore, there may He nopsImilarity between the
last two conditionsf Thag, 1s, the peaks and

troughs 1in attenugtlonfmay_ not occur at the same
frequencies.

Before contlnilng, 1t 1s desirable to
discuss characteristic or surge 1mpedance.
Characteristic 1mpedance* 1is defined as the in-
put impedance of @n 1infinite length line. It
willl have 4d) finite value due to shunt capacil-
tance and conductance. For finite length lines,
surge lmpedance, 1s the value of terminating im-
pedance which® wi1ll make the input 1impedance
equal ¢to It,, regardless of the 1line 1length.
There 1sgno reflection from the terminating end
when “thHey 2line 1s terminated in i1ts characteris-

*For ammore complete definition and discussion
of ‘echaracteristic 1mpedance see chapter on "The
Infinite Line" 1n Communication Englneering by
BEveritt (See Bibliography.)
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Carrler Current Frequency-Attenuation Curve for
a Typlcal Transmission Lilne

tic impedance, and hence, practically constant
attenuation 1s possible over a 1large range of
frequencies. The characteristic 1mpedance 1s
determined by configuration, 1nsulation, and
other line constants, and 1s 1ndependent of 1line
length.

Returning to the discusslon of reflec-
tion and absorption, consider a line having an
electrical length of 90° or 1/4 wave length for
a particular frequency. If the remote end of
this 1line 18 open, the input impedance 1s ver
low. If the 1ine were 270° (3/4 wave lengthg
long, the 1input impedance would also be low, but
not quite so low as for 1/4 wave length, How
ever, at 180° (2/4 wave length), the impedance
is very high, and at 360° (4/4 wave length), 1t
1s not quite so high.**

**The large difference in 1nput 1mpedance at
the odd and even quarter wave lengths, 1s due to
reflection. A complete discussion of thils phen-
omenon 1s beyond the scope of thils leaflet, and
reference 1s made to a very excellent discussilon
in the chapter on "Reflection" in Communication
Engineering, by Everitt. (See Bibliography).
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As the lengtn 1s increased, it 1s usu-
ally possible to distingulsh between the odd and
even quarter wave lengths, up to about 50 quart-
ers or 4500°. However, the maxima and minima
peaks approach the surge lmpedance and are not
easlly recognizable on long lines. The unilts of
length, (electrical degrees or quarter wave
lengtns) are dependent as much on frequency as
upon mechanical 1length. Based on previous as-
sumptlions, a 15-mlle 1line would be about 20-
quarter wave length at 60 kc. Its input imped-
ance would be slightly higher than the surge im-
pedance of the line, since, as was polnted out
above, even quarter wave-length lines have rela-
tive high input 1mpedance. If the frequency
were changed to 63 ke, the 15-mile line would-
be about 2l1l-quarter wave length, and the input
Impedance would be Dbelow the surge lmpedance
corresponding to an odd quarter wave-length,
line. In other words, the maxima and minima
would be separated by 3 k¢ or one-fourth the
frequency which corresponds to the wave length
of the line. Also, for a 15-mile, 20-quarter,
wave-length 1line, there will be approximately 16
maxima and 16 minima (impedance peaks) in the
carrier frequency band of 50 to 150 kc. These
variations 1n 1mpedance may have considerable
effect on the proper adjustment of the carrier
transmitter. In the case of branch circults,
the impedance milinima wusually represent absorp-
tlon which causes high attenuatlon. Therefore,

they should be carefully consldered for short
lines and branch circuits.

The above dilscussion has consldered
carrler transmission over an open wire trans-

mission line. Carrler transmission over a power
cable 1s much more difficult because of the
character’stic of the cable. The 1nductance 40f
cables 1s small, while 1n comparison the resigt-
ance and capacltance are large. This meamgy, high
losses and attenuation, and gilves a gvalue of
surge impedance which may be as low&s 1/I0 of
that for open lines. Hence, cableg offier con-
siderably greater attenuation to the carrier
frequencles and often make carrier transmission
qulte difficult. Carrier transmission) over
cables should be gilven very speclal attentlon.

THE CARRIER CIRCUIT

The wuse of transmisgiond lines as a
communicating medium for agcamrrlier channel can
be accomplished 1n two different ways. Carrler
frequency may be I1mpreésgsedien circults between
one conductor and ground{or between any two con-
ductors such as betweengphasesyA and B or phases
A and C or phases C and B. g The former 1s termed
phase-to-ground circuit, mwhile the latter, is
termed phase-to-phase, originterphase circuit.

The , Inherént) advantage and 1limita-
tions of each method, off coupling are as follows:

¥. Phasesto-ground transmission 1s
usually 4ess/ expensive since only one set of
couplling units are necessary at each end of the
transmission “chafinel.

2. The attenuatlon to carrier fre-
quency of phase-to-ground circults 1s usually
two or more“times that of phase-to-phase.

3. The interference 1level (ratio of
extraneous voltages to carriler signal voltage)
ds, “much greater with phase-to-ground carrie:

cirecults.

4. With single 1line to ground coupl-
ing, the other two phase conductors together
wilth the earth act as the return path for the

carrler signal. Very approximately, half of the
signal returns 1n the ground path and the other
half 1s divided between the two phase wilres.

-3

The resistance of the phase wilres to the [carrier
frequencles 1s roughly 1 ohm per mile“as com-
pared to average earth reslstance of 20gehms,per
mile. Thus the attenuation in phasé toWground
coupling 1s reduced by the presence of the] other
two phases. When two or three lime “Gtofground
coupling 1s used, 1t 1s evldent that the attenu-
atlon 1s 1ncreased since more “ef the return
current 1s forced to flow 1n the earti’.

The type of transmission employed
with any particular application 1g, determined by
the individual requlrements of that application.
In some cases, couplidg units are already
avallable on all phagse d¢onductors so that interp
phase transmission will be employed even though
the distance may be “Wery short. In general,
relaying and supervisoryy control will usually
emgloy a phase-to-groundycarrier channel because

a the distances f(iInyolved are seldom greater
than 100 miles, “Ub) “Wthe interference level or
interference with slgnals 1s usually not serious
for these applications. For other types of
transmissiong egpeclally communication, the
interphase (€ircuit 1s preferable.

CARRIER FREQUENCIES

The” frequency band avallable for
carrller current use 1s from 50 to 150 kilocycles.
This) fPequency band 1s used because at 1lower
frequencies than 50 kc interference might result
withycarrier frequencles used for telephone com-
minication over telephone llnes, and above 150
kc,dthe attenuation and radiation 1s high. From
this, 1t 1s apparent that for a glven installa-
tlon, the lower part of the frequency band
should be utllized for the longer distances.

RESULTANT CONSIDERATIONS

It 1s apparent from the above dis-
cussion that 1nsofar as the transmlission medium
1s concerned there are important differences be-

tween carrler current transmission and power
transmission. Some of these irregularities in
transmission characteristics could be smoothed

out by transposing and properly terminating the
circuits. This 1s not usually feaslble as the
clrcults must be used as previously 1nstalled.

The transmission line >ffz2rs an excel-
lent cilrcult medium except for two l'mitatlons:

(1) The presence of branch 1lines,
taps, spurs of such a length as to offer inter-
ference from reflection, or absorption of
certaln carrier frequencles, as dilscussed above.
Power factor correctlon capacltor banks may also
offer a serious shunt.

(2) The presence of power trans-
formers 1n the transmission circult which may
completely or partially block the passage of
carrier currents.

The first
overcome by choosing a

limitation can usually be
frequency 1in which the

transmission characteristics are good over the
circult used. An alternate - method 1s to use
resonant choke colls (wave traps) at the tap or

connecting point of the offending circult. These
colls are adjusted to offer a high impedance to
the carrler currents.

Resonant choke colls are used exten-
slvely to 1solate a particular section of the
transmission 1llne from the rest of the power
system. Thls 1s the most satisfactory means of
Insuring at all times a through carrier current
channel. If the resonant choke colls are con-
nected at the ends of the transmisslon line and
Inside the grounding switches, the line may be

taken out of service and grounded wilthout inter-
rupting or interfering with the carrier channel.
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Unless the cholce of frequencies 1s very limil-
ted and the number of taps or spurs large,
choke colls will be only required at the ends
of the transmission system to prevent interfer-
ence from the connected circults or from ground-
ing.

The second 1limitation 1s seldom en-
countered on most transmission systems. However
where 1t 1s desired to operate a carrier channel
through a transformer bank in the transmission
line, by-pass equlpment can be used. Thils by-
pass equipment consists of capacltors and 1n-
ductances which form a tuned circuilt of low im-
pedance path around the transformer bank for the
particular carrier frequency, and a high im-
pedance for the power frequency currents.

Where doubt exists as to the presence
of a sultable carrier channel 1t 1s desirable to
take sufficlent test data so that a curve of
attenuation in terms of frequency may be plotted
as shown in figure 1. This may usually be done
in elther of two ways. The carriler current
transmitter and recelver may be set up for
regular operatlon and adjusted for several fre-
quencles over the range or, i1f more convenlent,
a specilal test osclllator and speclal tube volt-
meter may be used 1nstead of the regular carriler
current equipment. Owing to the fact that line
switching conditions affect this curve very
appreciably, 1t 1s desirable to make several
test runs covering as many normal and abnormal
conditions as can be set up without undue 1inter-
ference to the transmission of electric power.
These curves should be filed with the 1nstruc-
tion book as an ald to maintenance. Ir 1t 1s
subsequently found that the frequency chosen 1s
unsatisfactory, the operator can consult these
curves and declde upon a more sultable fre-
quency for operation.

LINE COUPLING SYSTEM

So far thils discussion has not brought
out the method of introducing the carrier fre=
quency on the transmission lines. If the par-
ticular transmission circuit is a high volitage
system, such as 110 kv for example, 1t 1s)eS-
sential that some means must be used to eemnnect
the carrier equipment to the 1ine without &e-
sorting to a direct electrical conne@tiom, of the
carrier equipment to the phase conductors" For
thls purpose a series . of capacitor(unl¥s and a
draln coll connected from the phase “eenductor to
ground is used. This capacltor §tacky(.0006 to
.004 mfd.) offers and 1mpedance “@f several
million ohms to power frequency cuprent. Thus
the power current thru the capaciter 1s in the
order of 50 milliamperes. A_ smald radlo fre-
quency choke coil (approx .4 100 millihenries)
offering many thousand ohm$ Impedance to the
carrler frequencles 1s‘mounted 1n the base of
the coupling capaclfors and connected between
the capacitor and g#oundy softhat the 50 ma of
60 cycle charging €urrgnt fiows through the coill
to ground. The powergfrequéncy lmpedance of this
coll 1s very small compdred to its carrier fre-
quency impedance so that"lts ungrounded terminal
is at a potential of 1less than 100 volts above
ground with the 60 cycle charging current flow-
ing through it.

The cearrler frequency 1 Impressed
directly aeress) this choke (drain) coll. The
carriler Wioltage 1s applied to the transmission
line conduct®® through (or in serles) with the
capacktors The capacltor has a low impedance to
carrier ‘frequencies so that in effect that
carederyvoltage 1s 1mpressed directly on the
transmisgion conductors wilthout resorting to a
highjvoltage connection. To further improve
thisycoupling, the reactance of the capaclitor 1is
sekles tuned by the reactance of a tuning cir-

-

cult in the carrier current transmitter. In
thls way, the carrlier equlipment 1s connected
directly to the transmission line in a fashilon
which permits a 1low voltage connection but 1im-
presses the carrier voltage directly between
phase conductor and ground. For phase-to-phase
transmission, this same connection 1s uged on
each phase conductor so that the carrier voltage
appears 1/2 between each phase and ground .

TRANSMITTER-RECEIVER EQUIPMENT

The transmitter-recelver equipment 1s
quite similar 1n construction t6G¥space radio
communicatlion equipment, using manyfof the, com-
ponents originally desligned“for®space radio
equipment. The arrangement offjthé¥circults 1is
very similar to those used lnmspace, radio equip-
ment except that wusually the/edrculits used for
space radlo are complicated by speclal require-
ments which have no signifileance in the case
carrier current equipment.

CARRIER CURRENT SCHEME-- "PRINCIPLE OF OPERATION

As explalned above, an outdoor-mounted
radlo transmitter-receédver 1s used at each of
the line for genérating’the high frequency and
operating an auxdliary or recelver relay 1n
response to{ the recedved signal. Figure 3 and 4
shows schematically the connections of these
transmitter-recelvers to the transmission line
and to the“auxllliary relays. Each line section
1s considered a8 a unit and should be assigned a
separate frequency to minimize the possibtility
of inteérfeérence.

All clrcults assoclated with the
setlon “are tuned to respond to the assligned
frequeney so that eilther recelver may receive a
signal//from 1ts own transmitter or from the
transmitter at the opposite end of the section.
The correct functioning of the carrier current
1s not affected by 1internal transmission line
faults because 1t 1s used to block tripping in
unfaulted line sections and therefore 1s not re-

quired to transmit a signal over a faulted sec-
tion.

This system of protectlon uses relays
operating on current and voltage at each end of
the line to detect and determine the direction
of faults. Carrier current 1s started by fault
detectors when a fault occurs. Fault povwer
flowing out of a line section indicates that the
fault 1s external and the breakers should not be
tripped. At the same 1instant, however, power
will be flowlng 1nto the other end of the line
as though the fault were 1n the sectilon. Under
this condition, the directional relays at the
end where power 1s flowlng out of the section
will operate to continue the transmission of a
carrier current signal which 1s received at both
ends and prevents the relays at both ends from
tripping for all external faults. For internal
faults power will not be flowlng out at either
end and carrier current will be stopped by
operation of the directional elements at both

ends to permit simultaneous tripping of both
breakers.

The carrier current scheme utilizes
the time-distance characteristic of the type HZ
impedance relay to provide high speed simul-
taneous tripping with carrier 1n service, and
step type distance protection with carrier
elther 1in or out of service. The first element
of the HZ relay operates 1independently of the
carrier current. The second element trips at
high speed for faults 1n the section because
carrier tripping contacts short around the syn-
chronous timer. These tripping contacts close
immediately if the fault 1s within the section,
but are held open by the carrier current signals
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to block tripping if the fault 1s beyond the
section belng protected. This arrangement thus
provides simultaneous tripping over the entire
line section. The synchronous timer 1s used 1n
connection with the second 1mpedance element to
provide back-up protection for the second zone
section. The tripping circuilt of the third
element 18 1ndependent of carrier current and
operates with time delay for overall back-up
protection. The directional element, supervised
by the second 1mpedance element, together with
the third impedance element, control the trans-
mission of carrier current. Additional inter-
locks can be 1ncluded to prevent tripping of an

of the elements (carrier or back-up protection

due to out-of-synchronism surges. Thus, besildes
the usual carriler current pllot protection, this
system inherently provides high speed and time
delay back-up protection.

COMPONENTS OF COMPLETE EQUIPMENT

An outline of the equipment used at
each terminal of a transmission line 1s given 1n
the followlng 1list of component parts.

1. A set of relays, operating on the
current and voltage of the line, to detect and
determine the direction of faults, to trip the
breaker 1f the fault falls within the zone of
protection, to control the transmission of
carriler current for external faults, and to pre-
vent tripplng due to out-of-synchronism condil-
tions.

2. A d-c. carrier current transmitter-

recelver set, the transmitter controlled by the
fault detecting and directional relays, and the
recelver to operate a recelver relay included
with the relay equipment under 1.

3. A high voltage coupling capacltor
for introducing the high frequency currkent onto
the transmission line. This may be supplied
with a potentlial device for measuringjline=to-
ground potential or 3 sets can be u8ed for
measuring 3 phase llne potentlal.

4. Surge protective equipment /to pro-
tect the carrier current sets and persomnel from
line surges. This 1s 1ncluded as part of the
transmitter-recelver and couplingiecapacitor.

5. A wave trap (@esonant choke coil)
to conflne the carrier{eurrent energy to the
line sectlon for more effielent)transmission of
carrier and minimize laterference between sec-
tions.

