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Introduction

Thisintroduction is not part of |EEE Std 643-2004, |EEE Guide for Power-Line Carrier Applications.

Since the first release of this document in 1980, many additions have been made to the information
presented. The first release was to replace a 1954 AIEE Committee Report, Guide to Application and
Treatment of Channels for Power-Line Carrier. This revision hopes to clarify areas where technology has
improved as well as to add sections specifically concentrated to protective relaying applications. Although
there are still usesin North America of the power-line carrier (PLC) for voice and supervisory applications,
the predominate application is for dedicated protective relaying channels. To accomplish this task, the
Power-Line Carrier Subcommittee of the Power Systems Communications Committee worked closely with
the Communications Subcommittee of the Power Systems Relaying Committee through parallel working
groups in both committees.

Details of the changes would be too numerous to note here. This guide is both a reference for the
experienced PLC engineer as well asfor the novice.

PLC is not unique to only North America. Although it is not possible to describe differencesin applications
and philosophies, the principles presented here remain the same worldwide.

Thisguideis dedicated to Mr. Herb Dobson, posthumously, as he was a noted expert in the field of PLC and
contributed significantly to its widespread usage and the information in this guide.

Notice to users

Errata

Errata, if any, for this and all other standards can be accessed at the following URL: http://
standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL for
errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieeelinterp/
index.html.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. The IEEE shall not be responsible for identifying
patents or patent applications for which a license may be required to implement an |IEEE standard or for
conducting inquiriesinto the legal validity or scope of those patents that are brought to its attention.
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IEEE Guide for Power-Line
Carrier Applications

1. Scope

The purpose of this guide is to provide application information to users of carrier equipment as applied on
power transmission lines. Since the major applications of the power-line carrier (PLC) is for protective
relaying, specia consideration for these applications has been included. Information related to the
expanding usage of carriers on distribution lines below 69 kV is not specifically covered. Detailed
equipment design information isavoided as thisis primarily the concern of equipment manufacturers.

Material on PLC channel characteristics is presented along with discussions on intrabundle conductor
systems and insulated shield-wire systems. Procedures are provided for the caculation of channel
performance. Data for the calculations are drawn from various sections of the guide. The coupling
components considered are line traps, coupling capacitors, line tuners, coaxia cables, hybrids, and filters.
Frequency selection practices and future trends are discussed.

An effort has been made to coordinate this guide with the CIGRE Guide [B49]} and IEC 603532
IEC 60481, |[EC 60495, and |EC 60663.

2. Normative references

The following referenced documents are indispensable for the application of this guide. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments or corrigenda) applies.

ANSI C63.2, American National Standard for Electromagnetic Noise and Field Strength Instrumentation,
10 Hz to 40 GHz—Specificati ons.3

ANSI C93.1, American National Standard Requirements for Power-Line Carrier Coupling Capacitors and
Coupling Capacitor Voltage Transformers (CCVT).

ANSI C93.3, American Nationa Standard Requirements for Power-Line Carrier Line Traps.

1The numbers in brackets correspond to those of the bibliography in Annex B.
2Information on references can be found in Clause 2.

SANSI publications are available from the Sales Department, American National Standards I nstitute, 25 West 43rd Street, 4th Floor,
New York, NY 10036, USA (http://www.ansi.org/).

Copyright © 2005 IEEE. All rights reserved. 1
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ANSI C93.4, American National Standard Requirements for Power-Line Carrier Line—Tuning Equipment.

ANSI C93.5, American National Standard Requirements for Single Function Power-Line Carrier Transmit-
ter/Receiver Equipment.

|EC 60353, Line Traps for A.C. Power Systems.*
|EC 60481, Coupling Devices for Power Line Carrier Systems.

IEC 60495, Recommended Vaues for Characteristic Input and Output Quantities of Single Sideband
Power-Line-Carrier Terminals.

IEC 60663, Planning of (Single Sideband) Power Line Carrier Systems.

IEEE Std C37.90.1™, IEEE Standard for Surge Withstand Capability (SWC) Tests for Protective Relays
and Relay Systems.

IEEE Std C37.90.2™, |EEE Standard for Withstand Capability of Relay Systems to Radiated Electromag-
netic Interference From Transmitters.

|EEE Std C37.90.3™, |EEE Standard Electrostatic Discharge Tests for Protective Rel ays.5

3. PLC channels

A PLC channel includesthe signal path from the transmitting electronic equipment at one terminal, through
its coupling equipment, over the power line, through the tuning equipment at the receiving end, and into the
electronic equipment at the receiving terminal. In bidirectional applications, a similar return path is
provided.

As shown in Figure 1, a basic PLC system consists of three distinct parts: the terminal assemblies, the
coupling equipment, and the transmission line. Terminal assemblies consist of transmitters, receivers, and
protective relays. The coupling equipment consists of the line tuner, coupling capacitor, and line trap. The
coupling equipment provides a means of connecting the terminals to selected points on the power
transmission line. The transmission line provides a suitable path for the transmission of carrier energy
between terminals in the PLC band of frequencies. At the terminals, one or more transmitters and/or
receivers may be required, depending on the number of functionsto be performed.

4 EC publications are available from the Sales Department of the International Electrotechnical Commission, Case Postale 131, 3, rue
de Varembé, CH-1211, Genéve 20, Switzerland/Suisse (http://www.iec.ch/). IEC publications are also available in the United States
from the Sales Department, American National Standards Institute, 25 West 43rd Street, 4th Floor, New York, NY 10036, USA (http://
www.ansi.org/).

SIEEE publications are available from the Institute of Electrical and Electronics Engineers, Inc., 445 Hoes L ane, Piscataway, NJ 08854,
USA (http://standards.ieee.org/).
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Figure 1—Diagram of a PLC channel

Coupling of carrier energy to the transmission line is accomplished by the coupling capacitor, which is the
physical link to the transmission line that has a high impedance to the power frequency and alow impedance
to carrier frequencies. The drain coil, which is part of the coupling capacitor (or additionally in the line
tuner), provides a low impedance path to ground for power frequencies and a high impedance path for
carrier frequencies. The user should also be aware that if an optional drain coil is placed in the line tuner, the
paralel combination of the two drain coils should be considered (refer to 7.3.4). The line tuner provides
impedance matching between terminal assemblies and the transmission line. It aso provides for resonant
tuning with the coupling capacitor. The line trap is inserted into power lines to minimize the loss of carrier
energy and to prevent externa faults from shorting the carrier signa on the unfaulted line. The transmission
line provides the path for the PLC energy.

PLC is atechnique by which low radio-frequency (RF) currents are propagated over metallic conductors,
which may be either ac or dc overhead transmission lines or pipe type cable. The primary difference
between high-voltage (HV) power transmission and PLC transmission is the frequency of operation.
Although the fundamental principles of both transmissions are the same, many factors of primary
importance at PL C frequencies are negligible at power frequencies.

Frequencies in the range of 30-500 kHz have been employed for PLC. This frequency range is high enough
to be isolated from the power frequency energy and the noise it creates, but not so high as to encounter
excessive attenuation. Although frequencies somewhat lower than 30 kHz can be used, it is difficult to
efficiently couple these frequencies to the transmission line by using coupling capecitors.

Anytime voltage is discussed or V is used in an equation in this guide, it is dways RMS voltage unless
otherwise specified.

4. PLC applications

4.1 Relaying applications
4.1.1 Interfacing PLC with relays

Many factors determine the form taken by the power-line carrier—relay interface, among which are the type
of protection scheme, the channel speed requirements, and the distance from the PLC equipment to the
relays. Thisdistance, if excessive, can affect both the output and the keying input conditions.

Copyright © 2005 IEEE. All rights reserved. 3
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The current generation of PLCs all use optically isolated low-energy keying inputs and solid-state outputs.
Some users have found that, when the carrier set is separated from the protective relays, the keying leads can
pick up enough noise to key the carrier. One possible solution is to install an electromechanical relay at the
carrier set to key the carrier. This relay will usually not be affected by the noise picked up by the keying
leads, but it will delay the keying by the relay’ s pickup time.

4.1.2 Carrier operation types

Two basic types of PLC channels are used most commonly in protective relaying schemes in North
America: single-function oN—OFF [amplitude modulated (AM)] and single-function frequency shift keyed
(FSK). Single-function oN—OFF carriers are primarily used in blocking schemes. Single-function FSK
carriers are used in permissive, unblocking, and direct trip protection schemes.

4.1.2.1 ON—OFF carrier

The ON—OFF carrier scheme uses an AM signal transmitted via the power line to communicate relay logic to
the remote relay terminal. The signal is either on or off. In directional comparison blocking (DCB) schemes,
the local relay sends carrier (block) when the fault is externa (reverse) to the protected line. The block is
sent continuously as long as the local relay senses a fault in the external (reverse) direction. The blocking
signal received at the remote relay blocks the remote relay fast trip elements. In phase comparison schemes,
the local relay initiates a carrier signa in phase with a (sequence filtered) model of the local end fault
current. The phase of the carrier signal received at the remote end is compared with the phase of a (sequence
filtered) model of the remote end current to determine if the fault is on the protected line or outside the
protected line.

4.1.2.2 FSK carrier

The FSK carrier employs a two- or three-state frequency-shifted signal that is used to transmit relay
information to the remote end of the protected zone. The normal signal is called a guard signal and is
monitored at the receiving end for continuity. To signal the remote end, the frequency is shifted up or down
a specified amount. The simplest FSK scheme is a direct transfer trip (DTT) scheme. A guard signal is
continuously transmitted. When keyed, the transmitter shifts from guard to the trip frequency. The receiver
will then operate to trip a breaker.