OPERATION OF SCHEME

In the d-¢. simplified schematlic dia-
gram (figure 2) the grodnd relay and the type HZ
Impedance relays “are operated by current and
voltage usdng gthe “msual connections for these
relays. For simpliedity, the current and voltage
clrcults are“not  Shown. The three 1mpedance
elements of ‘thel type HZ relays are set in the
usual manner for"  step-type distance relaying.
The first element Z1, is set for 90% of the line
section andgoperates 1ndependently of carrier.
The second element, Z2, 1s set for about 150% of
the line sectlion and so covers the entire line,
butinds ‘particularly associated with that portion
which 1Ts)beyond the setting of the first element
that 4s, the last 10% of the line (end zone) ad-
jacent” to the next sectionalizing point. In
this zone 1t 1s not possible to determine by
d¥stance 1indication whether the fault 18 just
within or just beyond the end of the section.
For distance relaylng, wlthout carrler, a time
delay contact, T2, 1s wused 1n series with the
contact of the second zone impedance element to
allow time for the breaker 1n the next sectilon
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to clear. When used 1in carrler relaying, thils
T2 contact 1s paralleled by a contact, RRP, con-
trolled by carrier, as explalned below. The
third element, 23, 1s glven a distance setting
to provide complete back-up protection through
contact T3, and to start carrier transmission.
The synchronous timer motor 1s started by Z3
operates T2 and T3 in sequence.

The HRK or HRP ground relay has a
directional element and two instantaneous over-
current elements. The operatlion of these ele-
ments 1s explalned below.

The upper part of filgure 2 comprises
the trip circuits and the lower part, the
carrier control cilrcuilts. The distance type
trip paths are: First zone - D and Z1l; Second
zone - D, 22 and T2; Third zone - D, Z3 and T3.
The carrier controlled tripping path 1s through
D, Z2 and RRP contacts. For ground protection a
carrier controlled trip circuit 1s set up
through the contacts Do and Io2 of the ground
relay and the carrier controlled contact, RRG.
The contact Io3 1s used to start carrier. The
contacts, RRP and RRG, are on the blocking re-
lay controlled by the carrier signal operating
RRH and RRT coils.

The contacts Z3 (A, B, & C phases) in
the lower part of the flgure serve to start the
transmission of the carrier signal for phase
faults and contact Io3 performs the same func-
tion for the ground faults. These carrier start
contacts, 23, are on the same fault detector
elements as the tripping contacts, 23, 1n the
upper part of the dlagram. The ground start
contact, Io3, 1s operated by an over-current
element separate from that which operates the

tripping contact.

Normally, with the phase and ground
carrler start contacts open, the cathode of the
oscillator tube 1s connected through a resistor
to the positive side of the battery. Under this

-5 -
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CARRIER CURRENT RELAYING

condition the tube cannot oscillate. However,
upon closure of any of the 23 contacts or the
ground start contact Io3, the cathode is con-
nected to the negative bus through the normally
closed contacts, CSP and CSG, and the tube be-
gins to osclllate and transmit a carrier signal.

The stopplng of the carrier signal 1is
controlled by the tripplng contacts, I and Z2,
for phase faults and Do and Io2 for ground
faults. When fault power flows into the pro-
tected 1line section, the tripping contacts, D
and Z2 close for phase faults and permit the
coll of the auxiliary contactor switch, CSP, to
be energized. Thils causes the back CSP contact
in the carrier control circults to open, which
stops carrier, and permits the RRT operating
coll of the blocking relay to be energized thru
23 start contacts. Similarly, for ground faults
Do and Io2 close to energlze the coll of another
auxiliary contactor switch, CSG, whose back con-
tact, CSG, stops carrier and permits the opera-
ting coll of the blocking relay to be energized.

The arrangement of starting and stop-
ping carrier, as explalned above, 1s so designed
that the action of the ground relay 1s given
preference over the phase relays. This means
that 1f Io3 of the ground relay starts carrier,
1t is then 1mpossible for the CSP contact and
the phase relays to stop carrier. The purpose
of this ground preference 1s to prevent possible
Incorrect 1ndications of the phase relays due
to load currents and the flow of positive and
negatlve sequence currents during external
ground faults.

The carrler controlled blocking ele-
ment 18 a sensltive polarized d-c. relay pro-
vided with two make contacts, RRP and RRG, and
one break contact, RRB. These contacts are
operated by the action of two colls, one an
operating coll, RRT, energized by the locafl
battery and controlled as explalned above by LCSP
and CSG contacts, and the other a carrier hold-
ing coil, RRH, connected 1in the plate circult oft
the carrier current receiving tube. Norma iy,
both colls are de-energized and the make [con-
tacts, RRP and RRG, are held open by a magnetic
bilas. The relay 1s prevented from opérating
when the carrler holding coil, RRG, ds erer-
gized even though the operating coil, RRT,/ is
energized. This means that as long,as, ca¥rier
1s being recieved elther from the local “Qescill-
lator or from the opposite end, RRH 18, energized
and tripping 1s prevented.

The complete sequencef of events may be
briefly summarized as follows: Assume an 1in-
ternal phase-to-phase fault justibeyond the zone
of one of the Z1 elementg. Carrier willl be
Initiated 1mmediately , at (both ends of the line
by the closure of one offthe  Z34contacts. Mean-
while, the directiongl andfsecond zone 1lmpedance
contacts close and gnergize €the auxiliary switch,
CSP, stopping carrder and energlzing the opera-
ting coil, RRT, offgthe carrier blocking relay.
Since the same actlon dias occurred at the far
end of the 1line, no carrler 1s recelved and the
blocking contact, RRP, 1s closed at both ends
completing the trlp, clrcuits through D and Z2.
However, the, trip “coll at one end has already
been energized), through Z1. If the fault had
been external “to the sectlon, then tripping
could not haveyoccurred since the carrier hold-
ing collfMnRRH, would have been energlzed by
carrier from€the far end.

If an internal two-phase-to-ground
faulltyis)assumed, the ground carrler start con-
tact, Io%,> will start carrier by making point G
negatilve and 1t is then 1mpossible for the phase
relays) to remove carrier through the CSP con-
taets. However, the ground trippling contactrs.
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Fig. 2 (Repeated)
Simpldfie@, d-c Schematic of the Carrier Current
Relaying Scheme

Dof'and@, Io2, wi1ll close energlzing the CSG aux-
1llary \relay to stop carrier.

It will be noted that carrier current
1s not started at either end unless fault cur-
rent operates a starting element (fault de-
tector?. This is significant in case a line be-
comes disconnected from a source of power at one
end; 1n other words, becomes a stub end feeder.
If a fault occurs on such a line, the carrier
transmitter will be started and stopped only at
the end which 18 connected to the source of
power and no carrier will be received from the
other end to interfere with tripping.

On parallel 1lines it 1s possible to
have the fault power undergo a quick reversal as
the breakers on the faulted line open. Under
this condition carrier transmission 1s main-
tained at one end untll 1t has had time to be
started at the other.

It is desirable to periodically check
the condition of the carrier set to determlne
1ts ability to send and recelve a carrier signal
For this purpose a test push button 1s connected
in parallel with the carriler start elements.
Pressing the test push button sends a carrier
signal which 1s recelved by the recelver tubes
at both ends of the line sectlion to operate an
alarm relay and energize a milllammeter. If the
carrier set 1s not functioning, the alarm 1is not
heard and the milliammeter does not deflect in-
dicating trouble which must be 1nvestigated. The
alarm relay has a minimum operating value 1n ex-
cess of the minimum requilred to operate the
blocking relay so that an indication of 1im-
pendlng trouble can be obtalned before actual
fallure occurs.

A three pole single throw switch oper-
ated from a common handle 1s connected in the
carrier trip and out-of-step circult, as show
in figure 2, The switch 1s marked "Carrier On-
Off" and opening 1t removes carrier supervision
and permits the HZ relays to operate in the con-
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ventional step-zone mann=r. The switch also re-
moves the HRK or HRP ground relay and ground
protection 1s available through back-up ground
relays. (Shown in figure 3 and 4).

OUT-OF-STEP PROTECTION

desirable to prevent the

during out-of-step condil-
tions so that the system can be separated at
locations where synchronlzing equipment is
avallable. The carrier relaying system provides
a means of preveiting tripping during out-of-
step conditions without impairing the ability to
trip for internal faults occurring during out-
of -step conditions. One fundamental difference
between a three phase fault and an out-of-step
condition is that a fault suddenly reduces the
voltage} and 1increases the current, whereas
during the approach of an out-of-step condition
the voltage and current changes are comparative-
ly gradual.

It is often
operation of relays

For a three phase: fault the distance
elements all operate simultaneously, 1if they are
to operate at all, while during out-of-step the

23 operates first, followed by Z2 and then Z1.
As the system returns toward the "in-phase"
position, the elements reset in the opposite

order; that 1is, Z1, 22, Z3.

To prevent tripping during out-of-step
it 1s only necessary to arrange for the closure
of the three contacts and for the receiver relay
back contact, RRB, to operate and additional
blocking relay to open the trip circuit. This
blocking relay must have a slight time-delay so
that 1t does not open the trip circuilt before
tripping on a three phase fault can occur. 0On
the other hand, 1t must open the trip circuilt
during an out-of-step condition before the
second element, Z2 1s operated.

Referring to figure 2 agalny, theyout-
of -step-blocking contact 1s designateg, as9Xz,
and 1s connected 1in the trip circudfjas“shown,
In parallel with it are threes cont@cts“a, B, C,
which are the ©back contacts on the auxiliary
switches A, B, C, operated byg®he Z3 carrier
starting contacts of the distdnce relays. The
make contacts of these switches ape 1n series
with the back contact, RRByh 0f¥the recelver
blocking relay, and energize thejcoil, PR, of a
pendulum type time-delay)relay, whose lower con-
tacts make and energlize, they coll of the X2
blocking relay. Every _ time,that all three of
the Z3 carrier start geontacts close, the back
contacts, A, B, C, and{X2, aopen the trip circuilt
after a 3 to 4 cycle delag. Back contact X2,
opens by virtue of @11 three make contacts, A,B,
and C, closing throagh RRB to energize the PR
coil and in turn, the X2 coil.

If theyeleetrical center is inside the
protected dinedsection, and in other cases where
the two voltage sodrces appear 180° out of phase
the directional 4and impedance elements at each

end of the 1line?v will be closed. This stops
carrier (previously started by the %23 contact
RRB to open. This energizes RRT to allow the

contact RRB 4o open. This de-energizes the
pendulum relay, PR, whose spring arm begins now
to soscillate, alternately closing the bottom and
top, ‘eentacts, PR. This keeps the X2 coil
energized. After the amplitude of vibration of
the Pendulum has decreased to a certain value,
i, will not strike either of its contacts and X2
will reset. This action occurs in cycles, and
the time delay introduced by the pendulum relay,
should be longer than the time during which both
directional elements "point in," which depends
upon the 1length of the "s1ip cycle" of the
system. It 1s desirable to clear internal fault

S
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occuring during an out-of-step condition,| butQit
i1s not so essential to be able to clear them at
high speci. The ground relay trip_edmcuis is
not blocked by the out-of-step relgy, X&, and
can trip instantly. On prase-to-phase faults,
one or two of the Z3 contacts wi#ll reset when
the system swings in phase, thus allowdng one of
the back contacts, A, B, or C ta)complete the
trip circuit without waiting for themreset of Xe,
On a three-phase fault, however, none of the Z3
contacts will reset, and consequently, tripping
will not occur until after the expiration of the
X2 time delay. The reset of X2 1is made possible
by the opening of the pécelver relay back con-
tacts, RRB.

be noged“from Fig. 2 that the
back-up tripping thaPéugh“®D, Z3 and T3 is shown
blockzd by the dqutAofsstep contacts, in which
case, back-up protection on three-phase faults
during out-of-step Wsf not possible. It is
arranged, however,WUso that T3 connection can be
made on the ofher 8ide of the out-of-step con-
tacts, and immthisw€ase, tripping on out-of-step
cannot be prevenmted for a period of longer than
the time séfiting of T3.

It will

ADDITIONAL/ USES" FOR THE CARRIER CHANNEL

A complete schematic diagram of the
relays @nd carrier set is shown in figure 3. 1In
additfon“Pto circuits already discussed, connec-
tlons, are shown which provide for the addition
ofy, impulse type telemetering using the relay
carrdler channel as the communicating means to
tkansmit telemetering impulses. Connections are
also shown for the addition of a handset or desk
stand telephone to obtain point-to-point com-
munication over the carrier channel.

The telemetering circuits are shown
dotted in the 1lower right portion of figure 3.
The connections are similar at each end of the
line section, except at the telemetering trans-

mitter end, the contact marked "Telemetering
The circuits

transmitter , TV-1 Relay" is used.
are arranged so that when telemetering impulses
are being eilther transmitted or received, the

alarm bell both at the local and distant station
is prevented from ringing by a delay circuit.
This circuit consists of a combination of re-
sistors and a condenser energized thru contacts
ont an auxiliary Type TV relay. When telemeter-
ing impulses are being sent or received, the
coll of the TV relay in the receiver plate cir-
cult is energized on each impulse. This causes
the normally closed contact, TV, to alternately
open and close energizing the circuit thru a re-
sistor marked "10,000 ohms, 125 volts; 20,000
ohms, 250 volts", and a condenser marked "30 mfd.,
125 volts, 16 mfd.,, 250 Volts." 1In parallel with
this condenser 1s a circuit consisting of a
10,000 ohm resistor and the coil AL of the alarm
element of the receiver relay. The resistors
and capacitors are chosen so that for this par-
ticular case a maximum delay of approximately 2
seconds can be obtailned. This will prevent
operation on the longest telemetering impulse.
If it is desired to signal by means of the push
button, 1t 1s only necessary to hold the push
button closed for a period long enough to cause
the alarm element to drop out. Energizing
carrier thru the push button maintains the nor-

mally closed contact, TV, open and when the
charge on the condenser 1is used up, the alarm
element will drop out, closing its back contact

marked "alarm" and causing the bell to sound. By
properly proportioning the resistor and capa-
citor a wide range of drop-out times can be ob-
tained for the alarm element.

In figure 3 the circuits for point-to-
point communication are shown both for communi-
cation from the carrier set location and from
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the switchboard panel by use of a monophone.
Connections are also indicated for a desk stand
telephone station, where it 1is desired to locate
the telephone on the operator's desk. When the
telephone 1s plugged 1in at either location, the
local carrier alarm circuit is opened by a con-
tact on the telephone jack. This opens the cir-
cuilt from negative to the bell alarm and the
connection is made thru the terminal marked, BC,
on the carrier transmitter-receiver terminal
board. The functioning of the carrier equipment
for point-to-point communications 1is fully ex-
plained in I.L. 2818-A

BIBLIOGRAPHY

1. Communication Engineering, W.L. Everitt,
McGraw Hill Book Co., Inc., 2nd Ed., 1937.

2. Electrical Engineer's Handbook, Harold
Pender and K. McIlwain, Vol. 5 Electric Communi-
cation and Electronics, John Wiley & Sons, Inc.,
3rd Ed., 1936.

3. Communication Networks, A.E. Guillemin,
John Wiley & Sons.

4, A New High Speed Distance Type Carrier
Pilot Relay System, E.L. Harder, B.E. Lenehan &
S.Lé Goldsborough, Electrical Eng., January,
1938.

5. Radio Engineering, F.E. Terman, McGraw
Hill Book Co., Inc., 2nd Ed., 1937.

- 10 -

»,



N

N

NEGATIVE

-+ + =
T RELAY PANEu\ POSITIVE
GQROUND BACK-UP RELAY
LINE CHOKE c,o'};_
ANDWAVE TRAP.
Do o
i | { b= /
5 m—@—‘
GROUND DIRECTIONAL RELAY
- SREAKER
© “ AUXILIARY
{ I:—-I —_ CARRIER AUY. RELAY ] SwiTeH
I
] I J__
: | ‘I B
sTarT Lo ) ! , L IR TRIP CoiL
4 B ~- =
| | ~ a B cRRB
: | t 1 . PR T HA, _-COUPLING CAPACITOR
, )
St - - ~—"'——i—1*-———— —r"""g‘ﬁ T2 - gl I
b ' TPl R
2 1 | 3¢ op-- I
R o :
y b
L3 -4
Z» T3 _J ' ! m: L p 1 I
1 arex | | _x2 I
hyd =3 T A g
— D | i SWiITCH| ++F4 I
Au m i | 4 P er 1.
RELAY | ‘ b t-ﬂg"l
| wRefl 45 I
I Lo
I
2z | CAPACITOR -3
» O P! & POTENTIAL DEVICE |
- et N CONNECTION -t
4 ™ cse] <58 PROTECTIVE \1\J
v ]| Ay GAP No. | 1
— i cs.ﬁ_ —l . T {
2z S —
- & } GO CyCLE GROUNDING SWITCH
® BY PASS
PHASE vl
a | OPERATING n
RELAY | T =
|
LONG Py \
pAl ! CARRIER i
— —/ s
-
Sl | I! re TRANSMITTER | _?_5, ) TOCARRIER, SET
uf } ; BLAR™M COiL MOUNTEDON FRONT = TERMINAL "LINE
A J 1 OF STEEL FRAME
oo i + WORK WHICH
3 —_——— SUPPORTS
. COoOUPL\NG GAP NO.2
PHASE 3 CAPACITOR. C:g-“’c‘::ama)
c ]
RELAY Ll 1/
—_— 11-I v 0 o
Tl ‘
V,gy >
TEST PUSH BUTTON //////
| cowowre //////,/// // M
PR SWBD. A
ué! CARRIER SET
TERMINAL BOARD
CONNECTIONS
T '?'?'3*'?"}‘ ‘:qu{anaeq FoR (28 Vours D.C.

NOTE:DOTTED CONNECTIONS FOR OUT OF STEP PROTECTION.

Fig. 4

-

General Schematic Connections of the Carrier Equipment (The a-c

Relay Connections Not Shown)

ONTAVIIY LNIYYND ¥31Y¥VD



ng Company

Westinghouse Electric & Manufacturi
Meter Division, Newark, N. J.




e

Westinghouse |

POWER LINE CARRIER ,{a S

I.L. 41-600D

GENERAL DISCUSSION

e

INTRODUCTION

. Power Line Carrier 1s a term applied
to 20 to 300 kilocycle frequency energy super-
imposed on power transmission circuits. Here
the energy 1is confined almost entirely to the

wire lines and not radiated into space as 1s
common in radio broadcasting (550 to 1500 kc.)
This results in greater efficlency and makes 1t
possible to transmit greater distance with less
high frequency energy.

The carrier channel 1s an
reliable one over which intelligence for relay-
ing, remote tripping, telemetering, 1load con-
trol, voice communication, and supervisory cong
trol can be transmitted between various points
on the power system. In many applications, com=
binations of these functions wutilize the Same
carrier channel. Several functions cangbe e€ar-
ried on simultaneously over a single carrier
channel by using audio frequency tones modulated
on the carrier wave. '

extremely

A comparison of carrier “amd “power
transmission and application principles “of car-
rier are discussed briefly in the following par-
agraphs.

POWER VS. CARRIER FREQUENCIES -

An important difference™between elec-
tric power and carrler transmission 1s the fre-
quency. Although the fundamental principles of
both are the same, many,of the, factors of prima-
ry lmportance at carrier“frequencies are negli-
gible at power frequencles, and vice versa. . For
example, the power circults are electrically
short, and therefore, “susceptible to approximate
empirical solution’, while the carrier circuilts
are concerned withdelectrically long circuits,
in most casesw. The pelatively greater electri-
cal length ©Of caprier circuits results from the
higher freQuenciesjinvolved and not because of
thelr meghanig€al length.

As“anf{example of the wide difference
in electrical lengths between the two types - of
circuits, consider a typical 220 kilovolt 1ine
of 750,000 ,circular mil conductors and 19 foot
spacing. The wave length of such a line at 60
cycles is about 3100 miles. This means that the
voltage at the recelving end of a full wave
length)line 1s 360° out of phase with that at
the\generating end. But the maximum power that
can be transmitted over any given 1line occurs
when the voltage at the receiving end 1lags the
generator voltage by about 90 degrees. Beyond
the 90 degree point the maximum power decreases.
In other words, the longer the line, the less
power transmitted. For this particular 1line,
the theoretical power 1limits would restrict
transmission to not more -than a quarter wave
length or & maximum distance of 770 miles. Con-

1

sidering the above=mentioned transmission 1line
at a carrier frequency of 60,000 cycles,
the wave length“becomes approximately 3.1 miles.
This would Indlicate a maxinmum transmission
distance 6f 0.775 mile for maximum power but

with carrier) actually distances of several
hundred miles“are possible.
RELAT IVE EFFICIENCIES

Another 1mportant difference between

power\transmission and carrier transmission is
the relative efficilencies. The losses 1in any
transmission circult may be considered to be
made up of resistance and leakage losses, or as
they are sometimes defined, series and shunt
lgsses, respectively. ghe former are equal to
IR and the latter to VG where R 1s the resis-
tance of the 1line, V 1s the voltage and G 1s the
leakage conductance. In most power transmission

lines, the leakage 1losses 1in the absence of
corona are small, hence, the solution of the
problem of efflclent transmission 1s to raise

the voltage, thus decreasing the current. This
1s readily accomplished since most 1lines 6 are
electrically so short that the 1mpedance 1is
governed entirely by the step-up and step-down

transformers and the assocliated 1load at the
receiving end.
In the case of carrier transmission,

the receiving equipment has 1little effect on the
transmitting end impedance because the lines are
electrically so long that most of the power 1is
absorbed 1n the line. While the transmission
efficlency at carrier frequencies may be gquite
easily calculated for uniformly constructed two-
wire lines, the complexity of most transmission
circuits 1s such that 1t 1s more practical to
determine this efficliency by test. At first
thought, 1t would seem that the very 1low ef-
ficiencles (in the order of 1%) which are quite

common, would be entirely unsatisfactory. How-
ever, 1t should be remembered that the energy
losses of carrler transmission do not 1involve
large amounts of power, and, therefore, do not
represent an apprecliable economic loss.
ATTENUATION VS. FREQUENCY

In carrier transmission 1t 1is conve-
nient to consider the transmission characteris-

tic of a system 1n terms of attenuation or the
diminuation of power along the transmission line
The ratio between the voltages, currents, or
power at any two points 1s a measure of the at-
tenuation of the circuilt between these two
polints. However, it 1s not convenient in prac-
tice to express transmission losses or gains in
terms of these ratios directly. The losses so
expressed cannot be added to obtaln the total
loss, but must be multiplied. Consequently

this attenuation 1s expressed in decibels (dbj

, which can be added directly and are defined as
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follows:

db

Power Input
Power tput
Voltage Input.-
Voltage Output

10 Logjo

db = 20 LOglO

Current Input

db = 20 Logjg Current Output

or current
are shown

Various power and voltage
ratios and the corresponding decibels
in the followlng table:

TABLE I
Power Voltage or Decibels %
Rati1o Current Ratlo (db) Efficlency
1.26 1.12 1.0 79.5
1.58 1.26 2.0 63.4
2.0 1.41 3.0 50.0
2.51 1.58 4.0 39.8
3.16 1.78 5.0 31.6
4 .00 2.00 6.0 25.1
5.01 2.24 7.0 20.0
6.31 2.51 8.0 15.8
7.94 2.82 9.0 12.6
10.0 3.16 10.0 10.0
15.85 3.98 12.0 6.3
25.12 5.01 4.0 3.98
39.81 6.31 16.0 2.51
50.12 7.08 17.0 1.99
63.10 7.94 18.0 1.58
79.4 8.91 19.0 1.26
100.0 10. 20.0 1.0
1000.0 31.6 30.0 0.1
10° 316.2 50.0 0.001
10¢ 10,000.0 . 80.0 0.000001
10" 100,000.0 100.0 0.0000001

Standard commercial power. line carrier
equipment works .thru 30 to 80 db attenuation,.
Thus 1t 1s obvious that the most practical way
to consider carrier 1s 1n terms of decibels and
not 1n terms of power ratios or effilclency./f If
a transmission circult offers 15 to 20 db atten-
uation to the desired carrier frequency, and the
desired signals are 10 db or more stronger than
the unwanted signals, then a carrlen, set which
will operate thru 30 db attenuationdyisfample
even though its rated powe® output gppears low.

CARRIER TRANSMISSION: 1In Overhead Lines

The attenuation of aftwo-wIre uniform
line 1in decibles 1ncreases with frequency. This
increase 1s approximately 1linearw 4for untapped
uniform lines but 1n some gases_, the departure
from linearity 1s very,larged If, instead of
a simple two-wire 1line,, therefare one or more
branch circults, thefincrease 1n attenuation 1is

no longer directly propoptional to the frequency.

In fact, a changedof 5% 1n, the frequency may
easlly cause an 1lncregse or decrease in attenua-
tion of as much as 25 ‘decdbels 1n some circuilts.
If the circuit 1s changed by switching so that
more or less branches are 1n use, there may be
equally great changes in the attenuation.
Therefore, 1t 1s deSldrable that the 1lilne be
studled carefully in order to determine the most
sultable freguency for transmission.

To ‘determine 1f a suitable carrier
channel 1s avatlable, test data should be taken
to plot an)attenuation-frequency curve of the

circuit, Such a curve for a typical line under
various “eonditions 1s shown 1in Figure 1. The
chapacteristics of line AB alone with line traps
at_each end 1s shown 1n Curve 1. The character-
1stPes) of the same line with tap circult C and
1ts) assoclated equipment 1s given 1in Curve 2.
Thexintroduction . of this circult not only 1n-

M e i 2
H

40 y
\
1
35 \ A
ARETIRTIEIY
11 NA
| |
n 30 o 1 f 1 L
m
a \
8 \ \
a2 \ Y
| |
Z
o \
% 20 v
% =\ I -3
2
Ll
= N\ /
< (15
1
[o] 7 -
o
/
Vil
5 —4
o .
60 70 80 90 100 1o 120
FREQUENCY—=KILOCYCLES
Figure 1 :
Carrier Frequency - Attenuation Curve for a

Typlcal Transmission Line.

creases average attenuation of the line AB, but
also 1introduces irregularitles caused by reflec-
tion and absorption effects. Thus, between
points 5000 cycles apart, there 1s as much as 10
db attenuation difference.

The characteristic of the same 1lilne
section AB with both tap lines C and D 1s shown
in Curve 3. This curve not only shows an in-

crease 1n the average attenuation but also re-
flection effects that are so prcnounced as to
give a 20 db variation 1n attenuation over a
5000 cycle 1interval. Furthermore, there may be
no similarity between the last two conditions.
That 1s, the peaks and troughs 1n attenuation
may not occur at the same frequencies. This
frequency attenuation curve may be obtalned by

using the carrier transmlitter - recelver set -up
for regular operatlon, or a test oscillator and
vacuum tube voltmeter may be used. The tests

should 1include as many normal and abnormal con-

ditlons as can be set up.
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TABLE II
1
Line Approxlimate Attenuatlon db per Mile
Voltage Phase to Phase Coupling +Phase to Ground Coupling

kv 20ke 50ke 100ke 150ke 300ke 20ke 50ke 100ke 150ke 300kc
230 .03 .05 .075 .107 .20 .0%0 .062 . 004 .13 .25
138 L0411 . 065 .09 .12 .215 .051 .081 .113 .15 .27
115 .05 .075 .102 .135 .27 .062 . 094 .130 .16 .34
69 .055 .08 .11 .145 .29 . 069 .100 .137 .18 *.36
34 .5 .073 .10 .13 .18 .38 . 0G4 .125 .160 .22 A7
13.8 .12 .15 .18 .215 .45 .150 .190 .220 .27 .56

+Phase to ground losses vary wlth length of circuit,

presence of other conductors 1n the viclnity.

1.25 times the phase to phase values.

It 1s desirable to dilscuss character-
1stic or surge 1mpedance.
pedance* 1s deflned as the 1lnput 1mpedance of an
infinite length 1lilne. It will have a finite
value due to shunt capacltance and conductance.
For finlte length lines, surge lmpedance 1s the
value of terminating impedance which wi1ll make
the 1nput 1mpedance equal to 1t, regardless of
the line length. There 1s no reflection from
the terminating end when the 1iné 1s terminated
1n 1ts characteristic 1mpedance. The charac-
teristic impedance 1s determined by configura-
tlon, 1nsulation, and other line constants, and
1s 1ndependent of 1line 1length.

Returning to the discusslon of reflec-
tion and absorptilon, consider a llne having an
electrical length of 90° of 1/4 wave length for
a partlicular frequency. If the remote end of
this 1line 1s open, the input Impedance 1s lower
than the surge impedance.  If the line were 270%

(3/4% wave length) 1long, the 1input 1impedancé
would also be low, but not qulte so lowf“a@s for
1/4 wave length. However, at 180° (2/4 | wave

length), the impedance 1s higher thadthedsurge
impedance, and at 360° (4/4 wave lemgth)§ 1t 1s
not quite so high.**

As the 1length 1s 1ncreased, Blt 1s
usually possible to distingulish bgtween the odd
and even quarter wave lengths, upite about 50
quarters or 4500°. However, gthe maximum and
minimum peaks approach the surge Impedance and
onjlong lines. - The
units of length, (electricaljdegrees or quarter
wave lengths) are dependent{ as “much on frequency
as upon mechanical lengtht Based on previous
assumptions, a 15.5 mile 7ITine would be 20-
quarter wave length at 60%kc. Its input 1mpe-
dance would be higher #than “the surge 1mpedance
of the llne, slnce, @&s wds polnted out above,
even quarter- wave-length 4ines have relative
high input impedancew If the frequency were
changed to 63 kc. the@®l5.5-mile 1llne would be
2l-querter waVe, lengths, and the input impedance
would be bellow the sUPge lmpedance corresponding
to an odd guarter wave-length 1line. In other
words, thé maximum and minimum would be 'sepa-
rated by 3pkeé. orfone-fourth the frequency which
corresponds“to sthe wave length of the 1line.
Also, for a 15.5 mlile, 20-quarter wave-length
line, there will be approximately 16 maximum and
16 minimum (impedance peaks) 1n the carrier
frequency band of 50 to 150 kec. These varl-
atléns 1n impedance may have conslderable effect
on ‘the proper adjustment of the carrier trans-
nititer.

Characteristic im--

ground return impedan€ey,) and the
These values glven are approximately

In the case /of\ wbranch circults, the
Impedance minimum, usu@lly represents absorption
which causes high-“attemuation. Therefore, short
lines and branch cleecults should be carefully
studiled.

ATTENUATIONTESTIMATING DATA

Where specific tests or 1nformation on
theficarriéer 1osses are not avallable, the fol-
lowing, general data can be used to estlmate the
attenuation through which 1t will be necessary
to_operate. These values are approximate and
avePage) values and the actual losses on a spe-’
cIfidc clrcult may vary elther way. However, the
carriler equipment will provide sufficlent margin
I'nmymost cases to permlt relatively 1large devi-
atlons from the stated values.

In addition to the 1llne attenuation
losses shown, coupling or terminal 1losses also
wlll occur. These vary slightly wlth the termil-
nal equipment employed, depending on the carriler
frequency. When the line tuner 1s mounted at
the coupling capacltor, the loss 1s quite small,
and for estlmating, a value of one declbel 1s

used generally. If the carrler set 1s mounted
Indoors and connected thru coaxlial cable to the
line tuner, an additional 1loss 1s  1ntroduced,

which for estimating purposes,:1s as follows:

TABLE III

Approximate Attenuation in Coaxial Cable
Frequency in kc | Loss 1in db per 1000 Ft.

20 ' .20

50 .32

100 ° .50

150 .60

300 .90

If the line tuner 18 mounted remote
from the coupling capacitor and connected thru
coaxlal cable, the terminal loss wi1ll increase
conslderably. In this case an lmpedance match-

*For a more complete deflnitlon and discussion of characteristlc 1lmpedance see chapter on
"The Infinite Line" in Communication Englneering, by Everitt. (See Bibliography).

**The large difference in lnput Ilmpedance at the odd and even quarter wave lengths
A complete discussion of thls phenomenon 1s beyond the scope of this leaflet,

reflection.

1s due to

and reference 1s made to a very excellent discussion in the chapter on "Reflection" in

Communication Englneering, by Everitt.