Other schemes employing FSK are permissive transfer trip, directional comparison unblocking (DCU), and
phase comparison unblocking. In the latter two schemes, the normal and shifted frequencies are often given
specia names to denote their function. In DCU, the normal frequency is usually called “block” rather than
“guard” and the shifted frequency is “unblock.” In phase comparison unblocking, the two frequencies are
called “mark” and “ space.”

4.1.3 Protection system design using PLC channels

The power-line carrier provides a manner of communicating protection information between the terminas
of atransmission line. The engineer must take into account the specia characteristics of PLC in the design
of the protection logic.

If the transmission line to which PLC equipment is applied is faulted, the PLC signal being sent may be
attenuated by the fault. If the attenuation is so great as to cause the signa to fall below the remote PLC
receiver threshold, the remote receiver will squelch and its output will indicate that no signal is present. Each
type of protective relaying scheme that uses PLC equipment compensates for the channel characteristics
differently. The protection system must be designed with additiona logic and timers to cope with PLC
signal attenuation conditions.

4 Copyright © 2005 IEEE. All rights reserved.
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4.1.4 Directional comparison

Directional comparison includes schemes that use directiona relays for fault sensing and PLC for the
communications channel. There are several types of directional comparison schemes.

4.1.4.1 DCB

In this protection scheme, the carrier tripping relays are directional and are set to overreach the remote end
of the protected line. The carrier tripping relays will initiate tripping for a detected fault unless a carrier
block signal isreceived.

For a fault beyond the remote terminal, the reverse looking blocking relays at the remote terminal will see
the fault and key their carrier to send a block signal to the local terminal. Since the local tripping relays are
picked up, the failure of the block signal to be received will result in tripping of the local terminal. Internal
faultswill be sensed by the tripping relays on both ends and no blocking signals will be sent; therefore, high-
speed tripping will occur at both ends.

Most schemes use an offset mho multiphase relay and a nondirectional ground relay to start the blocking
signal transmitter. If the tripping relay picks up, it will stop the blocking signal, which allows the remote end
to trip if itstripping relays are picked up.

The DCB scheme uses the ON—OFF carrier amost exclusively for its communications. Each transmitter sends
the same frequency, or the frequencies will be slightly offset. Three terminal applications of DCB will have
the frequencies slightly offset to avoid signal cancellation, which might otherwise lead to tripping of some
terminals.

Each DCB transmitter isnormally off. For external faults only, one terminal will see the fault as external and
send a blocking signal to the remote end(s) of the line. Receipt of a remotely sent block signa prevents the
local overreaching tripping elements from tripping the local breaker as long as the block signal is received
within the coordination timer setting and the blocking signal remains until the fault is cleared.

A coordinating timer is required to allow time to receive the block signal from the remote end transmitter.
These timersdelay tripping from 3 msto 12 ms. They aretypically set at 8 ms, which meansthat once a fault
is sensed by the tripping relays, there will be an 8 ms delay to wait for the blocking signal. If no signal is
received, the trip path will be completed, which thereby trips the breaker. Transient blocking timers are also
required to prevent remote tripping on current reversals with parallel lines.

Since the normal stateis for the carrier to be off, some sort of testing must be provided to prove the integrity
of the channel and carrier equipment. This periodic testing will help prevent most misoperations for failure
of the carrier equipment. This testing is typically done with some sort of manual or automatic checkback
equipment. See Clause 10.

The keying of the blocking signal should be accomplished by using the contact opening carrier start. In this
manner, there will be no interruptions (holes) in the blocking carrier from contact bounce. This usually uses
a“b” contact, which opens to remove either positive or negative voltage from the carrier keying circuit. If a
solid-state output is used from the relay, then contact bounce is not a problem. Many new digital relays are
supplied with contact opening carrier start outputs. It is very important for the utility protection engineer to
remember why open contact keying is needed. A contact closing carrier start will increase the probability of
afalse trip, which is caused by contact bounce causing holes in the blocking signal. A contact de-bounce
circuit may be employed in the input of the carrier set keying circuit to avoid the carrier holes. It must be
remembered that the contact de-bounce circuit will cause adelay in the dropout of the blocking signal by the
dropout time of the de-bouncelogic.

Copyright © 2005 IEEE. All rights reserved. 5



IEEE
Std 643-2004 IEEE GUIDE FOR POWER-LINE CARRIER APPLICATIONS

4.1.4.2 DCU

The DCU system uses a single-function FSK PLC channel for transmitting relaying information to the
remote end of the protective zone. The scheme consists of directional phase and ground relays looking
forward and overreaching the protected line's remote terminals, with a FSK transmitter and receiver at each
end of the line. There is a discrete frequency for each transmitter. Each transmitter continuously sends a
block signal except when afault is detected by the overreaching relays.

For a detected internal fault, the transmitter is shifted to an unblock frequency. Receiver logic alows
tripping for receipt of an unblock signal or during 150 ms after loss of signal. Loss of signa may occur
because of afault onthe line. During that time, if the directional relay picks up, atrip signal will be issued to
the breaker. If the relays do not operate within the 150 ms window, the scheme will be locked out. This
process prevents erroneous tripping during extended loss of carrier signal.

For an external fault that occurs beyond the remote terminal, the tripping relays pick up at the local terminal
and send an unblock signal to the remote end. Because the other end is receiving an unblock signal and the
fault is behind it, its tripping relays are not picked up, so no trip command isissued. The local terminal will
have the tripping relays picked up, but it is still receiving a block signal from the remote end, so no local
tripping will occur.

The advantage of this scheme is that it uses fewer elements and does not require carrier checkback
equipment because the carrier signal is continuously transmitted and monitored. The disadvantage is that
tripping is delayed by the channel and logic time, plus extra frequencies are needed, i.e.,, a separate
frequency between each transmitter/receiver pair. For three terminal lines, six frequencies are needed.

4.1.4.3 Permissive overreaching transfer trip (POTT)

Overreaching transfer trip schemes use a single-function frequency shift channel and require a channel
signal to trip. When using a power line as the channe medium, faults may attenuate the signal, which
prevent it from reaching the remote end. Therefore, these systems are not generally used with PLC channels.

4.1.5 Phase comparison

Phase comparison relaying compares the phase angle of the fault currents at the two terminas of the
protected line. If the two secondary currents are essentially in-phase, the relays detect an internal fault and
initiate atrip to the appropriate circuit breakers. If the two secondary currents are approximately 180 degrees
out-of-phase, the relays sense an external fault and do not initiate atrip. To do the comparison, a dependable
communication channel must exist between the two ends.

Phase comparison systems are typically current-only, which means that voltage transformer inputs are
unnecessary. Except for the segregated phase comparison system, a composite sequence filter current
network provides single-phase voltage output proportional to a defined ratio of positive, negative, and zero
sequence current input. During a fault condition, the relay converts the single-phase voltage output to a
square wave (local square wave) to key the channel to the remote terminal and for comparison with the
received signal (remote square wave). Relay logic delays the loca square wave by the amount equa to the
channel time to provide a more accurate comparison.

Phase comparison systems as used with the carrier are divided into the following three major categories;
differences arerelated to channel equipment and sequence filter outputs:

a)  Single-phase comparison blocking
b) Dual-phase comparison unblocking
c) Segregated phase comparison unblocking
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4.1.5.1 Single-phase comparison blocking

This type of relay scheme uses the single-function ON—OFF carrier for communications. Outputs of the
composite sequence current networks are fed into a squaring amplifier, which keys the carrier to produce a
square wave. The relay at the remote end compares the received signal to itslocal square wave and produces
atrip output if an internal fault is detected. Refer to Figure 2.

bus 1 bus 2
—I:I—l-QPrIE E—PP-I—EI—
sequence sequence
network network
SquALing squaring
amplifier amplifier
- | T Tx, |
comparer Ex Ex comparer
< b -3 >
i ]

v v

trip trip
breasker A brezker B

Figure 2—Phase comparison blocking scheme functional diagram

This process is a blocking system because the receipt of asignal is not required for an internal fault. When
no signal isreceived and the fault level detectors are picked up, atrip will occur because the remote signal is
not available to negate the internal square wave from the sequence networks. If the fault is external and a
carrier failure occurs, either locally or remotely, an erroneous trip will occur because blocking will not be set

up.

Two levels of fault detectors are involved with this scheme. The lower level starts keying the carrier with
sguare waves, and the higher level permitstripping on proper comparison.

On lines with high load currents and composite sequence current filter networks including positive
sequence, it is not aways possible to set the level detectors so they only pick up for faults. Therefore, the
relays may be exchanging square waves during non-fault conditions. Impedance relays may be required to
supervise fault and level detectors, which would require the addition of voltage transformers to the line.

As an dternative, a phase comparison relay with only negative sequence sensing will be insensitive to the
three-phase load. It will also be insensitive to three-phase faults. Therefore, impedance relays will be needed
to detect and trip for three-phase faults.
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4.1.5.2 Dual-phase comparison unblocking

Thistype of relay scheme uses the single-function FSK carrier for communications. An FSK transmitter and
receiver with separate frequencies are used at each line termina. Continuous channel monitoring is
provided, because either amark or a space carrier signal is always transmitted.

The output of the sequence networks are fed though the square-wave amplifier into the keying input of the
transmitter. The transmitter shifts to mark on the positive output and stays at space for the negative output.

Theloca signal isfed into two comparators, where one compares the local and remote mark signals and the
other compares the space signals. The logic is designed so internal faults produce a comparator output. L oss
of signa (neither mark or space frequency) will produce a loss of signal condition, which will cause the
comparators to produce an output if the fault detectors are picked up. After 150 ms of signal loss, the logic
will block the output to prevent a trip output. For an externa fault, the local and remote inputs to the
comparators will be out of phase and no output will be produced. If there is a loss of signa during the
external fault, there will be output from the comparators and the relay will trip.