(See Bibliography).
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STATION A STATION B STATION C STATION D
138 KV 138 KV 69 Kv 69 KV
—-— LD——D—4>
| 50 MILES § 57_0 MILES 2 30 MILES
0 £
% FO10 — 5 T 1
COUPLING /T LINE TUNER 7' LUNETUNERS T [ LINE TUNER
CAPACITOR Y
100 FT. COAXIAL 300FT.
CABLE | CoRXAL
CARRIER N TCARRIER
TRANSMITTER RECEIVER

- ESTIMATION OF CARRIER CHANNEL ATTENUATION ATNOO KC

I. COUPLING LOSS AT STATION A

5.0db

2.BRANCH CIRCUIT LOSS AT STATION A @ BRANCHES) 7.0 db

3. 50 MILES OF 138 KV LINE

5.7 db

4. BRANCH CIRCUIT LOSS AT STATION B (4 BRANCHES) 6.0 db.

5.70 MILES OF 138 KV LINE 7.9db
6. BY PASS COUPLING LOSS AT STATIONC 2.0db
7. BY PASS COAXIAL CABLE LOSS AT STATION/C 05db
8. 30 MILES OF 69 KV LINE 4.1 db
9. COUPLING LOSS AT STATION(D 1.2db

TOTAL 39.4db

Figure 2
Typlcal Example of Estlimating Attenuation of “g Ca¥rier Channel at 100 KC Usling Phase-to-Ground

Coupling.

Ing transformer should be used at the coupling
capaclitor. The attenuatlion 1introduced infereases
with frequency and decreases with, 1nCreasing
capaclity of the coupling capacltor. Coaxdal
cable lengths up to about 500 ft. 1ntreduce an
additional attenuatlon of approximately €two db.

On circults where branchjlines, provide

one or more paths for carrler energygloss, ad-

ditional attenuation 1s 1ntrodu€ed. When the
carrler equipment 18 connected 'at a Jpolnt in the
system from which other untrappedpcedrcuits radi-
ate, the calculated maximumf{loss, 1n declbels at
any frequency 1s:

One additional clrguit 3.0 db
Two additional clficults 4.8 db
Three additlionaldcirguits 6.0 db
X additional clrcults 10 logyg (X+1) db

The couplling losses are 1ncreased also
when untrapped branch 1llnes extend from the
polnt where the carrder transmltter or recelver
1s coupled. For estimating purposes one db per
branch circult)can be added.

Whenguntrapped branch circults are en-
counteredgpatVany lntermediate point .1n the car-
rier ché&nnel%y ) the calculated maximum 1loss 1in
declbels ‘at any frequency 1s:

One @dditional circuilt (equivalent to

three paths for the carrier energy) 4.8 dab
Two hadditional circuilts 6.0 db
Three additional cilrcults 7.0 db
X )additional circuits 10 logyg (X+2) db

The above filgures are all based on
branch circuilts which do not 1ntroduce serious
reflectlion losses by belng of a length equal to
odd quarter wavelengths of the selected frequen-
cy. Only stub end taps having an attenuation of

15 db or less (based bn Table 2) and particular-

ly those with an attenuation of 1 db or 1less,
need be consldered as posslibllities of introduc-
I1ng serious reflectlon losses. Note also that
the termination of the tap 1s important, since
any connected equipment, even i1f only a poten-
tlal transformer, wi1ll increase the attenuatlon
of the tap clrcult, and consequently reduce the
posslbllity of large reflectlon losses.

The values glven for branch cilrcult
losses are calculated maximum values based on
pessimistic conditlons, and serve as an applica-
tion guilde. These losses wlll be considerably
less than shown at certaln frequencles, and 1if
the cholce of frequency 18 not 1imited, one
should be chosen which glves the lowest attenua-
tion. (The most satisfactory frequency can be

obtained from a frequency-attenuatlon curve of

the circult).

A typlcal example of estimating the
attenuation of a carrler channel 1s 1llustrated
in Fig. 2. 1In this case 1t 1s desired to estab-
1ish a phase to ground, 100 KC channel between
Statlions A and D. At station A there are four
additional branch circults which 1ntroduce a
loss of 7 db. The transformer bank on the bus
1s assumed to have a high 1mpedance to the car-
rler frequency thus introducing negligible loss-
es. This wlth a 5 db coupling loss, makes the
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A
B
C
COUPLING g
CAPACITOR t‘; LINE TUNER TUNING
/| INDUCTANCES
f i 1 /
gsv?gggwj( 1 TO CARRIER
=+ AZ;_:: SET
PROTECTIVE MATCHING =
DRAIN cOIL GAPS TRANSFORMER
Figure 3

Line-to-Ground
Circuits. '

Carrier Coupling and Tuning

total attenuation at station A 12 db. From
Table 2, the line from A to B using phase to
ground coupling at 100 KC introduces an attenua-
tion of 5.7 db. At station B there are 2 addi-
tional branch circuits (the through carrier cir-

cult is considered a single circuit in this case)

which add 6 db to the total attenuation. The
70 mile line section from B to C adds 7.9 db.
At station C there are two coupling 1losses of 1
db each, .plus a coaxial cable 1loss of 0.5 db
from Table 3. The 1line from C to D adds 4.1 db
and the coupling at D adds 1.2 db. Thus the
total estimated attenuation of this cireult™is
approximately 39.4 db.

The important consideration, in“any ap-
plication 1s the overall circuilt attenuation
from transmitter to recelver. If the Iine at-
tenuation 1s low, the coupling, terminal> and
branch circult 1losses can be correspondingly
high. On the other hand 1f a largel portion of
the avallable attenuation 1s uyS8ed .up in the
line, then the other losses be¢ome Tmore impor-
tant and must be gilven careful, conslderation.

Carrier Transmission im Power Cables

Carrier transmission) over a
cable 1s much more difificulth because of the
characteristic of the gables The inductance of
cables 1s small, while'dn comparison the resis-
tance and capacltancegarémlarge. This means high
losses and attenuatlon,, and gives a value of
surge impedance, whié¢h may be as low as 1/10 of
that for open lines. Hence, cables offer con-
siderably greater“attenuation to the carrier
frequencied andfoften make carrier transmission
quite difficult, particularly where the cable
sheath 1is not' confinuous. Carrier transmission
over cables shoudd be given specilal attention.

power

The Carrier Citcuit

The carrier frequency energy normally

1s impressed on the power circuit between one
conductor and ground or between any two phase
conductors. The former 1s termed phase to
ground coupling, and the latter 1s termed phase
to phase or interphase coupling.

The carrier energy 1s introduced onto
the transmission lines thru a coupling capacitor
and line tuning unit. One capacitor unit 1is re-
quired- for phase to ground coupling as shown in
Figure 3, and two are required for phase to
phase coupling as shown 1in Figure 4. The capa-
citive reactance of the coupling capacitor 1is

-5
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i Frce
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TRANSFORMER ==
TO CARRIER SET
Figure 4 ‘
Phase-to-Phase Carrier Coupling and Tuning
Circuits.
neutralizdd by the 1nductive reactance of the

linejtuning mnit *at carrier frequencies. This
provides ‘& low 1loss series resonant circuit
between the carrler transmitter-receiver and the
power transmission circult. The drain coll

mounted” in the base of the coupling capacitor
has‘a high impedance to carrier frequencies but
a)low impedance to 60 cycle current. This pro-

vides a path to ground for the 60 cycle charging
current of the coupling capacitor without appre-
¢lable loss of the carrier energy. The protec-
tive gap across the drain coll protects the
carrier equipment from any high surge voltages
which may occur. The grounding switch permits
the carrier lead to be grounded directly for
malntenance of the carrier equipment.

With phase-to-ground coupling, the
other two phase conductors, together with the
earth, act as the return path for the carrier
signal. Very approximately, half of the signal
returns in the ground path and the other half 1s
divided between the two phase wires. The resis-
tance of the phase wires to the carrier frequen-
cles 1s roughly one ohm per mile, as compared
with average earth resistance of 20 ohms per
mile. Thus the attenuation in phase-to-ground
coupling 1s reduced by the presence of the other
two phases. When a two-phase or three-phase-to-
ground coupling 1s used, the attenuation 1s in-
creased, since more of the return current is
forced to flow 1in the earth.

The type of coupling employed with any
particular application is determined by the in-
dividual requirements of that application. Re-
laying and supervisory control usually will em-
ploy a phase-to-ground carrier channel. For
other types of transmission, especially communi-

cation, the 1nterphase <circult is more often
used.

While the transmission line offers an
excellent carrier circuit medium, it 1is well to

re-emphasize that proper consideration must be
given to the following: the presence of branch
lines, taps, or spurs of such a length as to of-
fer interference from reflection, or absorption
of certaln carrier frequencles; power factor
correction capaclitor banks which may offer a
serious shunt; the presence of power transfor-
mers in the transmission circuit, which may com-
pletely or partially block the passage of car-
rier.

- The high attenuation introduced by
branches or taps at certain frequencies usually
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Figure 5
Schematic of A Short Carrier Frequency By-Pass.

can be overcome by choosing a frequency in which
the transmission characteristics are good over
the circult used for any switching condition on
the system. An alternate method 1s to use line
traps at the tap or 'connecting . point of the
offending circuit. These traps are adjusted to
offer a high impedance to the carrier,

By-pass equipment 1s used to transmit
the carrier energy around a transformer bank, a
bus or breaker, and for other circults where a
continuous carrier channel 1s desired indepen-
dent of switching. Two forms of the by-pass are
used ~ the short by-pass of figure 5 and the
long by-pass of figure 6. Both consist of ca-
pacitors and inductances which form a tuned cir-
cult of 1low 1mpedance around the open bresaker,
bus, or transformer bank for the particular car-
rier frequency, and a high impedance for thé
power frequency currents.

The short by-pass
line tuner and can be used where the distance
between the coupling gapacitor does not exeeed
roughly 100 fee: and where the total circuilt at-
tenuation is not too high. The cable connection
between the "capacltors should approximate ‘the
characteristics of an open 1line and bel welli\in-
sulated to reduce the leakage to ground par-
ticularly during rain and sleet.

requires only ‘one

Line traps, as shownpin Figure 6, may
be necessary if the by-pass equipment has a
low impedance to ground at the carrier frequency
being used. Line traps are used at each end of
a relaylng carrier channel tolprevent short cir-
culting of the carrier output, fOr an external
ground fault on the same phase wire to which the
carrier 1s coupled. Theylustially are not neces-
sary to reduce losses\ If the line traps are
connected on the fline“side of the grounding
switches, the 1lime may bejtaken out of service
and grounded without 1nterrupting the carrier
channel.

Frequency Allocatlons

The selection of frequencles for car-
rier functions on™ a transmission system should
be glven careful consideration. The rapldly ex-
panding use “of carrier makes it imperative that
the most eff'iieient use be made of the spectrum,
so that@Wfuture additions can be made without 1in-
terfering “with existing channels. This 1s par-
ticularly important 1n these days of intercon-
nected Wsystems where many or all of the compa-
nies involved 1n the interconnection are using
carrier’and are planning additional channels.

The spectrum normally used for power
line carrier work is from 50 to 150 kc and it is
expected that the bulk of the applications will

- addedto double
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Schematic of A Long Carrier(Frequency By-Pass.

fall in this range. Howewver, spectrum crowding
on some systems reguires that this range be ex-
tended so as to aceomodate the desired number of
carrier servicesy, and, to meet such requirements
equlipment 1s avallable for a frequency band
from 20 to 4300 KC& This band 1s covered in
three steps by 20-50, 50-150, and 150-300 ke
equipment. :

The,single sideband modulation
approximately “doubles the number of modulated
carrier, channels which can be accommodated in a
givenffreguency spectrum by requiring only half

system

the ®and width formerly necessary with other
systemsy of modulation. The single sildeband
system ‘ceonsists of converter units which are

sideband (A.M.) equipments to
make the conversion. In this way, a carrier
system can be planned using double sideband
equipment 1nitially and later converting it to
single sideband when the frequency spectrum
becomes crowded. '

Several factors must be considered in
allocating a frequency for a new channel or in
selecting carrier frequencies for several ser-
vices. The first consideration 1s that the new
frequency, or frequencles, not interfere with
existing channels. This directly affects the
separation required between channels, and this
separation 1s largely a function of the type of
service which the channel performs. For example,
a relay carrier channel 1s usually narrow band
and would require the minimum separation between
channels for no interference while a tone-modu-
lated telemetering channel is broad, (usually 6
kc) and would require the maximum separation be-
tween channels. The selectivity characteristics
of the recelvers as well as the power levels of
the transmitters have a direct bearing on the
minimum separation permissible.

Noise and Interference

Noise 1s a random phenomenon covering
a wide frequency band and contains components of
all frequencies 1in the band. Very little 1is
known concerning the actual magnitude of noise
present on power systems. However, enough 1is
known of the nature of nolse so that steps can
be taken 1in the design of equipment to minimilze
1ts effects. When noise produces unwanted sig-
nals which prevent proper functioning of the
carrier system, 1t 1is called interference and
actlon must be taken to minimize 1ts effect.

Interference can be reduced by various
expedients, all of which attempt to distinguish
between wanted signal and interference. .For ex-
ample, the band width of the recelver may be
narrowed, and since noise power is proportional
to band width, narrowing the band to one quarter

- 6. -
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reduces the noise power to one quarter and the
noise voltage to one half, or doubles the signal-
to-nolse ratio.

The use of audio tones to modulate the

-carrier wave further reduces the 1interference

effect. For example, if the audio tone receiver
band width,is one-tenth the carrier receiver
band width, then the nolse accepted by the tone
receiver will be one-tenth that of the carrier
recelver. The use of the single sideband sys-
tem of tone or _ voice modulation increases the
signal-to-noise ratio over a double sideband
system by 8 times or 9db. The use of a biased
detector properly adjusted gives a further
possibility of increasing signal-to-noise ratio
by approximately two to one, or 3 db.

The signal-to-noise ratio will vary
with the attenuation through which the equipment
must work. The higher the attenuation, the more
sensitive the receiver (assuming constant trans-
mitter output), and the 1lower the signal-to-
nolise ratio. For low attenuation circuits (be-—
low 33db), adjustment of receiver band width
and sensitivity is usually all that 1s necessary
to prevent interference with the proper func-
tioning of the equipment. Carrier  relaying
falls within this range of attenuation, and the
simple expedient of operating the equipment at a
signal level well above noise level provides ad-
equate margin of safety. In hundreds of carrier
relaying installations, no case has been encoun-
tered where noise has resulted in improper oper-
ation of the equipment.

In relaying applications of carrier,
it is extremely important that random noise doeg
not interfere with the carrier signal, either by
producing an unwanted signal which wouldgblock
tripping, or cancellation of a wanted 83ignal,
which would cause incorrect tripping. However,

the requirements of other services which utilize
the carrier, such as supervisorygeontrol,
telemetering, or emergency communicatdon are
not so severe, and some 1interference with/ the
wanted signal wusually can be tolerated if the
interference 1s random in nature.
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INTRODUCTION

Power Line

Carrier is a term applied to 20
to 300 kilocycle frequency energy superimposed
on power transmission circuits. Here the en-
ergy 1s confined almost entirely to the wire
lines and not radiated into space as 1is common
in radio broadcasting (550 to 1500 kc). This
efficiency and makes it

with

results 1n greater

possible to transmit greater distance

less high frequency energy.

The carrier channel is an extremely reliable
one over which intelligence for relaying, re-
mote tripping, telemetering, 1load controd,

voice communication, and supervisory control

can be transmitted between various p6ints on
the power system.
binattons

carrier channel.

In many applicatiens,{com-
of these functions utilize, theysame
Several functioas can be
carried on sinultaneously over a single car-
rier channel by using audio frequency tones

modulated on the carrier wave/

A comparison of carriey and power trans-

mission and application, principles of carrier
—

are discussed briefly ¢dmn the following para-

graph.
POWER VS. CARRIER FREQUENCIES

between electric
carrler is the fre-
Although the fundamental principles

An 1Important, difference

power and transmission
quency.
of both are the same, many of the factors of
primary importance at carrier frequencies are
negligible at

versa. For

power frequencies and vice

example, the power.circults are
eleetrically short, and therefore, susceptible
to “fapproximate empirical solution, while the
circults are concerned with electric-
The rela-

length of carrier

carxier
ally 1long circuits, in most cases.

tiysly greater electrical

NEW INFORMATION

(FORMER LL. 41-600D REVISED)

circults results froemythejhigher frequencies

involved and not belause| of thelr mechanical

length.
As an exampleWof the wide difference in
electrical ,lengths between the two types of

circuits, consider a typical 220 kilovolt line
of 750,000 gixrcular mil conductors and 19 foot
The/ wave length of such a line at 60

about 3100 miles. This means that
the receiving end of a full

is 360° out of phase with
that “at the generating end. But the maximum
can be transmitted over any given

spaéing.
cycles “ds
the, voltage at
wave, length 1line

power that
Tine occurs when the voltage at the receiving
end lags the generator voltage by about 90 de-
grees. Beyond the 90 degree point the maximum
power decreases. In other words, the
the 1line, the 1less

this particular

longer
power transmitted. For
line, the theoretical power
limits would restrict transmission to not more
than a quarter wave length or a maximum dis-
of 770 miles. Considering the above--
mentioned transmission line at a carrier fre-
of 60,000 cycles, the wave length be-
This would in-
a maximum transmission distance of

tance

quency
comes approximately 3.1 miles.
dicate
0.775 mile for maximum power but with carrier
actually distances of several hundred miles

are possible.

RELATIVE EFFICIENCIES

Another
transmission and carrier transmission is the
efficiencies. The
circuit may be considered to be

important difference between power
relative losses 1n any
transmission

made up of resistance and leakage losses, or

as they are sometimes defined, series and
shunt loss%s, respectively. The former are
“equal to 1 R and the latter to V G where R is

the resistance of the line, V is
and G 1s the leakage

the voltage

conductance. In most

EFFECTIVE 11-47
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power transmission lines, the leakage 1losses
in the absence of corona are small, hence, the
solution of the problem of efficient trans-
mission 1is to raise the voltage, thus de-
crzasing the current. This is readily ac-
complished since most lines are electrically
so short that the impedance 1is governed en-
tirely by the step-up and step-down trans-
formers and the associated load at the re-

ceiving end.

In the case of carrier transmission, the re-
ceiving equipment has 1little effect on the
transmitting end impedance because the lines
are electrically so 1long that most of the
While the

transmission efficiency at carrier frequencies

power 1s absorbed in the 1line.

may be quite easily calculated for uniformly
constructed two-wire lines, the complexity of
most transmission circuits is such that it is
more practical to determine this efficiency by
test. At first thought, 1t would seem that
the very low efficiencies (in the order of 1%)
which are quite common, would be entirely un-
satisfactory. However, it should be remem-
bered that the energy losses of carrier trans-
mission do not involve large amounts of powex,
and, therefore, do not represent an appreci=

able economic loss.

ATTENUATION VS. FREQUENCY

In carrier transmission it is gonvenient to
consider the transmission characteristieé™of a
system in terms of attenuation or the d3¥Iminua-
tion of power along the tramnsmission lilne.
The ratio between the voltages, “edrrents, or
power at any two points is a measure of the
attenuation of the circwit between these two
points. However, it [iIsfnot convenient in
practice to expressitransmission losses or
gains 1in terms Of these“matios directly. The
losses so expressed{ cann6t be added to obtain
the total loss, but, mbist be multiplied. Con-
sequently, this attenuation is expressed in
decibels (db) which can be added directly and
are defingd as follows:

L 10 Log Power Input
10 Power Output
Voltage Input

db = 20 Log
10 Voltage Output
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Fig. 1—Carrier Frequency—Attenuation Curve for a Typi-
cal Transmission Line.

Current Input
db = 20 Log -
10 Current Output

Various power and voltage or current ratios
and the corresponding decibels are shown in
the following table:

TABLE I

%
Power Voltage or Decibels Efficiency
Ratio Current Ratio (ab)
1.26 1.12 1.0 79.5
1.58 1.26 2.0 63.4
2.0 1.41 3.0 50.0
2.51 1.58 k.0 39.8
3.16 1.78 5.0 31.6
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Power Voltage or Dec 1bels %
Ratio  Current Ratio (db) Efficiency
4.00 2.00 6.0 25.1
5.01 2.24 7.0 20.0
6.31 2.51 8.0 15.8
7.94 2.82 9.0 12.6
10.0 3.16 10.0 10.0
15.85 3.98 12.0 6.3
25.12 5.01 14.0 3.98
39.81 6.31 16.0 2.51
50.12 7.08 17.0 1.99
63.10 7.94 18.0 1.58
79.4 8.91 19.0 1.26
100.0 10. 20.0 1.0
1000.0 31.6 30.0 0.1
10° 316.2 50.0 0.001
108 10,000.0 80.0 0.000001
10lO 100,000.0 100.0 0.0000001
Standard commerclal power 1line carrier
equipment works thru 30 to 80 db attenuation.

Thus 1t 1s obvious that the most practical way
to consider 1s 1n terms of decibels
effici-
If a transmission circult offers 15 to

carrier
and not 1n terms of power ratios or
ency.
20 db attenuation to the desired carrilexr freq-
uency, and the desired signals are 20 db/ or
more stronger than the unwanted signalsi¥ then
which will operate thru 309db

ample rated

a carrler set
attenuation 1s even though 1tis

power output appears low.

CARRIER TRANSMISSION ‘& ovsriead Lines

The attenuation
in decibels
increase

of pa . twe-wire uniform line
Increaseséwith frequency. This
1s approximé&tely I1inear for untapped
uniform lines but 1ntsome cases the departure
from linearity ig"very large. If, instead of

a simple twogswire, ¥1ne, there are one or more

branch cilreuits, “the 1increase 1n attenuation
1s no longex» dIrectly proportional to the
frequency® In féact, a change of 5% in the

frequency mayfeaslily cause an 1lncrease or de-
crease in attenuation of as much as 25 deci-
If the circuit 1s

so that more or less

circults.
switching

in use, there md? be
greatichanges 1n the attenuation. Therefore,
Iteis desirable that the line be studled care-
fully 1n order to determline the most sultable

bels 1n _some
changed by

branehes are equally

frequency for transmission.

To determine 1f a sultable carrler [channel
1s avallable, test data should be_taken 4to
plot an attenuation-frequency cupve ofy the
circult. Such a curve for a typlcalijiine un-

conditions 1s shown 1n Figure 1.
The characteristics of line AB along wilth line

traps at each

der various

end 1s shown 1n Curve 1. The
characteristics of the same ldfie with tap cir-
cult C
in Curve 2.

and 1ts assoclated eguipment 1s given
The intpeductiion of this circult
not only 1ncreases [@verage attenuation of the
line AB, but als@
caused by
Thus, between _points 5000 cycles apart, there

1s as much ag 109@b attenuation difference.

1ntroduces 1rregularities

reflection) and absorption effects.

The charagterIstics of the same line sectilon
AB (with" both
Curveys- This
crease Uln the average attenuatlon but also re-
fTeetion
give ar20 db variation in attenuation over a
5000"cycle 1nterval.
e, no similarity between
That 1s,
attenuation may

tap lines C and D 1s shown 1n
curve not only shows an in-

effects that are so pronounced as to

Furthermore, there may
the last two condil-
tions. the peaks and troughs 1in
not occur at the same freqg-
This frequency attenuation curve may
be obtalned by using the carrier transmitter-

recelver

uenciles.

set-up for regular operation, or a
test osclllator and vacwum tube voltmeter may
be used. The tests should 1nclude as many

normal

up.

and abnormal conditions as can be set

It 1s desirable to discuss characteristic or
surge 1lmpedance.
1s defined as the input impedance of an 1n-
finite 1length 1line. It will have a finite
value due to shunt capacitance and

Characteristic impedance*

conduct -

ance. For finite length lines, surge 1mped-

ance 1s the value of terminating 1impedance
which wi1ll make the 1nput impedance equal to
1t, regardless of the line 1length. There 1s
no reflection from the terminating end when
the 1lilne

Impedance.

1s terminated 1n 1ts characteristic

The characteristic 1mpedance is
determined by
other 1line constants, and 1s i1ndependent of
line 1length.

configuration, insulation, and

Returning to the discussion of reflection

and absorptlon, conslder a 1line having an

3
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TABLE II
Approximate Attenuation db per Mile
Line
Voltage Phase to Phase Coupling +Phase to Ground Coupling
kv 20kc 50kc 100ke 150ke 300ke |20ke 50ke 100ke 150ke 300ke
230 .03 .05 0.75 .107 .20 .0%0 .062 .09%4 .13 .25
138 .041 .065 .09 " .12 .215| .051 .081 .113 315 .27
115 .05 .075 .102 .135 .27 .062 .094 .130 .16 .34
69 .055 .08 .11 .145 .29 .069 .100 137 .18 .36
34.5 .073 .10 .13 .18 .38 .094 .125 .160 .22 .47
13.8 .12 .15 .18 .215 .45 .150 .190 .220 .27 .56

+Phase to ground losses vary with length of circuit, ground return “dmpedance, and the
presence of other conductors in the vicinity. These values given,ere approximately

1.25 times the phase to phase values.

electrical 1length of 90° of 1/4% wave length
for a particular frequency. If the remote end
of this 1line is open, the input impedance 1is
lower than the surge impedance. If the line
were 270° (3/4 wave length) long, the  input
impedance would also be low, but not quite so
low as for 1/4 wave length. However, at 180°
(2/4 wave length), the impedance 1is higher
than the surge impedance, and at 360° (4/4
vave length), it is not quite so high.**

As the 1length 1's increased, it 1is usu&lly:
possible to distinguish between the odd”and
even quarter wave lengths, up to apout 50
quarters or 4500°. However, the @Waximum and
minimum peaks approach the surge) “Impedance
and are not easily recognizable on long
lines. The units of length, (electrical
degrees or quarter wave lengt#fis) arel dependent
as much on frequency és upon mechanical
length. Based on previous assumptions, a 15.5
mile 1line would beg20-gudrter wave length at
60 kec. Its input impedanee would be higher
than the surgedimped@ancevof the line, since,
as was pointed“out above, even quarter-wave-
length lines have Trelative high input impe-

dance. If the), fkequency were changed to 63
kc., thedds.5-mile” line would be 2l-quarter
wave lengths, and the input impedance would be
below the, surge impedance corresponding tou an
odd quarter“wave-length line. In other words,
thegmaximum and minimum would be separated by
3 kc/ orpone-fourth the frequency which cor-
responds to the wave length of the 1line. Al-
so, for a 15.5 mile, 20-quarter wave-length
line, there will be approximately 16 maximum
and 16 minimum (impedance peaks) in the car-
rier frequency band of 50 to 150 kc. These
variations in impedance may have considerable
effect on the proper adjustment of the carrier

transmitter.

In the case of branch circuits, the impe-
dance minimum wusually represents absorption
which causes high attenuation. Therefore,
short 1lines and branch circuits should be

carefully studied.

ATTENUATION ESTIMATING DATA

Where specific tests or information on the
carrier 1losses are not available, the follow-

*¥For a more complete definition and discussion of characteristics impedance see chapter on
"The Inffinite Line" in Communication Engineering, by Everitt. (See Bibliography).

**¥The large difference in input impedance at the odd and even quarter wave lengths 1s due to

reflection. A complete discussion of this phenomenon is beyond the scope of this leaflet,
andhreference is made to a very excellent discussion in the chapter on "Reflection" in
Gommunication Engineering, by Everitt. (See Bibliography).



POWER LINE CARRIER 1L 4190
STATION A STATION B STATION C STATION'D
138 KV 138 KV 69 Kv 69 KV
5 50 MILES 70 MILES 30 MILES -
1 I, = | | s
COUPLING /L[‘ LINE TUNER T LINE TUNERS ‘T JLINE TUNER
CAPACITOR 2N\ Y
100 FT. COAXIAL S00FT
CABLE EOAXIAL
CARRIER N N = CARRIER[] T
TRANSMITTER RECEWER

ESTIMATION OF CARRIER CHANNEL ATTENUATION AT 100 KC

I.COUPLING LOSS AT STATION A 5.0db
2.BRANCH CIRCUIT LOSS AT STATION A (@ BRANGHES) 7.0 db
3.50 MILES OF 138 KV LINE 5.7 db
4. BRANCH CIRCUIT LOSS AT STATION\B'@BRANCHES) 6.0 db
5. 70 MILES OF 138 KV LINE 7.9db
6. BY PASS COUPLING LOSS AT STATIONAC 2.0db
7. BY PASS COAXIAL CABLE LOSS AT'STATION C 0.5db
8. 30 MILES OF 69 KV LINE 4.1 db
9. COUPLING LOSS AT STATION D . _l2db

TOTAL  39.4db

Fig. 2—Typical Example of Estimating Atteruation of a Carrier Channel at 100 KC Using Phase-To-Ground Coupling.

ing general data can be used to Egstdmate the
attenuation through which it widd be _necessary

TABLE III

to operate. These values are apphoximate and Approximate Attenuation in Coaxial Cable
average values and the a€tualyl®sses on a o
specific circult may vary either way. How - lFrequency in kc |[Loss in db per 1000 Ft|
ever, the carrier equipment@will provide suf- -
ficient margin 1n mest cases to permit 20 .20
relatively 1large deviat@ions from the stated 50 .32
values. | 100 .50
{ 150 .60
In additdon te, the line attenuation 1losses 300 -90

shown, gZoupldng “or terminal losses also will
occur. Thése yary slightly with the terminal
equipment ‘employed, depending on the carrier

If the line tuner 1s mounted remote from the

coupling capacitor and connected thru coaxial

frequency. When the 1line tuner is mounted at cable, the terminal loss will increase con-
the coupling capacitor, the loss 1is quite siderably. In this case an impedance matching
smMall, and for estimating, a value of one transformer should be used at the coupling

declibel is used generally. If the carrier set
Is, mounted indoors and connected thru coaxial
cable to the line tuner, and additional 1loss
is introduced, which for estimating purposes,
1s as follows:

capacitor. The attenuation introduced in-

creases with frequency and decreases with 1in-

creasing capacity

of the coupling capaciter.

Coaxlal cable 1lengths up to about 500 ft.
introduce an additional attenuation of ap-

5
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A
B
C
COUPLING ¢ LINE TUNE
CAPACITOR U R TUNING
INDUCTANCES
TO CARRIER
SET

PROTECTIVE

DRAIN COIL GAPS MATCHING

TRANSFORMER

Fig. 3—Line-to-Ground Carrier Coupling and Tuning Cir-
cuits.

proximately two db.

On circuits where ©branch lines provide one

or more paths {or carrier energy loss, ad -
When the

is connected at a point in

ditional attenuation is introduced.

carrier equipment
the system from which other untrapped circuits
maximum loss in

radiate, the calculated

decibels at any frequency is:

One additional circuit 3.0 db
Two additional circuits 4.8 dv
Three additional circuits 6.0%ab

X additional circuits 10 1og10 (¥+1) db

The coupling losses are increased also when

untrapped branch lines extend fromgthej, point

where the carrier transmitter or receiver is
coupled. For estimating purposesihone db per

branch circuit can be added.

When untrapped branchgmeire@wits are en-

countered at any intermediate point in the
carrier channel, the ‘@alculdted maximum 1loss
in decibels at any frequeney is:

One additional cireudt (equivalent to

three paths for the carrier energy) 4.8 db
Two additional circuits 6.0 db
Three additional circuits 7.0 db
X addigional circuits 10 log10 (x+2) db
The Wabove - figures are all based on branch
circults) which do not introduce serious re-
flection 1losses by being of a length equal to

6

A
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(o4
1
T COUPLING T
T /CAPACITORS T
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1 ROTECTIVE
T o] o L=
GROUNDI \V‘__ LINE INER |
SWITCH = =
TUNING INDUCTANCES
RAIN COIL
MATCHING =
TRANSFORMER -

ety |
RN

TO, CARRIERSET

Fig. 4—Phase-to-Phase Carrier)Coupling and Tuning Cir-
cuits,

odd quarter wave flengths of the selected fre-
gquency. Onlyh, stud
tenuation of 45 db or less (based on Table 2)
and partieula®iy those

end taps having an at-
with an attenuation of
1 db or lessy,need be considered as possibili-

ties 9f intwoducing serious reflection losses.
Note ™a@lso that the
importanty, since any connected equipment, even

termination of the tap is

i only a potential transformer, will increase
the attenuation of the tap circuit, and conse-
reduce the

quently possibility of large re-

flection losses.