4.1.5.3 Segregated phase comparison unblocking

The segregated phase comparison system can be divided into two types: atwo subsystem scheme and athree
subsystem scheme. The two subsystem scheme operates from a delta current (Ia-I1b) for all multiphase faults
and from a ground (3lg) current subsystem for al ground faults. The three subsystem scheme has a
subsystem for each phase (la, Ib, and Ic). Several unique features of this scheme are described by Sanders
and Ray [B156].

The basic operation of the relay scheme is that each subsystem operates as a dual-phase comparison system
which is described in 4.1.5.2. The two subsystem scheme would require two bidirectional FSK channels,
and the three subsystem scheme would require three separate FSK channels. Continuous channel monitoring
would be provided, because either a mark or a space carrier signa is always transmitted on each separate
channel.

416 DTT

DTT, sometimes referred to as intertripping, describes the process of sending a trip signa from one
substation to another. It differs from other carrier applications such as DCB or DCU in that, in most cases,
the design is such that the remote terminal only needs the receipt of aproper DTT signal to trip.

DTT is often used to protect equipment such as transformers and circuit breakers. A common application
involves a transformer tapped into a line with no high-side circuit breaker. The transformer relays trip the
local breakers, and the remote end is tripped by the DTT function. DTT is also used for line protection,
notably in DCB applicationsin which the DTT function may be used as a supplement to trip a weak terminal
from the strong one.

The modulation technique is aways FSK, with the standby mode usually called “guard,” and the shifted
mode called “trip.” Channel times range from about 5 to 25 ms. Because fault detectors or other supervision
may not be used, the equivalent of two transmitters at two different frequencies and two receivers (for
illustration purposes designated A and B) can be used with the transmittersin parallel and the receiversin
series for security or in parallel for dependability. In some schemes, a guard signd is required for a certain
number of milliseconds before atrip is recognized.

8 Copyright © 2005 IEEE. All rights reserved.



IEEE
IEEE GUIDE FOR POWER-LINE CARRIER APPLICATIONS Std 643-2004

A “shared channel” scheme is one that uses the DTT equipment for both direct tripping and for the line
protection. For example, the A and B transmitters are both keyed by the direct trip relays but only the A
transmitter by the line relays. At the remote terminal, receiver A may be used as the permissiveinput for the
line relaying scheme and receivers A and B for the direct trips. When selecting equipment for a shared
channel application, use the same criteria as would be used for the line protection, and select the same
coordination delays.

4.1.7 Channel timing
4.1.7.1 Noise effects on coordination

The receiver circuit will filter out most noise, but occasionally a noise burst will come in near or at the trip
frequency. To prevent this problem, the receiver may have some additional noise detector circuits.

Trip delay: In most frequency shift receivers, the trip frequency must be present for a predefined time before
closing its output. This time delay may be fixed or adjustable depending on the circuit in the receiver. For
DTT applications, the time may be set longer to add more security, whereas permissive tripping may not
need the added time for security.

Bipolar noise detector: This circuit protects against signals that shift frequency from guard to trip and then
back to guard, but not staying at trip frequency for the trip delay to activate. In this case, the bipolar noise
detector adds more time to the trip delay to prevent misoperations.

Sgnal level: The receiver may have circuits to detect high or low signal levels to block tripping.
Refer to Clause 10.
4.1.7.2 Coordinating time delays and current reversal

Pilot relaying systems of the directiona comparison type (i.e., DCB, DCU, and POTT) use status
information from relays at both (or all) ends of aline in making a decision to trip. Information about the
directiona indication (forward or reverse) at the remote end of the line is communicated over the PLC
channel and combined with local forward or reverse indication.

To ensure security in schemes of this type, coordinating time delays usualy have to be provided to
accommodate

a) Possible differencesin relay response times at the two ends of the line
b) Timedelay introduced by the PLC channel

For example, in a blocking scheme, the tripping function must be delayed a short time to ensure that any
blocking signal from the remote end has time to arrive. As shown in the Figure 3, the tripping relay at A
must be delayed to ensure that it does not trip for a fault in the next line section. The required delay X (as
shown in Figure 3) isthe sum of

a) Maximum difference in the response time of the forward relay at A and thereverserelay at B [B —A]
b) PLC channel time
c¢) Plusatimemargin
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Figure 3—Blocking scheme time delay

Likewise, a reset-coordinating time delay Y (as shown in Figure 3) is required to be sure that, when
breaker F opens to clear the external fault, the blocking signa received at A is not removed before the
tripping relay at A resets. This coordinating delay usually takes the form of a signal extending timer that
prolongs the blocking signal after the reset of the reverse-looking relay at B. The required signal extension
timeis

a) Maximum differencein the reset time of the forward relay at A and thereverserelay at B [A —B]

b) Minusthe PLC channel dropout time

c) Plusatimemargin

It is difficult to evaluate the difference in relay operating and reset times without thorough testing under a
wide variety of system and fault conditions. Manufacturers of relay systems generally provide guidance for
setting of these coordination timers. In some relaying systems, particularly those using electromechanical
relays, the required time delays have been built into the “ carrier auxiliary” relays and are not intended to be
user adjustable.

Itisundesirable to set these coordinating timers any longer than is necessary. The pickup coordinating timer
delays tripping for internal faults, and the reset coordinating timer may delay tripping for faults that evolve
from external to internal, e.g., a fault involving the breaker B. Note that the inherent channel pickup delay
increases the required setting of the pickup coordinating timer, whereas the channel dropout delay decreases
the required setting of the reset coordinating timer.

Unblocking and permissive overreaching schemes do not reguire coordinating timers for the simple external
fault coordination. The operating principle requires that both areceived trip signa and a local forward relay
operation be present before tripping can occur. For the external fault, relay A receives no trip permission and
relay B seesareverse fault, so thereisnologic “race” that must be resolved.
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Current Reversal: Another fault situation requiring timing coordination occurs when two protected lines run
in parallel or substantialy in parallel through short interconnecting lines. This situation is commonly
referred to as current reversal. In Figure 4, afault has occurred on line C-D near breaker D. Relay A can see
the fault but is prevented from tripping because the directiona information from the relay at breaker B
indicates that the fault isin the reverse direction.

-0

.=Closed Breaker

=0pen Breaker

Figure 4—Setup for current reversal scenario

If the line A—B protection is a blocking scheme, then the relay at B sends a blocking signal to A to prevent
tripping. Conversely, if the schemeis an unblocking or a permissive overreaching type, then B continues the
normal guard signal to A, which indicates that A should not trip.

If breaker D should open before breaker C on the faulted line, the fault current in line A—B suddenly reverses
direction as shown in Figure 5.

- =Closed Breaker

=0Open Breaker

Figure 5—Current reversal occurrence

In a blocking scheme, relays at both A and B have atendency to trip incorrectly during the current reversal,
but they are prevented from doing so by the pickup and reset coordination timers. The pickup coordination
timer at B prevents the forward-looking relay at B from tripping while waiting for the reverse-looking relay
at A to send a blocking signal. Also, the reset timer at B continues transmission of a blocking signal to A
long enough to permit the forward-looking relay at A to reset.
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In a permissive overreaching or unblocking scheme, the initial fault near D will cause the forward-looking
relay at A to send trip permission to B. When the current reverses, relay B will suddenly see a fault in its
forward direction and time coordination is necessary to ensure that B does not trip before the permissive
signal from A can be removed. The simplest solution to this race is a pickup timer for the forward-reaching
relay, just like that described for the blocking scheme. The required timing for thistimer is the sum of

a) Thedifference between the reset time of relay A and the pickup time of relay B [A — B]
b)  The channel dropout time

c) Plusatimemargin

Because the permissive and unblocking schemes do not require a pickup delay unless a current reversal is
about to occur, more sophisticated logic is often employed that inserts the pickup delay timer only when
current reversal conditions are anticipated. This process avoids the tripping delay that may otherwise be
experienced while the pickup timer is timing out for a normal internal fault. Imminent current reversal can
be sensed by receipt of trip permission with no forward relay pickup or by operation of areverse-looking
relay function provided for that purpose.

4.1.7.3 Channel delays when using phase comparison or current differential systems

Proper operation of phase comparison equipment requires both phase and symmetry alignment between the
local and the remote comparison quantities. Phase alignment is related to the absolute channel time between
the remote relay and the local one. Symmetry alignment compensates for the channel time variation between
the receiver detecting a transition from the low-frequency state to the high-frequency state under frequency
shift transmission schemes, or from the OFF—ON state versus the ON—OFF state for schemes using ON—OFF

keying.

Adjustment of the phase and symmetry requires injection of test currents that are in phase with one another.
Assuming that the relay comparison network is operating properly, the use of a single phase-to-ground
current will provide a suitable source for adjustment. Some possible methods are described in 10.1.3.

4.2 Telemetry applications

Telemetry applications include monitoring of voltage, current, watts, vars, and so on. Telemetry information
is a relatively slow analog and does not require a high-speed data rate. As a result, a narrowband PLC
channel can be used for this function.

An early form of telemetry uses the pulse duration with the oN—OFF carrier (AM); the analog signal is
transmitted for a given duration. The length of the duration corresponds to agiven analog level. Thisform of
telemetry takes time and is suitable for slow changing levels.

Later forms of telemetry use FSK to transmit information. A frequency within anarrow bandwidth is shifted
to convey the analog level to the remote. Analog level changes can be conveyed much faster than in the
pulse duration method.

Most telemetry information is performed by converting the analog signal into binary information that is used
to shift the FSK frequency high and low. This result may be accomplished by either using a narrowband
FSK tone, which is then used to modulate a single side-band (SSB) PLC, or using a dedicated narrowband
Set.
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4.3 Voice applications

Voice communications can be imposed over the PLC using AM. An ON—OFF transceiver in a half-duplex
mode or an FSK transceiver in a full-duplex mode may be used. A narrow bandwidth (3 kHz or more)
around a center frequency will allow for norma speech recognition. The disadvantage is that voice
communication requires a greater signal-to-noise ratio (SNR) and bandwidth than other carrier applications.