The values given for branch circuit losses
are calculated maximum values based on pessi-
mistic conditions, and serve as an application
guide.

than

These losses wlll be considerably less
shown at certain frequencies, and if the
choice of frequency is not limited, one should
be chosen which gives the lowest attenuation.
(The most
tained from

satisfactory frequency can be ob-
a frequency-attenuation curve of
the circuit).

A typical example of estimating the at-
of a carrier channel is illustrated

in PFig. 2. In this

tenuation

case it 1is desired to

establish a phase to ground, 100 KC channel

between stations A and D. At station A there
are four additional branch circuits which in-
a loss of 7 db.

on the bus is assumed to have a high impedance

troduce The transformer bank

to the carrier frequency thus introducir’
negligible 1losses. This with a 5 db coupling

loss, makes the total attenuation at station A
12 db. From Table 2, the line from A to B
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Fig. 5—Schematic of A Short Carrier Frequency By-Pass.

using phase to ground coupling at 100 KC
introduces an attenuation of 5.7 db. At
station B there are 2 additional branch cir-
cuits (the through carrier circuit is con-
sidered a single circuit in this case) which
add 6 db to the total atténuation. The 70
mile line section from B to C adds 7.9 db. At
station C there are two coupling losses of 1
db each, plus a coaxial cable loss of 0.5 db
from Table 3. The line from C to D adds 4.1
db and the coupling at D adds 1.2 db. Thias
the total estimated attenuation of thigg, cir#
cuit is approximately 39.4 db.

The important consideration in any applica-
tion 1s the overall circuit attenuatden from
transmitter to receiver. If  ghe /Bdne” at-
tenuation 1s 1low, the coupling, términal and
branch circuit 1losses can bef cornespondingly
high. On the other hand if a large portion of
the available attenuatiofi ig,used up in the
line, then the othelp 40sses become more im-
portant and must be given, careful considera-
tion.

Carrier Transmissdonp»In Power Cables

Carrier dtransmission over a power cable is
much moze difficult .because of the character-
istics of“the cable. The inductance of cables
is small, whil® in comparison the resistance
and capacitance are large. This means high
losses an@ attenuation, and gives a value of
surge impedance which may be as low as 1/10 of
that for open lines. Hence, cables offer con-
siderably greater attenuation to the carrier
frequencies and often make carrier trans-
mission quite difficult, particularly where
the cable sheath is not continuous. Carrier

Fig. 6—Schematic of AyLong Carrier Frequency By-Pass.

transmissiongf@uercables should be given
speclal atténtion®

The Larniep Ci¥cuit

The Carrier frequency energy normally is im-
presseas hon the power circuit between one con-
ductor, and ground or between any two phase
conductors. The former 1is termed phase to
ground coupling, and the latter 1is termed

phase to phase or interphase coupling.

The carrier energy is 1introduced onto the
transmission 1lines thru a coupling capacitor
and 1line tuning unit. One capacitor unit is
required for phase to ground coupling as shown
in Figure 3, and two are required for phase to
phase coupling as shown in Figure 4. The ca-
pacitive reactance of the coupling capacitor
is neutralized by the inductive reactance of
the 1line tuning unit at carrier frequencies.
This provides a low loss series resonant cir-
cuit ©between the carrier transmitter-receiver
and the power transmission circuit. The drain
coll mounted 1in the base of the coupling ca-
pacitor has a high impedance to carrier fre-
quencies but a low impedance to 60 cycle cur-
rent. This provides a path to ground for the
€0 cycle charging current of the coupling ca-
pacitor without appreciable loss of the car-
rier energy. The protective gap across the
drain coil protects the carrier equipment from
any high surge voltages which may occur. The
prounding switch permits the carrier 1lead to
be grounded directly for maintenance of the

carrier equipment.

With phase-to-ground coupling, the other two

/
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phase conductors, together with the earth, act
as the return path for the carrier signal.
Very approximately, half of the signal returns
in the ground path and the other half is di-
vided ©between the two phase wires. The re-
sistance of the phase wires to the carrier
frequencies 1is roughly one ohm per mile, as
compared with average egrth resistance of 20
ohms per mile. Thus the attenuation 1n phase-
to-ground coupling is reduced by the presence
off the other two phases. When a two-phasé or
three-phase-to-ground coupling 1is used, the
attenuation 1s 1increased, since more of the

return current 1is forced to flow in the earth.

The type of coupling employed with any par-
ticular application 1is determined by the in-
dividual requirements of that application.
Relaying and supervisory control usually will
employ a phase-to-ground carrier channel. For
other types of transmission, especially com-
munication, the 1Interphase circuit is more'
of'ten used.

While the transmission line offers an excel-
lent carrier circuit medium, it is well to
re-emphasize that proper consideration must be
given to the following: the presence Qof
branch lines, taps, or spurs of such a length
as to offer interference from reflection, o
absorption of certaln carrier frequencig€s;
power factor correction capacitor bamks which
may offer a serles shunt; the presence of
power transformers in the transm®ssien cir-
cuit, which may completely on,partially block
the passage of carrier.

The high attenuation introduced by branches
or taps at certain frequen€iés usually can be
overcome by choosing “Ga freguency in which the
transmission characteristics are good over the
circuit wused for gany gwitching condltion on
the system. An alternate method is to wuse
line traps at the tap or connecting point of
the offending circuit.
justed to, offer”a high impedance to the car-

These traps are ad-

rier.

By-pass egquipment 1s wused to transmit the
carplér ) energy around a transformer bank, a

busyor, breaker, and for other circuits where a

8

continuous carrier channel is desired indepen-
dent of switching. Two forms of the by-pass
are used - the short by-pass of figure 5 @&nd
the long by-pass of figure 6. Both consist)of
capacitors and inductances which form a tuned
circuit of 1low 1impedance around the open
breaker, bus, or transformer bank for “the
particular carrier frequency, amd’a high im-

pedance for the power frequeney cu¥rents.

The short by-pass requires only” one line
tuner and can be used where the/distance be-
tween the coupling capacitor~does not exceed
roughly 100 feet and where/the total circuit
attenuation 1is notgtep, high. The cable con-
nection between theWeapacitors should approxi-
mate the charagteristics of an open line and
be well 1nsulated to reduce the leakage to

ground partleuldarly@fduring rain and sleet.

Line traps, ™as shown in Figure 6, may be
necessary 1f) the by-pass equipment has a low
impedance W6 ground at the carrier frequency
being “wsed. Line traps are used at each end
of a/relaying carrier channel to prevent short
cireguifing of the carrier output for an ex-
ternal ground fault on the same phase wire to
which the carrier 1s coupled. They usually
are not necessary to reduce losses. If the
line traps are connected on the line side of
the grounding switches, the line may be taken
out of service and grounded without inter-

rupting the carrier channel.

Frequency Allocations

The selection of frequencies for carrier
functions on a transmission system should be
given careful consideration. The rapidly ex-
panding use of carrier makes it imperative
that the most efficilent use be made of the
spectrum, so that future additions can be made
without interfering with existing channels.
This 1s particularly important in these days
of interconnected systems where many or all of
the companies involved in the interconnection
are using carrier and are planning additional
channels.

The spectrum normally used for power 1line
carrier work 1is from 50 to 150 kc and it is

expected that the bulk of the applications
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will fall 1in
crowding on some

thls range. However, specturm
systems requires that this
range be extended so as to accomodate the de-
sired number of carrier services, and to meet
such requirements equipment is available for a
from 20 to 300 KC. This band

by 20-50, 50-150,

frequency band
i1s covered 1in three steps
150-300 kc equipment.

The single sideband modulation system ap-
proximately doubles the number of modulated
carrier channels which can be accommodated in
a glven frequency spectrum by requiring only
with
The single side-
consists of converter units which
are added to double sideband (A.M.) equipments

to make

half the band width formerly necessary
other systems of modulation.
band system
the conversion. In this way, a car-
rier system can be planned using double side-
band equipment initially and later converting
it to single sideband when the frequency spec-
trum becomes crowded.

Several factors must be considered in al=
locating a frequency for a new channel or(iny
selecting carrier frequencies for sevefal 8er-=
vices. The first consideration is4thatd the
new frequency, or frequencies, nothinterfere
This directly affects

the separation required between ¢hannels, and

with existing channels.

this separation
type of
For example, a relay carriemchamnnel 1is

1s largely a funcglon of the
service which the channel), performs.
usu-
ally narrow band and wouldl require the minimum
separation between cha@mfielg)yfor no interfer-
ance while a tone-modulated telemetering chan-
nel 1is broad, (usually 6 %#c) and would require
the maximum separation between channels. The
selectivity

charactepistics of the receivers

as well as “Qthel power levels of the trans-

mitters h@ve aWdirect bearing on the minimum

separation permissible.

Noise and Interference

Noise 1sPa random phenomenon covering a wide
frequency band and contains components of all
Very little 1s known

eencerning the actual magnitude of noise pre-

Frequencies in the band.

sent on power systems. However, enough is

kKnown of the nature of noise so that steps can

he taken in the design of equipment to mini-

mize 1ts effects. When noise produges “un-

wanted signals func-
of the carrier system, it isgcalled
interference and action must be taken to mini-

mize its effect.

which prevent proper
tioning

Interference can be reduced by various ex-
all of which attempt to distinguish

between wanted

pedients,
signally, and interference. For
example, the band width off,the receiyer may be
narrowed, and singe nolse
tional to

one quarter

power 1s propor-
band gwidth,/narrowing the band to

reduces, the noise power to one
quarter and the“molse voltage to one half, or

doubles the (signal-to-noise ratio.

The use/of, audio tones to modulate the car-
rieeywave [further reduces the interference ef-
fect?
band width 1s one-tenth the carrier receiver
band wildth,
tiene “recelver

Ber example, if the audio tone receiver

then the nolse accepted by the

will be one-tenth that of the
The use of the single side-
of tone or veoice modulation 1n-

carrier recelver.
band system
creases
double
The use of a bilased detector properly adjusted
a further possibility of
ratio by approximately two to

the signal-to-noise ratio over a

sideband system by 8 times or 9 db.
glves increasing
signal-to-noise

one, or 3 db.

The signal-to-noise ratio will vary with the
attenuation through which the equipment must
work. The higher
sensitive the
transmitter output), and the lower the signal-

the attenuation, the more

receiver (assuming constant

to-noise ratio. ‘For low attenuation circuits
(below 33db), receiver  band
width and sensitivity is usually all that 1is
necessary to

adjustment of
prevent 1interference with the
proper Carrier
relaying falls within this range of attenua-

functioning of the equipment.

tion, and the simple expedient of operating

the equipment at a signal level well above
nolse 1level provides adequate margin of
safety. In hundreds of carrier relaying in-

stallations, no case has been encountered
where nolse has resulted in improper operation

of the equipment.

In relaying applications of carrier, it 1s
extremely important that random noise does not

9
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Interfere with the carrler signal, elther by
producing an unwanted signal which would block
tripping, or cancellation of a wanted signal,
which would cause incorrect tripping. How -
ever, the requirements of other services which
utilize

trol, telemetering, or emergency communlcatilon

the carrler, such as supervisory con-
aye not so severe, and some lnterference with
the wanted signal usually can be tolerated, 1if
the interference 1s random in nature.
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CARRIER CURRENT RELAYING

GENERAL CONSIDERATIONS AND PRINCIPLE/OF OPERATION &neg

[
e

TYPE GO EQUIPMENT S

INTRODUCTION

The high-speed clearing of faults on
transmission 1lines 18 recognized as necessary
for good system operation. The best overall
protection 1s provided by the method known as
differential relaying in which conditions at the
two ends of the line are compared to determine
whether the fault 1s on the line section or ex-
ternal to the protected zone. This assures si-
multaneous tripping of the breakers, which 1s
desirable from the standpoints of stability,
continulty of service, quick reclosing, and min-
imum damage to equipment. For many lines the
system known as carrier current is the most
practical and reliable medium for comparing the
conditions at the two ends of the line.

Carrier current is a term applided to
50 to 150 kilocycle frequency currentd super-
imposed on a transmission line. Here the enérgy
1s confined almost entirely to the wirej)dines
and not radiated into space as 1s commomy,in“rad-
io broadcasting (550 to 1500 kc.) This Tesults
in greater efficiency and makes 1t possible to
transmit greater distances with less /high fre-
quency energy.

POWER V3. CARRIER FREQUENCIES

A very 1mportant gdIfiference between
electric power transmissiongand carrier current
transmission 1s the frequeney. Although the
fundamental principles ofy both are the same,
many of the factors _ofy priméry importance at
carrier frequencies are/negliglible at commercial
power frequencies and vice versa. For example,
the power circults are electrically short, and
therefore, susceptible to approximate empirical
solution, whilegqthe{carrler current circults are
in most cases concerned with electrically long
circuits. The relatively greater electrical
length of garriér current circuits 1s due, not
to thelr méechanical dength, but to the higher
frequencles Involved. As an example of the wide
differences in Qelectrical 1lengths between the
two types of circuits, let us consider a typical
220 kilovolt 1line of 750,000 circular mil con-
ductors and 19 foot spacing. The wave length of
such a line at a 60 cycle operating frequency 1s
about 3000 miles. This means that the voltage
at the recelving end of a full wave length line
is 360®wout of phase with that at the generating
end. But the maximum power that can be trans-
mitted“over any given line occurs when the volt-
age at the receiving end 1lags the generator
voltage by about 90 degrees. Beyond the 90 de-
gree polnt the maximum power decreases, or, in
other words, the 1longer the line, the less pow-
er can be transmitted. This and other factors,

such as the effeet of the line charging current
on the generattr filéld, the effect of short-cir-
cult conditions “en the generators, and other
synchronous machines enter 1into the situation
which 1s termedy, "stabllity". For this particu-
lar 1line, ,he line characteristics and the pro-
blems, of Vstabllity and power 1limlts would re-
strictihtransmission to not more than a quarter
wave length or a maximum distance of 750 miles.
For carrler current frequencles on the other
hand,pneo such 1limitation exists. Considering
theQabove-mentioned transmission line at a car-
rler ‘Gurrent frequency of 60,000 cycles, & wave
length becomes approximately 3 miles. This
would indicate a maximum transmission distance
of 0.75 miles while actually distances of sever-
al hundred miles are possible.

RELATIVE EFFICIENCIES

Another interesting comparison between
power transmission and carrler current trans-
mission 1s afforded by discussion of efficlency.
The 1losses 1n any transmission circult may be
considered to be made up of resistance and leak-
age 1losses, or as they are sometimes defined,
series and shunt losseg, respectively. The
former are equal to IR and the latter to veg
where R 1s the resistance of the line, V 1s the
voltage and G 1s the leakage conductance. In
most power transmission lines, the leakage loss-
es In the absence of corona are small, hence,
the solution of the problem of efficient trans-
mission is to ralse the voltage, thus decreasing
the current. In power transmission, this 1s
readlily accomplished because most lines are e-
lectrically so short that the impedance 1s gov-
erned entirely by the step-up and step-down
transformers and the assoclated load at the re-
celving end. Where the lines are long, the line
characteristics play an 1important part in the
process. In the case of carrier current trans-
mission, the receiving equipment has 1little ef-
fect on the transmitting end impedance because
the llnes are electrically so long that most of
the power 1s absorbed 1n the line. While the
transmission efflclency at carrier frequencies
may be quite easily calculated for uniformly
constructed two-wire 1lilnes, the complexity of
most transmission circults 1s such that 1t is
usually more practical to determine this effic-
lency by test. At first thought, it would seem
that the very low efficiencies (in the order of
10%) which are quite common, would be entirely
unsatisfactory. However, 1t should be remember-
ed that the energy 1losses of carrier current
transmission do not 1nvolve large amounts of
power, and, therefore, do not represent an ap-
preciable economic loss. B

()
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ATTENUATION VS FREQUENCY

In carrier current transmission, as in
telephone lines, 1t 1s convenlent to consider
the transmission characteristic of a system in
terms of attenuation or the diminution of power
along the transmission line. The ratio between
the voltages, currents, or power at any two
points 1s a measure of the attenuation of the
circuilt between these two polnts. However, it
1s not convenlent 1n practice to express trans-
mission losses or gains in terms of these ratios
directly. The 1losses 8o expressed cannot be
added to obtain the total 1loss, but must be
multiplied. Consequently, this attenuation is
expressed 1n declbels, which are ten times the
logarithm to the base 10 of the power ratio, or
20 times the 1logarithm to the base 10 of the
current or voltage ratios. An attenuation of 10
decibels 1s equivalent to a power efficiency of
10%; 20 decibels 1s equivalent to 1%; 30 deci-
bels 1s equivalent to 1/10%, etc.

In very general terms, the attenua-
tion of a two-wire wuniform line in decibels in-
creases 1linearly with frequency. However, this
linear relation 1s never exact and 1n some cases
the departure from linearity is very large. If,
Instead of the simple two-wire line, there are
one or more branch circuits, the increase 1n at-
tenuation 1s no longer directly proportional to
the frequency in kilocycles. In fact, a change
of 5% in the frequency may easlly cause an in-
crease or decrease 1n attenuation of as much as
25 decibels 1n a normal circuit. If the circuit
1s changed by switching so that more or less
branches are 1n use, there-may be equally great
changes 1n the attenuation. It 1s, therefore,
desirable that the line be studied carefully in
order to determine the most suitable frequency
for transmission.

EFFECT OF BRANCH CIRCUITS

As an example, consider the networkgof
Figure 1 and 1ts attenuation characteristic uns
der varilous operating conditions. Curve 1 gives
the characteristic of the line AB which 1s trap=
ped by choke coils, as shown. Curve 2 shows the
characteristic of the same 1line with the tap
circuit, C, and 1ts assoclated equipment con=
nected. The 1ntroduction of this, circult not
only increases average attenuation“of the line
AB, but also introduces irregularities “éaused by
reflection and absorption effects. Thus)y be-
tween polnts 5000 cycles apart, therejils as much
as 10 db attenuation difference. Curve) 3 shows
the characteristic of the same lidne “Seetion, AB,
with both tap 1lines, C and D,/ connected. This
curve not only shows an increase in the average
attenuation but also reflectlon ‘effécts that are
so pronounced as to glive fa 20.db variation in
attenuation over a 5000, cycledinterval. Fur-
thermore, there may be no,simllarity between the
last two conditions. That 1s, the peaks and
troughs in attenuation may not occur at the same
frequencies.

it 1is desirable to

surge impedance.
impedance* 1s defined as the in-
put impedance of an 1infinite length 1line. It
will have a _, finite" value due to shunt capaci-
tance and conductance. For finite length lines,
surge lmpedance, 1s the value of terminating im-
pedance which ) will make the input ilmpedance
equal témit,) regardless of the 1ine length.
There 1s(no reflection from the terminating end
when the “\line 1s terminated in its characteris-

Before contlnuing,
discuss characteristic or
Characteristic

*Fora, more complete definition and discussion
of ‘eharacteristic impedance see chapter on "The
Infinite Line" in Communication Englneering by
Everitt (See Bibliography.)
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‘Fig. 1
Carrier Current Frequency-Attenuation Curve for
a Typlcal Transmission Line

tic impedance, and hence,
attenuation 1s possible over a 1large range of
frequencies. The characteristic 1mpedance 1s
determined by configuration, insulation, and
other line constants, and 1s independent of 1line
length.

practically constant

Returning to the discussion of reflec-
tion and absorption, consider a line having an
electrical length of 90° or 1/4 wave length for
a particular frequency. If the remote end of
this line 1s open, the 1nput impedance 1s ver
low. If the 1line were 270° (3/4 wave lengthy
long, the input impedance would also be low, but
not quite so low as for 1/4 wave length, How
ever, at 180° (2/4 wave length), the impedance
is very high, and at 360° (4/4 wave length), 1t
1s not quite so high.**

**¥The large difference 1n 1input 1mpedance at
the odd and even quarter wave lengths, 1s due to
reflection. A complete discussion of this phen-
omenon 1s beyond the scope of this. leaflet, and
reference 1s made to a very excellent discussion
in the chapter on "Reflection" in Communication
Engineering, by Everitt. (See Bibliography).

et
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As the length 1s increased, it 1s usu- -

ally possible to distinguish between the odd and
even quarter wave lengths, up to about 50 quart-
ers or 4500°. However, -the maxima and minima
peaks approach the surge lmpedance and are not
easlly recognizable on long lines. The units of
length, (electrical degrees or quarter wave
lengths) are dependent as much on frequency as
upon mechanical 1length. Based on previous as-
sumptions, &a 15-mile 1line would be about 20-
quarter wave length at 60 kc.: Its input imped-
ance would be slightly higher than the surge im-
pedance of the line, since, as was pointed out
above, even quarter wave-length lines have rela-
tive high input impedance. If the frequency
were changed to 63 kc, the 15-mile line would-
be about 2l-quarter wave length, and the input
Impedance would be below the surge impedance
corresponding to an odd quarter wave-length,
line. In other words, the maxima and minima
would be separated by 3 kc or one-fourth the
frequency which corresponds to the wave length
of the line. Also, for a 15-mile, 20-quarter,
wave-length line, there will be approximately 16
maxime and 16 minima (impedance peaks) in the
carrier frequeacy band of 50 to 150 kec. These

variations 1in 1mpedance may have considerable
effect on the proper adjustment of the carrier
transmitter. In the case of branch circults,

minima usually represent absorp-
Therefore,

the 1impedance
tion which causes high attenuation.

they should be carefully considered for short
lines and branch circults.
The above discussion has considered

carrier transmission over an open wire trans-
mission line. Carrier transmission over a power
cable 1s much more difficult because of the
character’stic of the cable. The inductance of
cables 1s small, while in comparison the resists
ance and capacltance are large. This means high
losses and attenuatlon, and gives a walue of
surge impedance which may be as low as'1/10 of
that for open lines. Hence, cables ©ffer con-
silderably greater attenuation to the “earrier
frequenclies and often make carrier transmission
quite difficult. Carrier transmigslion over
cables should be given very speclal attention.

THE CARRIER CIRCUIT

The wuse of transmigsionwlines as a
communicating medium for a arrier channel can
be accomplished 1n two difflerent ways. Carrier
frequency may be 1mpressed onjecircuits between
one conductor and ground or ‘between any two con-
ductors such as between phases@ and B or phases
A and C or phases C and(B. The former 1s termed
phase-to-ground circulty, while the latter, 1is
termed phase-to-phaseg®or Interphase circuilt.

The inherent /advantage and 1limita-
tions of each methed ‘ofiwcoupling are as follows:

14 Phase-to-ground transmission is
usually 1less, 4expensive since only one set of
coupling units are necessary at each end of the
transmission channel.

2. The attenuation to carrier fre-
quency of phase-to-ground circults 1s usually
two or more times that of phase-to-phase.

3. The interference 1level (ratio of
extraneous voltages to carrier signal voltage)
is“Wmuech greater with phase-to-ground carrie:
circults. .

4. With single 1line to ground coupl-

other two phase conductors together
earth act as the return path for the
carrier signal. Very approximately, half of the
signal returns 1n the ground path and the other
half 1s divided between the two phase wires.

Ing, the
with the

-3

The resistance of the phase wires to the carrier
frequencies 1s roughly 1 ohm per mile as“eom-
pared to average earth resistance of 20g40hms per
mile. Thus the attenuation 1n phase | to ground
coupling 1s reduced by the presence of the other
two phases. When two or three 1line  to“ground
coupling 1s used, 1t 1s evident that thelattenu-
ation 1s 1increased since more of ), the return
current. 1s forced to flow 1n the earth.

The type of transmission employed
with any particular application is @etermined by
the individual requirementsgof that application.
In some cases, coupling _units are already
avallable on all phasefconddctors so that interp
phase transmission willibe employed even though
the distance may be _gvery, short. In general,
relaying and superylsory control will usually
employ a phase-to-ground carrier channel because
(a the distances, involved are seldom greater
than 100 miles, (b)4.the interference level or
interference with signals 1s usually not serious
for these applications. For other types of
transmission, especlally communication, the
interphase cdrcuitiyis preferable.

CARRIER FREQUENCIES

The / frequency band available for
carrierjcurrent use is from 50 to 150 kilocycles.
This frequency band 1s used - because at lower
freguencles than 50 kc interference might result
with carpier frequencles used for telephone com-
munléation over telephone lines, and above 150
ke, the attenuation and radiation is high. From
thl'syit 1s apparent that for a given 1lnstalla-
tion, the lower part of the frequency band
should be utilized for the longer distances.

RESULTANT CONSIDERATIONS

It 1s apparent from the above dis-
cussion that insofar as the transmission medium
1s concerned there are important differences be-

tween carrier current transmission and power
transmission. Some of these irregularities in
transmission characteristics could be smoothed

out by transposing and properly terminating the
circuits. This 1s not usually feasible as the
circults must be used as previously installed.

The transmission line >5ffa2rs an excel-
lent circuilt medium except for two l!mitations:

(1) The presence of branch 1lines,
taps, spurs of such a length as to offer inter-
ference from reflection, or absorption of
certalin carrier frequencies, as discussed above.
Power factor correction capacltor banks may also
offer a serious shunt.

(2) The presence of power trans-
formers 1in the transmission circuit which may
completely or partially block the passage of
carrier currents.

The first 1limitation can usually be
overcome by choosing a "frequency in which the

transmission characteristics are good over the
circuilt used. An alternate method 1s to use
resonant choke coils (wave traps) at the tap or

connecting point of the offending circult. These
colls are adjusted to offer a high impedance to
the carrier currents.

choke colls are used exten-
sively to 1solate a particular section of the
transmission 1line from the rest of the power
system. Thils 1s the most satisfactory means of
insuring at all times a through carrier current
channel. If the resonant choke coils are con-
nected at the ends of the transmission line and
inslde the grounding switches, the line may be
taken out of service and grounded without inter-
rupting or interfering with the carrier channel.

Resonant
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Unless the choice of frequencies Jis very 1imi-
ted and the number of taps or spurs large,
choke coills wi1ll be only required at the ends
of the transmission system to prevent interfer-
ence from the connected circults or from ground-
ing.

The second 1limitatlion 1s seldom en-
countered on most transmission systems. However
where 1t 1s deslred to operate a carrier channel
through a transformer bank 1in the transmission
line, by-pass equipment can be used. This by-
pass equipment conslsts of capacitors and 1in-
ductances which form a tuned clrcuit of low im-
pedance path around the transformer bank for the
particular carrier frequency, and a high 1im-
pedance for the power frequency currents.

Where doubt exists as to the presence
of a suitable carrier channel it 1s desirable to
take sufficient test data so that a curve of
attenuation in terms of frequency may be plotted
as shown in figure 1. This may usually be done
in eilther of two ways. The carrier current
transmitter and recelver may be set up for
regular operation and ad justed for several fre-
quencles over the range or, if more convenient,
a speclal test osclllator and special tube volt-
meter may be used instead of the regular carrier
current equipment. Owing to the fact that line
switching conditions affect this curve very
appreciably, 1t 1s desirable to make several
test runs covering as many normal and abnormal
conditions as can be set up without undue inter-
ference to the transmission of electric power.
These curves should be filed with the 1nstruc-
tion book as an aid to malntenance. If 1t 1is
subsequently found that the frequency chosen 1s
unsatisfactory, the operator can consult these
curves and decide upon a more sultable fre-

quency for operation.

LINE COUPLING SYSTEM

So far this discusslon has ngt bro?ght
he method of introducing the carrler re=
SEany on the transmission lines. If the par-
ticular transmission circult 1s a high voltage
system, such as 110 kv for example, it 1s @s+
sential that some means must be used togeonnect
the carrier equipment to the line withoutgre-
sorting to a direct electrical connéctlon of/the
carrier equipment to the phase conductersa For
this purpose a seriles of capacltof uniits and a
drain coil connected from the phaseé conductog to
ground 1s used. This capacltorjStaciy(.0006 to
.004 mfd.) offers and 1impedance Wof several
million ohms to power frequeney current. Thus
the power current thru the capacitor 1s in the
order of 50 milliamperes. A “smadl radio fre-
quency choke coil (approxé 200 millihenries)
offering many thousand \ohfs Impedance to the
carrier frequencies ,1sl mounted in the base of
the coupling capacitors ‘and connected between
the capacitor and groumd s6ythat the 50 ma of
60 cycle charging{curzent £lows through the coll
to ground. The powerfrequiency impedance of this
coll is very small compared to its carrier fre-
quency impedance so that 1ts ungrounded terminal
is at a potential of 1less than 100 volts above
ground with the 60, cycle charging current flow-
ing throughJdt.

The\carrier frequency 1 1lmpressed
directly acress this choke (drain? coll. The
carrierfyeltage 1s appllied to the transmission
line conductor through (or in series) with the
capagitor,. The capacitor has a low impedance to
carrler®frequencies so that in effect that
cafirler, voltage 1s 1mpressed directly on the
transmission conductors without resorting to a
high voltage connection. To further improve
this \coupling, the reactance of the capacitor 1s
series tuned by the reactance of a tuning cir-

_—"

cuilt in the carrier current transmitter. In
this way, the .carrier equipment 1s connected
directly to the transmission line 1n a fashionm
which permits a 1low voltage connection but Am-
presses the carrler voltage directly between
phase conductor and ground. For phase-to-phase
transmission, thils same connection 1s udsed on
each phase conductor so that the carriler veoltage
appears 1/2 between each phase and ground.

TRANSMITTER-RECEIVER EQUIPMENT

The transmitter-recelver equipment 1s
quite simllar 1n construction 4£6 space radio
communication equipment, uslng (many of the com-
ponents origlnally designedfhfor” space radio
equipment. The arrangement of,the circults 1s
very simllar to those used iffiyspace radio equip-
ment except that wusually [the ‘@éircults used for
space radio are complicated/by)special require-
ments which have no sfgnificance in the case
carrier current equipment.

CARRIER' CURRENT SCHEME--“BRINCIPLE OF OPERATION

As expldined above, an outdoor-mounted
radio transmitter-recelver 1s used at each of
the line for gefierating the high frequency and
operating ,an (auxll¥ary or receiver relay 1in
response tQ the recelved signal. Figure 3 and 4
shows schematleéally the connections of these
transmitter-recelvers to the transmission line
and to“theWauxillary relays. Each 1line section
1s considered as a unit and should be assigned a
separate freguency to minimize the possibility
of lnterflerence.

All circuilts assoclated with the
séctlion Vare tuned to respond to the assigned
frequency so_that elther receiver may recelve a
Signal from its own transmitter or from the
transmitter at the opposite end of the section.
The correct functioning of the carrier current
1s not affected by internal transmission line
faults because 1t 1s used to block tripping in
unfaulted line sections and therefore 1s not re-

quired to transmit a signal over a faulted sec-
tion.

This system of protection uses relays
operating on current and voltage at each end of
the line to detect and determlne the direction
of faults. Carrier current is started by fault
detectors when a fault occurs. Fault power
flowing out of a line sectlon indicates that the
fault 1s external and the breakers should not be
tripped. At the same 1nstant, however, power
will be flowing 1into the other end of the 1line
as though the fault were 1n the section. Under
this condition, the directional relays at the
end where power 18 flowing out of the section
will operate to contlinue the transmission of a
carrier current signal which is received at both
ends and prevents the relays at both ends from
tripping for all external faults. For internal
faults power w1ll not be flowlng out at eilther
end and carrier current will be stopped by
operation of the directional elements at both
ends to permit simultaneous tripping of both
breakers. )

The carrier current scheme utilizes
the time-distance characteristic of the type HZ
impedance relay to provide high speed simul-
taneous tripping with carrlier 1n service, and
step type distance protection with carrier
elther in or out of service. The flrst element
of the HZ relay operates 1independently of the
carrier current. The second element trips at
high speed for faults 1n the section because
carrler tripping contacts short around the syn-
chronous timer. These tripplng contacts close
immediately 1f the fault is within the section,
but are held open by the carrier current signals

A5
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to block tripping if the fault 1s beyond the
section beilng protected. This arrangement thus
provides simultaneous tripping over the entire
line section. The synchronous timer is used in
connection with the second 1l1mpedance element to
provide back-up protection for the second zone
section. The tripping circult of the third
element 1s 1ndependent of carrier current and
operates with time delay for overall back-up
protection.
by the second 1impedance element, together with
the third impedance element, control the trans-
mission of carrier current. Additional inter-
locks can be 1ncluded to prevent tripping of an;

of the elements (carrier or back-up protection

due to out-of-synchronism surges. Thus, besides
the usual carrier current pllot protection, this
system lnherently provides high speed and time
delay back-up protection.