Voice continues to be used in SSB systems. On SSB systems, the voice bandwidth may be limited to aslow
as 2000 Hz.

5. Power-line channel considerations

Application of a PLC system for a communications channel considers the types of channels available, the
transmitter—receiver equipment characteristics, and the reliability and quality of performance required. An
adequate transmission path must be furnished under both varying system configuration and adverse weather
conditions. Preliminary application studies of a PLC system should evauate the trapping and coupling
requirements, the carrier channel loss, the noise level at the receiver, the effect of weather on losses and
noise, the calculation of signal-to-noise ratio (SNR), and frequency spacing requirements.

5.1 Line characteristics
5.1.1 Characteristic impedance

The characteristic impedance [B71] of atransmission line (sometimes called surge impedance) is defined as
the ratio between the voltage and the current of the traveling wave on aline of infinite length. This ratio of
voltageto its corresponding current at any point in the line is a constant impedance, Z,. It isafunction of the
per-unit length series resistance, series inductance, shunt capacitance, and shunt conductance of the line, and
it isindependent of line length. The constant characteristic impedance of atwo-wire line can be expressed as

_V+ _ [R+jol
Zo= 1y T G+jwC @)

where
R is the resistance per unit length, in ohms
L is the inductance per unit length, in henrys
G is the shunt conductance per unit length, in mhos (siemens)
C is the shunt capacitance per unit length, in farads

o =2wf fisthefrequency in Hertz

In practice, at PLC frequencies, the quantitiesjwL and joC are large by comparison with Rand G, so that the
latter can be neglected, and the expression for characteristic impedance can be reduced to

Z, = ﬂ% 2
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By applying conventional formulas for L and C to Equation (2),
D D
Z, = 276log for =220 ©)

is obtained, where D is the distance between conductors and r is their radius in the same units. Equation (3)
expresses the characteristic impedance of aline consisting of two aeria wires. For asingle aerial conductor
at a height h aboveground and radiusr, the characteristic impedanceis

Z, = 138|og3rl‘ 4

For bundled conductors, the geometric mean radius (GMR) is used for r in Equation (3) and Equation (4).
The GMR is defined in Figure 6 for three arrangements, where GMR_. isthe GMR of a single conductor.

TWO-WIRE BUNDLES O 'y
GMR = v/ GMR,, * d
e M o
THREE-WIRE BUNDLES O /< g
GMR = </ GMR,_ - a2 3
C O o

FOUR-WIRE BUNDLES o O ¥
GMR = ¥/ GMR, - v/ 2 d° d
o o -+

Figure 6—GMR of conductor bundles

In the case of a three-phase transmission line, the calculation of the characteristic impedance is more
involved and is further complicated by the use of bundled conductors. If atransmission line is terminated in
its characteristic impedance, no energy will be reflected from the termination, and the sending-end behavior
is the same as though the line was infinitely long.

An impedance network of six impedances, as shown in Figure 7, is required to terminate a three-phase line
in its characteristic impedance. Because atransmission lineis seldom, if ever, terminated in its characteristic
impedance network, the impedance observed by a set of coupling equipment connected to the transmission
line, either phase-to-phase or phase-to-ground, will be affected by reflected energy on the uncoupled phases.

Another and more practical value frequently called characteristic impedance is the value of the impedanceto
which the carrier coupling equipment is matched to obtain minimum mismatch and thus achieve maximum
power transfer. This value of characteristic impedance is affected by the terminating impedance of the
phase(s) not used in the coupling circuit. Measurements indicate that for phase-to-phase coupling, as the
terminating impedance of the uncoupled phases varies from an open circuit to a short circuit, the
characteristic impedance varies dlightly. However, much larger differences occur for phase-to-ground
coupling.
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Figure 7—Terminating network for a three-phase line

As shown in Equation (3), the characteristic impedance is based on the radius of the conductors and the
distance between conductors. In general, both dimensions increase with higher voltages so that the ratio
remains nearly the same. Therefore, thereis very little difference in the characteristic impedances of lines of
various voltages as long as only one conductor is used for each phase. Lower values of characteristic
impedance will exist on extra-high-voltage (EHV) transmission lines where bundled conductors are used
with an effective radius that is much larger than the radius of a single conductor. Table 1 shows the range of
values that can be expected from awide variety of lines.

Table 1—Range of characteristic impedances for PLC circuits on overhead lines

Transmission line conductor

Characteristicimpedancein Q

Characteristicimpedancein Q

(each phase) (phase-to-ground) (phase-to-phase)
Singlewire 350-500 650-800
Bundled (two-wire) 250-400 500-600
Bundled (four-wire) 200-350 420-500

The values of the characteristic impedance of power cables vary greatly from those for overhead lines, and
there is also a large variation among different types of cables. In genera, there has not been much
information published on power cables, such as the high-frequency characteristic impedance, and it may be
required to perform measurements on the actua cable used for a particular circuit. Generally the
characteristic impedance of a power cable will be between 10 Q and 60 Q.

5.2 Channel losses
5.2.1 Losses

Thelossin power as a signal travels through the various components and media of atransmission system is
best measured in decibels, which allows the losses to be added to arrive at atotal 1oss for the system without
regard to the change in impedance in the system. Theloss in decibelsis defined as follows:

P
LOSS = 10log=! (5)
PZ

LOSS = 20Iog\—/-1 (6)
V2
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|
LOSS = 20Iog|—-1 7)
2

where P is power, V is voltage, and | is current and the subscripts indicate points of measurement in the
channel. Equation (6) and Equation (7) are valid only if the circuit impedances are equal at the points where
the measurements are made. The assumption that a junction represents a particular impedance, such as a
50 Q coaxial connection to a coupling device will lead to an erroneous result. The only valid measurement
made in a system is across aresistive load of known value, which can only be made at the output of a part of
the system or at the input to a device with the device removed and replaced with its nominal input
impedance.

The total attenuation of a PLC communications channel consists of series and shunt losses. The series|osses
can take the form of coupling components such as impedance matching transformers, RF symmetrical and
skewed hybrids, series L/C circuits used for isolating transmitters, various filters, line tuners, and coupling
capacitors. Other serieslossesinclude the resistive losses of the transmission line. The line losses are usually
lumped together, including the series and shunt losses of the transmission line, and are called lineloss. Other
series losses may include the mismatch losses of an overhead line/power cable junction as well as the losses
incurred from not matching the various components of the circuit perfectly at impedance change points.

Shunt losses may include line trap losses, tap line losses, bypass losses (which may include series losses
from line tuners and other coupling components), and effects from the number of lines on the bus side of an
isolating line trap aswell as the station capacitance. On cable circuits, the series |osses are critical because of
the low characteristic impedance of the cable relative to resistive losses in other components, including
coupling capacitors.

5.2.2 Attenuation in overhead lines

At PLC freguencies, a typical power line operates as a transmission line that is long compared with the
wavelength of the signal frequency. The performance of such a line can be predicted with reasonable
accuracy by applying modal theory, provided that all relevant parameters are known and a suitable computer
program is available to the application engineer. For some applications on short lines, adequate performance
predictions can be made based on attenuation measurements made on similar lines.

Three basic methods are used to determine this loss. These will be discussed in alater section. The line loss
in this does not include any losses from external influences. The losses relate to the characteristics and
parameters of the line. The linelossis primarily afunction of the following parameters:

Transmitter frequency

Type of line construction

Line geometry

Phase conductor size, material, surface, condition, etc.
Ground wire size, material, location, etc.

Method of coupling

Type and location of transpositions

Weather conditions

Ground conductivity

Insulator leakage

The loss in an overhead transmission line increases with increasing frequency because of increasing
radiation losses, conductor losses, dielectric losses, and coupling to the ground wire, to the ground and to
towers, and to other linesin the vicinity. Thelosses may be reduced by using smaller phase-wire spacing-to-
height ratios and higher conductivity materials in the phase wires. The line voltage dictates the spacing and
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height of the phase wires, the effective phase wire cross section, and the number of conductors per phase.
Because of the use of larger phase conductors and increasing number of phase conductors per phase, HV
transmission lines exhibit decreasing |oss with increasing voltage.

For economical reasons, the conductor and ground wires used in power line construction are made of
different materials. The phase conductors are usually made of a stranded steel core covered with stranded
aluminum outer conductors. The losses at carrier frequencies depend on the composition of the conductors
and their resistive and reactive characteristics. Some circuits may use different conductor sizes between
stations when different line geometries are used.

The loss in the ground wires is especialy important in single phase-to-ground coupling. The ground wires
may aso be of stranded steel and aluminum conductors or of stranded steel. The losses in the ground wires
will influence the line losses for low-loss modes near the coupling locations. The coupling method will
influence the losses in the line. Center-phase-to-ground is usually used on horizontally constructed lines for
noncritical application for protection channels. For more critica applications, where it is important to
recelve a signal under fault conditions, for severe weather conditions, or for long lines with higher losses, a
phase-to-phase or three-phase coupling method may be used to improve received signal strength or margin.
The multiphase coupling method may revert to a phase-to-ground or a phase-to-phase coupling under fault
conditions and assure that a protection signal will be received under conditions when signal reception is
most critical. Line-to-line coupling methods are also used to increase redundancy on double circuit lines for
horizontal or vertical lines. Coupling to the phase wire, which assumes the physica center position for the
longest distance, will usually result in the lowest line loss for phase-to-ground coupling.

Transpositions in long transmission lines will increase the losses compared with nontransposed lines. A
single transposition in avery long line can result in 6 dB of added loss. The lossis usudly not that severe,
especially on lines with multiple transpositions, and on short lines. Three transpositions will generally allow
the phase conductor to resume their original positions and usually give lower losses than an even number of
transpositions.