COMPONENTS OF COMPLETE EQUIPMENT

An outline of the equipment used at
each terminal of a transmission 1line 1s given in
the following list of component parts.

1. A set of relays, operating on the
current and voltage of the line, to detect and
determine the direction of faults, to trip the
breaker 1if the fault falls within the zone of
protection, to control the transmission of
carrier current for external faults, and to pre-
vent tripping due to out-of-synchronism condi-
tions.

. 2. A d-c. carrier current transmitter-
recelver set, the transmitter controlled by the
fault detecting and directional relays, and the
recelver to operate a recelver relay included
with the relay equipment under 1.

3. A high voltage coupling gapacitor
for introducing the high frequency cufrent/{ onto
the transmission line. This may ,be“supplied
with a potential device for measuring line-to-
ground potential or 3 sets can be‘used’for
measuring 3 phase line potential.

4. Surge protective equipment to pro-
tect the carrier current sets and personnel from
line surges. This 1s 1included as{part of the
transmitter-receiver and coupling capacitor.

5. A wave trap .(resonant choke coil)
to confine the carrier ,current energy to the
line section for more efficient transmission of
carrier and minimize interference between sec-
tions.

OPERATION OF SCHEME

In the d-c4 ‘@implified schematic dia-
gram (figure 2 the ground relay and the type HZ
impedance relaysy are operated by current and
voltage usding 4 thef usual connectlions for these
relays. &For simplicity, the current and voltage
circults are/not £shown. The three impedance
elements of Gthé type HZ relays are set in the
usual manner for step-type distance relaying.
The first element Z1, 1s set for 90% of the line
section and operates 1ndependently of carrier.
The second ©lement, Z2, 1s set for about 150% of
the 2lne section and so covers the entire line,
but 18 particularly assoclated with that portion
whichals beyond the setting of the first element
that), 1s, the last 10% of the line (end zone) ad-

Jacent to the next sectionalizing point. -In
this zone 1t 1s not possible to determine by
distance 1indication whether the fault is just

within or Jjust beyond the end of the section.
For distance relaying, without carrier, a time
delay contact, T2, 1s wused in series with the
contact of the second zone impedance element to
allow time for the breaker in the next section

The directional element, supervised -
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Simplified d-c Schematic of the Carrier Current
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to clear. When used 1n carrier relaying, this
T2 contact 1s paralleled by a contact, RRP, con-
trolled by carrier, as explalned below. The
third element, 23, 1s given a distance setting
to provide complete back-up protection through
contact T3, and to start carrier transmission.
The synchronous timer motor 1s started by 23
operates T2 and T3 in sequence.

The HRK or HRP ground relay has a
directional element and two instantaneous over-
current elements. The operation of these ele-
ments 1s explained below.

of figure 2 comprises

The upper part
lower part, the

the trip circuits and the
carrier control circuilts. The distance type
trip paths are: First zone - D and Z1; Second
zone - D, 22 and T2; Third zone - D, 23 and T3.
The carrier controlled tripping path 1s through
D, Z2 and RRP contacts. For ground protection a

carrier controlled trip circuit 1s set up
through the contacts Do and Io2 of the ground
relay and the carrier controlled contact, RRG.

The contact Io3 1s used to start carrier. The
contacts, RRP and RRG, are on the blocking re-
lay controlled by the carrier signal operating
RRE and RRT colls.

The contacts Z3 (A, B, & C phases) in
the lower part of the figure serve to start the
transmission of the carrier signal for phase
faults and contact Io3 performs the same func-
tion for the ground faults. These carrier start
contacts, Z3, are on the same fault detector
elements as the tripping contacts, 23, in the
upper part of the dlagram. The ground start
contact, Io3, 1s operated by an over-current
element separate from that which operates the
tripping contact.

Normally, with the phase and ground
carrier start contacts open, the cathode of the
oscillator tube is connected through a resistor
to the positive side of the battery. Under this

-5 -
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CARRIER CURRENT RELAYING

condition the tube cannot oscillate. However,
upon closure of any of the 23 contacts or the
ground start contact Io3, the cathode 1s con-
nected to the negative bus through the normally
closed contacts, CSP and CSG, and the tube be-
gins to oscillate and transmit a carrier signal.

The stopping of the carrier signal is
controlled by the tripping contacts, D and 22,
for phdse faults and Do and Io2 for ground
faults. When fault power flows into the pro-
tected 1ine section, the tripping contacts, D
and Z2 close for phase faults and permit the
coll of the auxiliary contactor switch, CSP, to
be energized. This causes the back CSP contact
in the carrier control circults to open, which
stops carrier, and permits the RRT operating
coll of the blocking relay to be energlzed thru
Z3 start contacts. Similarly, for ground faults
Do and Io2 close to energize the coll of another
auxiliary contactor switch, CSG, whose back con-
tact, CSG, stops carrier and permits the opera-
ting coll of the blocking relay to be energlzed.

The arrangement of starting and stop-
ping carrier, as explalned above, 1s so designed
that the action of the ground relay 1s given
preference over the phase relays. This means
that 1f Io3 of the ground relay starts carrier,
1t 1s then 1mpossible for the CSP contact and
the phase relays to stop carrier. The purpose
of this ground preference 1s to prevent possible
Incorrect 1ndications of the phase relays due
to load currents and the flow of positive and
negative sequence currents during external
ground faults.

The carrier controlled blocking ele-
ment 1s a sensitive polarized d-c. relay pro-
vided with two make contacts, RRP and RRG, and
one break contact, RRB. These contacts are
operated by the action of two colls, one an
operating coll, RRT, energized by the locak
battery and controlled as explalned above by CSP
and CSG contacts, and the other a carriler holdd-
ing coil, RRH, connected in the plate circult Of
the carriler current receiving tube. Normally,
both colls are de-energlized and the make gon-
tacts, RRP and RRG, are held open by a magnetic
bilas. The relay 1s prevented from operating
when the carrier holding coll, RRG, #s ener=
glzed even though the operating coil, RRT,|\is
energlized. This means that as long as“earrier
1s being recieved eilther from the local, oscll-
lator or from the opposite end, RRH,1s energized
and tripping 1s prevented.

The complete sequence _of events may be
briefly summarized as follows: Assume an in-
ternal phase-to-phase fault just beyond the zone
of one of the Z1 elements. Carrler will be
initiated 1mmediately at fpboth ends of the line
by the closure of one of the 23 jcontacts. Mean-
while, the directional and Second zone lmpedance
contacts close and erderglze,the auxiliarcy switch,
CSP, stopping carriér and energlizing the opera-
ting coil, RRT, ©f tHe carrier blocking relay.
Since the same action hé@s occurred at the far
end of the 1line, no carrler 1s recelved and the
blocking contact, RRP,” 1s closed at both ends
completing the trip circuilts through D and Z2.
However, the trip _coll at one end has already
been energized through Z1I. If the fault had
been external®,to the section, then tripping
could not ¢havejoccurred since the carrier hold-
ing coil, RRH )»would have been energized by
carrier fPom the far end.

If an internal two-phase-to-ground
fault 1s“assumed, the ground carrier start con-
tactwlo’), will start carrier by making point G
negative“and 1t 1s then 1impossible for the phase
relays to remove carrier through the CSP con-
tacts.) However, the ground tripping contactrs.
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Fig. 2 (Repeated)
Simplified d=e Schematic of the Carrier Current
Relaying Scheme

Do _and Te2, will close energlzing the CSG aux-
11T ary, relay to stop carrier.

It will be noted that carrier current
1s not started at either end unless fault cur-
rent operates a starting element (fault de-
tectorg. This 1s significant 1n case a line be-
comes disconnected from a source of power at one
eénd; 1n other words, begcomes a stub end feeder.
If a fault occurs on such a line, the carrier
transmitter will be started and stopped only at
the end which 1s connected to the source of
power and no carrier will be received from the
other end to 1nterfere with tripping.

On parallel 1lines 1t 1s possible to
have the fault power undergo a quick reversal as
the breakers on the faulted line open. Under
this condition carrier transmission 1s main-
tained at one end until 1t has had time to be
started at the other.

It 1s desirable to periodically check
the condition of the carrier set to determine
1ts abllity to send and recelve a carrier signal
For this purpose a test push button 1s connected
in parallel with the carrler start elements.
Pressing the test push button sends a carrier
signal which 1s recelved by the recelver tubes
at both ends of the line sectlion to operate an
alarm relay and energlize a milliammeter. If the
carrier set 1s not functloning, the alarm 1s not
heard and the- milliammeter does not deflect in-
dicating trouble which must be investigated. The
alarm relay has a minimum operating value 1n ex-
cess of the minimm required to operate the
blocking relay so that an 1ndication of im-
pending trouble can be obtalned before actual
faillure occurs.

A three pole single throw switch oper-
ated from & common handle 1s connected 1n the
carrier trip and out-of-step circult, as shown
in figure 2, The switch 1s marked "Carrier On-
Off" and opening it removes carrier supervision
and permits the HZ relays to operate in the con-

-8 -
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ventional step-zone mann~r. The switch also re-
moves the HRK or HRP ground relay and ground
protection 1s avallable through back-up ground
relays. (Shown in figure 3 and 4).

OUT-OF-STEP PROTECTION

It 1s often desirable to prevent the

operation of relays during oub-of-step condi-
tions so that the system can be separated at
locations where synchronizing equipment is
avallable. The carrier relaying system provides

a means of preventing tripping during out-of-
step conditions without impairing the abllity to
trip for internal faults occurring during out-
of-step conditions. One fundamental difference
between a three phase fault and an out-of-step
condition 1s that a fault suddenly reduces the
voltagel and 1increases the current, whereas
during the approach of an out-of-step condition
the voltage and ~current changes are comparative-
ly gradual.

Por a three phase: fault the distance
elements all operate simultaneously, 1if they are
to operate at all, while during out -of -step the

23 operates first, followed by 72 and then Z1.
As the system returns toward the "in-phase"
position, the elements reset in the opposite

order; that 1s, 21, Z2, 2Z3.

To prevent tripping during out-of-step
it 1s only necessary to arrange for the closure
of the three contacts and for the recelver relay
back contact, RRB, to operate and additional
blocking relay to open the trip circult. This
blocking relay must have a slight time-delay so
that 1t does not open the trip circult before
tripping on a three phase fault can occur. £0n
the other hand, 1t must open the trip circuif
during an out-of-step condition befdre the
second element, Z2 1s operated.

to figure 2 againyy thejout-
designatedyas X2,
circftit Jas shown,

Referring
of-step-blocking contact 1s
and 1s connected 1n the trip

In parallel with it are three contacfs Ay B, C,
which are the back contacts ong, the auxiliary
switches A, B, C, operated by the 23 carrier

of the dlstance relays. The
these swidécheggare in series
with the back contact, RRB,§o0of the recelver
blocking relay, and energize thedcoll, PR, of a
pendulum type time-delayyfielay, whose lower con-

starting contacts
make contacts of

tacts make and energizef,the” coll of the X2
blocking relay. Every® time’that all three of
the Z3 carrler start [ contacts close, the back

contacts, A, B, C, and(X2, ©Open the trip circult
after a 3 to 4 cyclemdelas. Back contact X2,
opens by virtue offald ghree make contacts, A,B,
and C, closing, through RRB to energlze the PR
coll and in purnyy, thémX2 coil.

If the electrical center 1s inside the
protected“2iné section, and in other cases where
the two voltage sburces appear 180° out of phase
directiona¥ and impedance elements at each

the

end of the 1line wi1ll be closed. This stops
carrier (previously started by the Z3 contact
RRB to openg This energlzes RRT to allow the

contact RRB to open. This de-energlizes the
pendudum relay, PR, whose spring arm begins now
tolescdllate, alternately closing the bottom and
topW contacts, PR. This keeps the X2 coil
cnerglzed. After the amplitude of vibration of
the pendulum has decreased to a certain value,
1% will not strike either of 1ts contacts and X2
will reset. This action occurs in cycles, and
the time delay introduced by the pendulum relay,
should be longer than the time during which both

directional elements "point‘in," whic? depends
upon the length of the "slip cycle" of the
system. It 1is desirable to clear internal faults
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occuring during an out-of-step conditiof§\but ¥t
1s not so essential to be ahle to clear thHem at
high speed. The ground relay tripfcireuit is
not blocked by the out-of-step relay, X2, and
can trip instantly. On phase-tozphase faults,

one or two of the Z3 contacts 111 geset when
the system swings in phase, thus @llowlng one of
the back contacts, A, B, or C toWeocmplete the

trip circuit without walting for the reset of Xz
On a three-phase fault, however, none of the Z3
contacts wi1ll reset, and consequently, tripping
willl not occur until after the exXpiration of the
X2 time delay. The resetmof X2 1s made possible
by the opening of the frecefwer relay back con-
tacts, RRB.

It will Dbeg,noted from Fig. 2 that the
back-up tripping ghrough "D, Z3 and T3 1s shown
blocksd Dby the out~of-step contacts, in which
case, back-up protectdon on three-phase faults
during out-of-stepy, Is not possible. It is
arranged, however, |So that T3 connection can be
made on the otherdiside of the out-of-step con-
tacts, and #n"tBhis" case, tripping on out-of-step
cannot be prevented for a period of longer than
the time setilng of T3.

ADDITIQNAL USES FOR THE CARRIER CHANNEL

A" complete schematic dilagram of the
relays and carrier set 1s shown in figure 3. 1In
additlon " to circults already discussed, connec-
tiionsWare shown which provide for the addition
of “‘impulse type telemetering using the relay
carrlér channel as the communicating means to
traffsmit telemetering impulses. Connectlons are
also shown for the addition of a handset or desk
stand telephone to obtain point-to-point com-
munication over the carrier channel.

The telemetering circuits are shown
dotted 1n the 1lower right portion of figure 3.
The connections are similar at each end of the
line sectlion, except at the telemetering trans-
mitter end, the contact marked "Telemetering
transmitter , TV-1 Relay" 1s used. The circults
are arranged so that when telemetering impulses
are belng elther transmitted or received, the
alarm bell both at the local and distant statilon
is prevented from ringing by a delay circult.
This circuilt consists of a combination of re-
sistors and a condenser energlzed thru contacts
on an auxiliary Type TV relay. When telemeter-
ing impulses are being sent or received, the
coll of the TV relay in the receilver plate cir-
cult 1s energized on each impulse. Thils causes
the normally closed contact, TV, to alternately
open and close energizing the circult thru a re-
sistor marked "10,000 ohms, 125 volts; 20,000

ohms, 250 volts", and a condenser marked "30 mfd.,

125 volts, 16 mfd., 250 Volts." In parallel with
this condenser 1s a circult consisting of a
10,000 ohm resistor and the coil AL of the alarm
element of the recelver relay. The resistors
and capacitors are chosen so that for this par-
ticular case a maximum delay of approximately 2
seconds can be obtalned. This will prevent
operation on the longest telemetering impulse.
If i1t 1s desired to signal by means of the push
button, 1t 1s only necessary to hold the push
button closed for a period long enough to cause
the alarm element to drop out. Energizing
carrier thru the push button maintalns the nor-
mally closed contact, TV, open and when the
charge on the condenser 1s used up, the alarm
element will drop out, closing 1ts back contact
marked "alarm" and causing the bell to sound. By
properly proportioning the resistor and capa-
citor a wide range of drop-out times can be ob-
tained for the alarm element.

In figure 3 the circuilts for point-to-
point communication are shown both for communi-
cation from the carrler set location and from



CARRIER CURRENT RELAYING

the switchboard panel by use of a monophone.
Connections are also indicated for a desk stand
telephone station, where it 1s desired to locate
the telephone on the operator's desk. When the
telephone 1s plugged 1in at either location, the
local carrier alarm circult is opened by a con-
tact on the telephone jack. This opens the cir-
cult from negative to the bell alarm and the
connection is made thru the terminal marked, BC,
on the carrier transmitter-recelver terminal
board. The functioning of the carrier equipment
for point-to-point communications 1s fully ex-
plained in I.L. 2818-A
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