Weather conditions can introduce additional losses that are also afunction of the frequency of the signals on
the line. Hoar frost forming on the line may increase the losses by factors of 4 to 5 over the fair weather
losses on the line. Ice on the conductors has relatively the same effect, except that the high-frequency effect
is more severe. Lines that are subject to icing, frost, or heavy rains should use the lowest frequencies, and
multiphase coupling should be considered to increase margins to acceptable magnitudes during times of
extreme weather conditions. The existence of dirty insulators in some metropolitan areas where fly-ash
deposits are severe can influence line losses in foul weather.

Poor ground conductivity can add to line losses when the return path is through the ground, as in phase-to-
ground coupling schemes, which is especially true in areas where the soil is dry and sandy. The soil actsasa
very good insulator, and the preparation of the ground mat at the substations to enhance the conductivity at
the coupling locations is important to reduce line losses. The mat must extend along the line for severa
spans to reduce the coupling losses caused by the soil conditions.

5.2.3 Attenuation in power cables

The losses in power cables are greater than those in overhead line circuits. The specific type of cable
including the conductor size, material and number of skid wires, type of insulation material, diameter, and
voltage rating will influence the cable loss characteristic. The manufacturer may supply this data as well as
the RF characteristic impedance and attenuation. Most data available on power cables have been
accumul ated by users, because the characteristics of the cables are basically related to the transfer of power
at 50 Hz or 60 Hz and are not concerned with RF characteristics.
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Power cables with cross-bonded sheaths are not suitable for use at PL C frequencies. The losses of atypical
power cable for 138 kV useis shown in Figure 8. The losses per kilometer show that long cable circuits (in
excess of 16 km) are not usable for PLC circuits. Most PLC circuits on power cable installations are
confined to the frequency range below 100 kHz, with the majority being below 60 kHz. New insulating
materials used in lower voltage distribution cables may reduce the losses in higher voltage cables and result
in higher characteristic impedances.
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Figure 8—Typical losses for a 138 kV power cable

Most underground power cable installations are single-conductor, self-contained, single- or three-phase
cables. Experimental work on cryogenic cables may result in lower loss cables. Single-conductor, self-
contained cables use a hollow oil-filled conductor and an oil-impregnated paper insulation. An extruded
metal shield encases the insulation and conductor. The pipe-type cable uses a solid conductor with oil-
impregnated paper insulation wrapped with synthetic tape layers and thin metalic tapes. One or three
conductors are housed in apipe that is filled with high-pressure oil or gas. The fluid may be pumped through
the pipe to ensure a more even temperature under varying loading conditions, and the fluid will undergo
cooling to remove the heat caused by losses in the system. Protective skid wires are wrapped around the
conductor or conductors for protection during insertion in the pipe. Skid wire conductivity affects the HF
attenuation. The characteristic impedance of power cables varies from 10 Q to 60 Q.

Representative values of attenuation on a 138 kV power cable are shown in Figure 8 for single-phase-to-
ground coupling. Coupling in a three-phase cable for phase-to-phase insertion gives significantly lower
losses than for single-phase-to-ground coupling. Most power cable installations are for single-phase cables.
The modal coupling induced in overhead lines does not occur in single-phase power cables, and no
advantage, except for redundancy, is gained by using multiphase coupling as was true for overhead line
applications. The noise characteristics of power cables are superior to overhead lines because the conductors
are not exposed to the weather or to other external influences.

5.2.4 Attenuation at discontinuities

The impedance looking into a short line not terminated in its characteristic impedance will vary depending
on the mismatch at the load and the attenuation of the line. This variation is caused by reflections at the load
that affect the impedance looking into the input of the line. It may be impossible to match atransmitter to the
impedance of the line. When several transmitters are connected to this line, the variation in the impedance
will give varying reflected power percentages for each transmitter and result in an unsatisfactory coupling
and tuning circuit. This situation may be improved if the distance to the mismatch is known, and the
frequencies may be selected to fall in between the maximum and minimum reflected impedances caused by
the mismatch. Any change in the line could result in a change in the input impedance presented to the
coupling equipment and result in unacceptable reflection of power. Where there is substantial loss between
the insertion point and the location of the mismatch, the only loss sustained is the loss of the mismatch. The
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loss from an impedance discontinuity or a mismatch between a line of characteristic impedance Z; and a
load of Z; isgiven in decibels by

Zy+Z
dB oss = 20|og{——°-—-i} (8)

2./Z,Z,

This type of loss is common when an overhead line and a power cable form a junction without impedance
matching at PLC frequencies.

The other type of discontinuity encountered on some overhead transmission lines is an untrapped stub line.
A open stub line will reflect a low impedance at PLC frequencies, which are an odd number of quarter-
wavelengths a the connection point. The open stub may be represented by a lightly loaded tap. This
situation may result in complete frequency-dependent shorting of the main line at several PLC transmitter
frequencies. The length of the stub line should be investigated to determine if the line length corresponds to
afrequency being used on the main line. A stub line that is shorted will reflect a short-circuit impedance at
all frequencies that are an even number of quarter-wavelengths at the connection point. A shorted stub may
be represented by a heavily loaded tap or an overhead line terminated in a power cable. Either situation will
result in no signal transmission past the connection point of the stub at the critical frequencies.

The solution to either situation isto install aline trap on the stub line where it is connected to the main line.
Frequency selection, where taps are connected without line traps, can best be done by actually measuring the
line and the coupling characteristic of the line. Wide-band line tuners are usually required. A line with
multiple taps without traps represents a formidable challenge to couple multiple frequencies without end-to-
end measurements. Any change in the circuit may disturb the impedance characteristics looking into either
end.

5.2.5 Coupling losses

Coupling losses include al losses involved in the isolation and tuning equipment at both ends of the PLC
installation between an individual transmitter and its companion receiver. These losses include hybrid and
filter losses associated with the coupling circuit. Also included are cable, line tuner, coupling capacitor, and
line trap losses. Mismatch losses caused by improper selection of IMT taps are also part of coupling losses.

5.2.5.1 Carrier frequency separation equipment

Severa transmitters and receivers on a common coupling circuit require isolation elements to prevent signal
absorption, interference, and intermodulation. Because all signals must be routed into one or two coaxial
cables depending on the number of inputs to the line tuner, some type of combining or separation equipment
must be present if more than one transmitter or receiver isused at a PLC terminal. These separation e ements
usually take the form of hybrids and various filter circuits. The filters may be simple series or parallel L/C
units, more complex bandpass filters, or high-pass/low-pass branching filters. The loss of the individual
elements varies with the type of element. Values of loss must be obtained from the manufacturer. Typical
values are shown in Table 2 for some commonly used isolation elements.

5.2.5.2 Coaxial cable

I nterconnections among the various transmitters, receivers, and isolation elements are usually made with RF
coaxia cables. The length of these interconnections are short and can generally be ignored. The connection
from the combined equipment to the line tuner requires acoaxial cable. The common type of cable, RG-8/U,
has an attenuation characteristic that varies with frequency and is shown in Figure 9.
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Figure 9—Attenuation characteristic of RG-8/U

Table 2—Attenuation of isolation elements

Separ ation equipment Att?gjtéa)\tion
Balanced hybrid 35
Skewed hybrid

Transmit path 05

Receive path 12.0
L/C unit 1.0-3.0
Bandpass filter 0525
Low-pass/high-pass filter 1.0

5.2.5.3 Line tuner losses

Line tuner losses are related to the number of tuning elements in the device, the tuning frequency, the
impedance of the line or power cable, and the value of the coupling capacitor. The values vary widely with
the application and can be requested from the manufacturer for a particular design. Losses may vary from
0.2 dB to 2 dB. More complex tuners will generaly have higher losses than a simple resonant tuner. The
bandwidth of the line tuner isthe primary determiner of the losses.

5.2.5.4 Coupling capacitor losses

A high dissipation factor in a coupling capacitor may produce an effective series resistance of several ohms
and can contribute to the coupling losses in the channel. For overhead lines, this added series resistance will
usually represent a very small portion of the losses in the coupling circuit and can generally be ignored or
lumped in with the line tuner losses. For power cables, this added series resistance will contribute a
significant loss in the form of 12R losses to the coupling circuit. The contribution of the coupling capacitor
to the coupling losses can add several decibels of loss to power cable coupling losses. The contribution is
more severe as the characteristic impedance of the cable is reduced. The temperature behavior of the
coupling capacitor value can contribute to the coupling losses by detuning the line tuner for wide
temperature variations. Figure10 shows a curve relating the behavior of a coupling capacitance with

20 Copyright © 2005 IEEE. All rights reserved.



IEEE
IEEE GUIDE FOR POWER-LINE CARRIER APPLICATIONS Std 643-2004

temperature. For cable circuits where the bandwidth is very narrow and for line tuners resonated at low PLC
frequencies below 60 kHz with low values of coupling capacitance, the tuning is very selective and
variations in the capacitance can cause appreciable changes in the tuning of the series resonant circuit
containing the coupling capacitor.
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Figure 10—Coupling capacitor capacitance versus temperature

The insulation systems of modern coupling capacitors are less prone to large temperature variations in
capacitance and exhibit lower dissipation factors than older designs. Also, higher values of capacitance are
available a higher voltages, which will increase tuner bandwidths. Extra high capacitance coupling
capacitors should be considered for power cable coupling circuits to reduce selectivity problems with low-
frequency coupling circuits.

5.2.5.5 Shunt losses

Shunt coupling losses occur at the coupling locations and are primarily the result of losses caused by line
traps and drain coils in the coupling capacitor or in the line tuner and are usually lumped with these elements
of the coupling circuit. The sneak paths to ground caused by improper insulation of the lead-ins to coupling
capacitors and aging coaxial cables are also examples of shunt losses. The leakage currents can be inductive,
resistive, or capacitive. Proper treatment of lead-ins using adequate insulators can reduce these effects to
negligible values. The line trap represents a fixed loss depending on the blocking impedance at the
frequency used. The capacitance of the bus also contributes to the shunt loss caused by the line trap. Other
lines connected to a bus can also reduce the bus impedance and increase the effective loss of the coupling
circuit.

For aknown value of shunt impedance, the shunt loss can be calculated using

B, oes = 10l0g|Zt 2 9
ZS
where
z isthe nominal circuit impedance

Zg  isthe hunting impedance

Copyright © 2005 IEEE. All rights reserved. 21



IEEE
Std 643-2004 IEEE GUIDE FOR POWER-LINE CARRIER APPLICATIONS

5.3 Line loss calculations
5.3.1 General

The calculation of line losses can be done with the aid of tables and graphs of typical lines. This method is
referred to as the “graphical method.” The results are usually very conservative. The second technique
involves the use of restricted formulas and assumptions and is referred to as “simplified modal analysis.”
This method requires either a computer or a programmable calculator to make efficient calculations. The
lines analyzed using the second approach must be horizontally constructed ac lines. This method will give
results closer to actual measurements for most applications. However, it cannot predict the existence of
singularities caused by cancellations in some coupling schemes. The third method involves a physical
analysis of the ling(s) and generally puts no restrictions on the construction or parameters of the line. These
programs can usually make calculations for ac well as dc HV lines, multiple lines, and do fault analysis and
show temperature and weather effects. Tower dimensions, conductor dimensions and characteristics, ground
wires and ground resistivity, transpositions, and so on are considered. This method will give line-loss data
very close to the actual measured |osses when coupling losses are considered.

The development of EHV transmission lines with transpositions has created new problems for the PLC
communications engineer. The short lines of the past have been replaced with long lines where the actual
losses in the line are important to design the PLC system with adequate SNR and margin. The received
signal levels on short lines did not present a challenge to the communication engineer because there was
adequate margin if the coupling circuits were properly designed and maintained. The construction of EHV
lines required a more accurate method of obtaining and predicting the line losses before the actua
construction. Modal analysis is a mathematical tool that provides a more accurate method of calculating
PLC propagation, much like symmetrical component analysis can be used for predicting the response of
three-phase systems. Modal analysis is not only a mathematical tool, but it can be readily identified in the
physical world.

5.3.2 Graphical analysis

The graphical method makes use of a graph that represents the losses of anominal HV line at 138 kV in the
frequency range from 30 kHz to 300 kHz. The technique requires that the user plug in values from three
tables representing the line voltage multipliers, considerations for the coupling method and the type of shield
wires, and for transpositions. Figure 11 and Table 3, Table 4, and Table 5 give these parameters. There are
fair weather multipliers as well as foul weather values for the attenuation curve. The change in losses
because of foul weather conditions are not consistent from one voltage to the next. The information
presented here is based on many years of experience and cumulative data collections by many individuals.

5.3.3 Simplified modal analysis

The essential assumptions for simplified modal analysis are the following:
a) Only onethree-phase linein a horizontal plane is considered.
b)  Surgeimpedances are the same for all phases.
c) Theforms of the basic current modes are independent of frequency.

d) Instantaneous currents flowing in the three phase wires are either in phase or 180 degrees out of
phase.
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Figure 11—Line attenuation graph for graphical method

Table 3—Line-voltage multipliers

Line voltage Fair weather Adver se weather@
(kv)
345 1.46 219
69 1.20 1.80
115 11 1.66
138 1.00 150
230 0.78 0.98
345 0.72 0.90
500 0.54 0.68
765 050 0.63

3Under certain severe frost conditions, extreme losses can occur.
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Table 4—Coupling correction factors

Correction
Type of coupling/shield wires (dB)
<8 km2 >80 km? >240 km?

Mode 1 coupling 0 -2 -
Center to phase to outer phase 0 0 -
Center phase-to-ground

Al or Cuwire 0 1 -

Steel wire 1 4 -

No shield wire” 8 8 -
Outer phase-to-ground

Al or Cuwire 0 - 13

Steel wire 1 - 15

No shield wire” 19 - 19

8 inear interpol ation should be used to determine loss between limits of line length.
bsubject to wide variations.

Table 5—Transposition corrections?

Correction
Transposition (dB)
<16 kmP >160 km®
1 0 6
2-4 0 8
5 or more 0 10

8Apply for 345 kV and higher.
BLinear interpolation should be used to determine loss between limits of line length.

The analysis allows for three current modes to be propagated down the line. These consist of a low-loss
mode, a medium loss mode, and a high loss mode. Mode 1 is the low-loss mode and consists of currents of
equal magnitude flowing in an outward direction in the outside phase wires and a current of twice this
magnitude flowing inward in the center phase wire. The medium loss mode is Mode 2 and has two currents
of equal magnitude but of opposite phase flowing in the outer phase wires. The loss in this mode is one tenth
of the high loss mode. Mode 3 is the high loss mode with currents of equal magnitude flowing outward in all
three phase wires and returning through the ground. This mode quickly dissipates because of the lossin the
ground. The typical losses of these modes are shown in Figure 12.

24 Copyright © 2005 IEEE. All rights reserved.



IEEE
IEEE GUIDE FOR POWER-LINE CARRIER APPLICATIONS Std 643-2004

MODAL ATTENUATION
345 KV LINE

SCALE B
SCALEA

a

a

=
|

MODE 2 (SCALE A)

0.5-40.
0o MODE 3 (SCALE B)

MODE 1 (SCALE &)

ATTENUATION, dB/km
|

i 50 100 150 200 250

FREQUENCY, kHz

Figure 12—Typical losses of Mode 1, Mode 2, and Mode 3

The details of the simplified modal analysis are given in Sanders and Ray [B156] and the Relaying
Communications Channels Application Guide [B151]. The currents injected into the power line by the
coupling circuit are distributed into the three assumed modes. A center phase-to-ground coupling will
generate Mode 1 and Mode 3 components, of which two thirds of the power is in the low-loss mode 1
component. A center phase to outer phase coupling will result in Mode 2 and Mode 1 components only. One
fourth of the power isin the medium loss Mode 2 components, whereas three quarters of the power resides
in the low-loss Mode 1 components. Coupling to an outside phase results in all three modes being created
with one third of the power in Mode 3, one half in Mode 2, and only one sixth in Mode 1. This power
distribution shows a comparison of the losses expected for these types of coupling. Coupling to all three
phases will give only a Mode 1 distribution in a line with no transpositions. If the coupling is only to the
outside phase wires, only Mode 2 will be created on an untransposed line. To some extent, this explains the
high line losses for dua outer phase coupling. These coupling schemes are described in more detail in 5.8.

The behavior of the modal currents at a transposition considers the magnitude and direction of the currents
after these currents have been attenuated by the line up to the transposition. The currents essentially
redistribute according to the relations for this analysis. All three modes are usually present after a
transposition because currents are usually present in al three phase wires. The high loss mode will be
quickly dissipated, and only Mode 1 and Mode 2 will remain at the next transposition.

At the end of the line, although there are currentsin all three phase wires, useful power can only be extracted
on the phase wires actually coupled. The concept of conversion is used to measure the efficiency of different
coupling schemes. This relates to the ratio of the amount of power into the line to the Mode 1 power out of
theline.

Copyright © 2005 IEEE. All rights reserved. 25



IEEE
Std 643-2004 IEEE GUIDE FOR POWER-LINE CARRIER APPLICATIONS

5.3.3.1 Simplified modal analysis calculations
5.3.3.1.1 Description

The following relation gives the propagation of el ectromagnetic energy on a single-conductor line, provided
no reflections exist:

V, = Vge ¥ (10)
V.
= X 11
%= Z, (11)
where
Vg is the sending-end voltage
Z, is the characteristic impedance
X is the distance from sending end, in kilometers

Iy is the voltage and current at distance x from sending end

y is the propagation constant

The propagation constant is composed of two quantities

y=a+jp (12)

where a is an attenuation constant in nepers per kilometer and 3 is a phase constant in radians per kilometer
(1 neper = 8.686 dB.) The propagation constant is dependent on the physical properties of the conductor
used plus its geometry with respect to ground.

It has been observed that if carrier energy is applied to a single conductor of a multiconductor line, then the
propagation along the line does not follow Equation (12). Instead, the propagation of energy on the line
depends on the number of conductors and usually involves all of them. Analysis of a multiconductor line
shows that several modes of energy propagation may take place simultaneously. It can also be shown that
the number of natural modes of propagation on a multiconductor line is equal to the number of conductors
involved in the propagation of energy. The analysis of the multiconductor line is accomplished using a
matrix equation

V] = [vge "™ (13)

where misan arbitrary integer to identify the modes. The solution of the Equation (13) will yield the voltage
and current relationship of the modes. Each mode has its propagation constant and characteristic impedance,
and each mode propagates in a manner that is independent of the other modes. The voltage and current at
any location on any one conductor is the vector sum of the individual mode voltages and currents existing on
that conductor at the particular distance x from the transmitter.

The remainder of the discussion will deal with the specific case of a single-circuit three-phase line of flat
construction. This is a common type of construction for EHV circuits as well as for many lower voltage
transmission lines. A typica example is shown in Figure 13. The assumption is also made that the shield
wires are grounded at each tower and are at constant potential along their length. Thus, they do not generate
any transmission modes. Based on this assumption, there are three natural modes of propagation, which will
be labeled Mode 1, Mode 2, and Mode 3. Each mode has its propagation constant (yq, Y,, and ys) and
characteristic impedance (Zy;, Zgp, and Zyz). Other transmission-line configurations, such as vertical or
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triangular ac lines, dc lines, or power cables, will each have its set of modal parameters. The moda
properties described in the following paragraphs are not appropriate for any except the genera arrangement
shown in Figure 13.

OVERHEAD
ﬁ t ““SHIELD WIRES
Al 8° O = POWER CONDUCTORS

UNTANYUNT SN SIS

Figure 13—Typical single-circuit line construction

Mode 1° is the least attenuated of the three modes and makes long-distance carrier communications
possible. It nominally has current flowing out the two outer phases and returning via the center phase.
Mode 1 attenuation is not only low, but it is also reasonably independent of frequency throughout the PLC
range.

Mode 2 has its current flowing out on one outside phase and returning on the other outside phase. No
Mode 2 current exists in the center phase. M ode 2 losses are greater than those of Mode 1, and its losses are
more dependent on frequency.

Mode 3 propagates current almost equally on al three phases and has a ground return. This mode has such a
high rate of attenuation that it may be neglected beyond a short distance (approximately 16 km) from the
transmitter.

The vector relationships of modal currents (or voltages) in the three phase conductors are shown in
Figure 14. Current (and voltage) distributions among the phase conductors are given in Table 6. These
guantities are normalized to the phase A quantities. The factors p and q depend on the line under study. The
factor p can range from about 1.6 to -2.0, and q will have arange of about 1.1 to 1.3.

Phase |Mode 3 | Mode 2 | Mode 1
d 1 > 1: 1 >
b 9, Pul
c 1, -1 i

Figure 14—Modal vector relationships

61 some literature the lowest loss mode has been identified as Mode 3. The definition given here, which identifies Mode 1 asthe lowest
loss mode, isin agreement with earlier |EEE publications and with current practice in most parts of the world.
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Table 6—Phase distribution of modal current and voltage

Phase Mode 1 Mode 2 Mode 3
A 1 1 1
B p 0 q
C 1 -1 1

As stated before, each mode has an independent propagation constant. Based on several examples of
experimental data taken for lines from 345 kV to 765 kV, the general range for the values of attenuation and
the relative phase velocity (which is dependent on the phase constant 3) are shown in Table 7 and Figure 12.

Table 7—Attenuation and relative phase velocity for Mode 1, Mode 2, and Mode 3

Quantity Mode 1 Mode 2 Mode 3
Attenuation (dB/km)
At 30 kHz 0.006-0.0018 0.0054-0.06
At 100 kHz 0.9-1.8
At 300 kHz 0.042-0.054 0.24-0.3
Relative phase vel ocity 1.0 0.98-0.995 0.9

The attenuation constant ranges for Mode 1 and Mode 2 are given for frequencies of 30 kHz and 300 kHz.
The attenuation can be expected to vary in almost alinear fashion between these two frequencies. The phase
constant is represented for the relative propagation velocity with respect to the velocity of Mode 1, whichis
nearly the speed of light in free space.

These genera ranges can be used to calculate line attenuation, keeping in mind that the modal quantities add
vectorally to produce the phase quantities.

5.3.3.1.2 Coupling to the power line

When a carrier transmitter is coupled to the power lineg, it is usually done using single-phase-to-ground or a
form of phase-to-phase coupling. All of the generally used methods of coupling generate different portions
of Mode 1, Mode 2, and Mode 3 power. Because Mode 1 is the least attenuated, then it is desirable to
generate as much Mode 1 as possible.

At the coupling terminal, the phase voltages and currents are set by the coupling configuration and are
known. The mode currents generated must satisfy these boundary conditions. They can be calculated by
solving

Ia = |a1+|a2+|a3 (14)
Ib = p|a1+q|a3 (15)
Ic = |a1_|a2+va3 (16)
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If voltages are used, V is substituted for | in Equation (14), Equation (15), and Equation (16).

When the magnitudes of |, |5, and |3 have been calculated, the modal power at the transmitter can be
found. Pt isegual to thetotal transmitter power less the losses in the coupling equipment

Pr = P, +P,+Pg (17)
where Pq, P,, and P are the powers of Mode 1, Mode 2, and Mode 3, respectively

(1+p°+ 1)la1

! Z01
2I§2
z ZOZ
2 2
03
Now that the modal powers are known, the modal coupling efficiency can be calculated as
Pl
N, = o2 (22)
17 P,
PZ
N, = 5° (22)
2 P,
i 23
r’l = -
3 P,

where 1y, Ny, and nz are the modal coupling efficiencies. It is desirable to make n; as close to unity as
possible and 1, and nz as close to zero as possible. The loss of transmitter power to Mode 2 and Mode 3, in
decibels, is

o, = —-10logn; (24)

Thisloss may or may not be areal loss to the receiver, depending on the line length. Table 8 lists values of
a4, as conversion losses for several common coupling methods. The table is based on the assumption that
the line is sufficiently long that the received power in Mode 2 and Mode 3 is negligible compared with the
power in Mode 1. Refer to 5.2 for practical guidelines.

The modal coupling efficiency is often expressed in decibels and means the same as the modal conversion
loss, except that the sign is reversed. For example, center-phase-to-ground coupling, which has a modal
conversion loss of 1.8 dB, is said to have a coupling efficiency of —1.8 dB.
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Table 8—Mode 1 single-end conversion losses

Type of coupling Conv%séc))n loss
Mode 1 0.0
Center phase to outer phase (conductors driven electrically out of phase) 12
Center phase to ground 18
Outer phase to ground 7.0
Double phase to ground (two outer conductors driven eectrically in phase) 4.8

A representation of how the method of coupling affects the solution of modal analysis is illustrated in
Figure 15.

Phase Type of Mode 3 Mode 2 Mede 1
Coupling
—_— % No -— %
e — % Mode — %
c — Two «—i

Center Phase-to-Ground Coupling

Phase Type of Mode 3 Mode 2 Maode 1
Coupling
|

a — e % e % —_— %

b — -—

3 3

c — L |e—L | —L

Outer Phase-to-Ground Coupling
Fhase Twpe of Mode 2 Mode 2 Mode 1
Coupling

a — s No — | —

b 4; Mode — |
c Three — ’Qi —_— %

Center-to-Outer Push-Pull Coupling
(Conductors are Driven Out of Phase)

Phase Type of Mode 3 | Mode 2 Mode 1
Coupling
a — — % No e 3‘7
b — 2 Mode «—3
c —Ib — % Two h— 3‘—

Outer-to-Outer Push-Pull Coupling
(Conductors are Driven in Phase)

Figure 15—Modal distribution for different coupling methods
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5.3.3.1.3 Transpositions in the line

On along transmission line of flat construction, the 60 Hz impedance between phases is unbalanced. To aid
in the removal of unbalanced currents, transpositions are placed at strategic points along the line. These
transpositions affect not only power frequencies but also carrier frequencies. At carrier frequencies,
transpositions are assumed to be transparent; that is, they do not reflect any incident RF energy. They do,
however, act as mode converters. The value of the modal quantities at the input of the transposition will be
different from the modal quantities at the output. As an example, even if only Mode 1 signals are present at
the input of the transposition, all three modes of propagation are present at the output. Most output energy
will bein Mode 1 and Mode 2. However, the Mode 1 quantity at the output is 6 dB below itsinput value. If
the generated Mode 2 signal is completely attenuated before reaching the receiver or the next transposition,
then 6 dB is the loss represented by the transposition. The figure of 6 dB loss is a maximum, and this simple
example does not usualy hold in practice, because quantities other than Mode 1 are usually present at the
input to the transposition, and the generated Mode 2 is not completely attenuated by the time the receiver is
reached. The exact procedure for handling transpositions in attenuation calculationsis as follows:

a) Cdculate the modal quantities at the input to the transposition, both phase and magnitude.
b) Addthe moda quantities vectorally to get phase quantities.
c) Transpose the phase quantities per line transposition.

d) Reconvert phase quantities into moda quantities, and continue to the receiving end or next
transposition. The conversion to modes is the same method as that described for coupling
conversion in Equation (14), Equation (15), and Equation (16).

Figure 16 illustrates the modal conversion created during a transposition.

a G
o2 ,
b b
I, 2|
C a
Phase Mode 3 Mode 2 Mode 1
Currents |
= T
1 [i] 2 2
—1 > LS
1, ) 1,
11 1
; 2 )
—= g < P
Mode 3 =0, +h +.)= + (1+12) =0
s 3Ya™b l:)_ 3 ( T ) =
1 1 1
Mode2: 7+ (gds) = 3 (1) =13
1 1 a_ 1
Modea 1: 3 (lg 2h+)= 3 {1-2-2) = "§=-3

Note that the mode 1 current after the transposition is half of the mode 1
current into the transposition, thus the mode 1 conversion loss is 6 dB.

Figure 16—Modal conversion at transposition
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5.3.3.1.4 Receiving terminal

At the receiving terminal, the modal components are converted into phase voltages and currents. These
voltages and currents then become the received signals, provided the line is properly terminated. Proper
termination for all modes of propagation would require a network of six impedances (see Figure 7). In most
examples of actua practice, each coupled phase is terminated with an impedance to ground. As a result,
some reflections will occur, but these usually do not significantly degrade the desired signals.

The conversion factorslisted in Table 4 are the result of many calculations on lines of different lengths, with
or without transpositions, compared with actual measured losses. There are instances, especially when
coupling to outside phase wires on horizontally constructed lines, where a physical analysis will give the
only correct estimate of the actua line losses across a band of frequencies. The results for most simplified
analysis calculations are conservative.

5.3.4 Physical modal analysis

The most accurate modal analysisisthe physical anaysis, which considers al of the variables present in the
line being evaluated. Modal analysis states that there are as many modes as the number of conductors or
paths in the system. A typical HV line with three phase wires and two insulated overhead static wires would
have five modes because of the conductors and two related to the ground conductivity. Twin circuits will
cause other modes to be established. Coupling to circuits on the same right-of-way can be studied by
including the parameters of this circuit in the data. The parameters of phase and ground wire conductors are
available in several sources.

5.4 Noise
5.4.1 Impulse and random noise

The performance of a relaying channel, as noted earlier, depends essentially on the SNR at the receiving
end. The noise on the power line limits the amount of attenuation that a PLC channel can tolerate. Figure 17
and Figure 18 give typical values of average (random) and impulse noise on power lines, respectively. The
noise levelsin Figure 17 are typical average noise levelsin a3 kHz bandwidth at a50 Q impedancelevel. In
Figure 17 and Figure 18, it is estimated that values given for adverse westher are not exceeded more than
1% of the time and those for fair weather not more than 25% of the time.

Figure 18, on the other hand, shows impulse noise levels over the nominal carrier frequency band. See
Castro et al. [B48] for more information.

5.4.2 Noise measurements

Noise measurements have been classified according to the responses of various measuring instrument
detectors to different noise characteristics. These distinctions are useful because of their different effects on
various kinds of carrier receivers.

The peak value of power-line noise is the maximum voltage amplitude of recurring impulses. It is these
impulses, for example, that effect trigger circuits such as are found in electronic switching devices.
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Figure 17—Range of transmission line noise levels (3 kHz bandwidth)
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Figure 18—Typical average impulse noise levels on power lines (4 kHz bandwidth)
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The quasi-peak value of noiseis areference level related to peak amplitude and to impulse repetition rate. It
is measured by a detector circuit with a fast charging time and a relatively slow discharge time (typically
1 ms and 600 ms, respectively; see ANSI C63.2]. For pulses occurring at high repetition rates, the quasi-
peak value approaches the peak value. Quasi-peak noise is a measure of the masking effect of noise as a
background for speech. The average value of noise is its average voltage over afinite period of time. It is
defined as the area under the amplitude-time curve divided by the base length (time period). Average noise
affects receiver-detector dc output for telegraph functions, for continuous wave relaying, or for ON—OFF
pulse functions.

The RM S vaue of noiseis the effective voltage of a reference sine wave that would have the same average
power level as the noise being measured. RM S noise is of secondary importance in carrier equipment.

Peak values of noise may be measured by certain peak-reading voltmeters. So-called memory voltmeters
can retain the peak reading of the highest amplitude impulse (lasting 1 ps or longer) occurring during any
arbitrary measuring period. Peak values of noise may also be measured by using a cathode ray oscilloscope;
however, this usually takes a fairly elaborate setup, including photographic equipment. Quasi-peak values
may be measured only by noise meters that have appropriate detector characteristics. Although used
extensively for measurements of noise affecting radio broadcast, quasi-peak measurements have not been
used to any great extent in carrier applications. Average values of noise may be measured by selective
carrier-frequency voltmeters of known bandwidth. Also, average noise can be derived from audio noise
measurements made at the output of a single-sideband carrier receiver. Because noise energy is distributed
throughout the frequency spectrum, measured values will be a function of the bandwidth of the measuring
instrument. As might be expected, changing the bandwidth influences peak and quasi-peak readings more
than average and RM S readings. Measured peak and quasi-peak values would be lowered by approximately
6 dB if the bandwidth was reduced by 2:1. The measured values of average and RMS noise would be
lowered by 3 dB under the same conditions.

Measured power-line noise often displays erratic frequency characteristics or severe standing wave patterns.
The noise level on a power line is determined by both generation and propagation of noise energy.
Propagation phenomena, such as attenuation, reflections, and absorptions, affect noise voltages in the same
way they affect desired carrier signals.

The amplitude of power-line noise decreases with increasing frequency. A rule of thumb (very popular in
the past) is that the noise amplitude varies inversely as the frequency. This would mean that the noise level
drops 6 dB each time the frequency is doubled. Recent investigations have clarified that the amplitude-
frequency curveis not as steep as this rule would indicate.

5.4.3 HVDC converter noise

The construction of ac to dc to ac converters and the building of HVDC transmission lines has presented
new noise concerns for utilities whose ac lines are connected to these systems, and to those lines crossing or
in parallel with dc lines. The noise caused by the valvesin the conversion process from dc to ac is frequency
dependent. The noise levels are very high at the low end of the PLC frequency band and follow an
approximate 1/f characteristic to 100 kHz. The noise conducted from the converter onto the ac system
requires noise filtering in the PLC frequency range to reduce this noise to acceptable levels.

High currents may exist in the frequency band from afew kilohertz to 30 kHz, which are not usually treated
by the filtering at the converter. These currents can be coupled into PLC circuits. The drain coils in the
coupling capacitors are designed to shunt power frequency current to ground and are designed for a
maximum current. The addition of other frequency components that cause resonance, between the coupling
capacitor and the drain coail, can cause saturation of drain coils using magnetic cores. The saturation of the
cores results in the generation of harmonics of frequencies present in the drain coil. Many of these
harmonics are in the PLC band and can generate interference for PLC channels used on the line. Drain coils
with no magnetic cores do not saturate, and no frequencies in the PLC band are generated.
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Applying PLC to dc lines is a subject requiring careful analysis. Several projects have successfully solved
the problems involved.

Radiated noise from the conversion process is best reduced by filtering as close to the source as possible.
5.4.4 Series compensated lines

Series capacitors are added to EHV power transmission lines to increase the power transfer capacities of
long lines. The series capacitors may be installed at a station between the line traps and the station bus, or
even in the middle of the line. When placed in alocation outside the PLC signal path, the RF signals do not
pass through the capacitors. PLC RF signals traverse the capacitors in the line side without significant loss.

The noise generated by the switching of the capacitors, which isrequired to prevent damage to the units and
during ordinary maintenance, is equivalent to faults or arcing disconnect noise on uncompensated lines. This
noise will travel down the conductors and be evident at distant stations. Because the duration of the noise is
generally less than several seconds, it is not of concern to uncompensated line sections distant from the
source. PLC installation on series compensated lines usually require Mode 1 coupling and high transmitted
signal levels to ensure high receive levels and adequate margin. Special surge protection is required to
protect equipment coupled to these lines.

5.5 Power cable circuits
5.5.1 Types of power cable circuit

The two power cable types generally used in underground applications are single-conductor, self-contained
cables and single- or three-conductor pipe-type cables (see Comerford [B56]). It should be noted that
experimental work is being done on cryogenic cables, but they are not yet being applied. Single-conductor,
self-contained cables use ahollow oil-filled conductor and an oil-impregnated paper insulation. An extruded
metallic shield encases the insulation. The pipe-type cable uses a solid conductor with oil-impregnated paper
insulation that is wrapped with synthetic tape layers and thin metallic tapes. One or three conductors are
housed in a pipe that is filled with high-pressure oil (or gas). In some applications, the fluid is pumped
through the pipe to provide a more uniform temperature distribution and cooled to remove heat from the
cable.

5.5.2 Skid wires

Protective skid wires are spiraed around the conductor or conductors to protect them during insertion into a
pipe or duct. The resistivity of the skid wire affects carrier signal attenuation somewhat. The skid wires are
the return path for the carrier signal in phase-to-ground coupling. Generally, the skid wires in use today are
made from copper, zinc, or stainless steel. Although copper has a low resistivity and stainless steel has a
high resistivity, tests show that the resistivity of the skid wire is not a major factor in carrier signal loss.
Today, cost more than anything determines which metal is used.
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5.5.3 Losses—attenuation

Carrier propagation losses per unit length in a power cable are substantially larger than those experienced
with overhead phase wires. The specific |oss encountered with aparticular cable depends on its construction
and the method of coupling. Individual power cable manufacturers may supply attenuation and characteristic
impedance information. Representative values of attenuation on a power cable are shown in Figure 8 for a
single-phase-to-ground input. Mutual coupling between phases in a three-conductor pipe-type power cable
varieswith frequency. At lower frequencies, attenuation with interphase coupling is substantially lower than
with phase-to-ground coupling.

Line losses in oil-filled pipe-type cables range from about 1 dB/km to 1.5 dB/km at 30 kHz and from
10 dB/km to 3 dB/km at 70 kHz. Power cable circuits that exceed about 16 km in length will generally
require transmitter equipment with a power output of 100 W.

5.5.4 Surge impedance

The values of the characteristic impedance of power cables vary greatly from those for overhead lines, and
there is a large variation among different types of cables. In general, there has not been much information
published on power cables, such as the high-frequency characteristic impedance, and it may be required to
perform measurements on the actual cable used for a particular circuit. Generaly the characteristic
impedance of a power cable will be between 10 Q and 60 Q. The surge or characteristic impedance of a
pipe-type cable can be measured by the applied voltage and current for both open-circuit and short-circuit
conditions and by substituting the valvesin Equation (25):

E E
Z, = |ZOC « =S (25)
loc  lsc

E,c  istheopen-circuit voltage
Ey.  istheshort-circuit voltage
loc  isthe open-circuit current
le  isthe short-circuit current

5.6 Overhead line/cable circuits
5.6.1 Mismatch loss (attenuation at discontinuities)

When arelatively short line is terminated in a load that is different from its characteristic impedance, the
variation in line input impedance from reflected energy can cause a transmitter to operate inefficiently. The
effects of wide variations in input impedance can be minimized by a proper selection of frequencies
provided that the distance to the mismatch and the magnitude of the mismatch termination are known. Any
change in the line could lead to an input impedance change, however. In some cases, a mismatch can be
overcome by adjustment of the line tuner and changing the impedance-transformer ratio. Where a mismatch
point isisolated from the input end of aline by substantial line loss, there s little change in input impedance
from reflected energy, and the only additional loss is from the energy reflected from the mismatch.

The loss from an impedance discontinuity between a line of characteristic impedance Zy and a load
impedance Z, is given in decibels by

(26)

Zyt+Z,
dB| pss = 20l0g| —

2./Z,Z,
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Sometimes a tap line is connected to the existing power line between two stations. If the line is short (low
loss), its behavior as a stub at all carrier frequencies on the line should be investigated. If the stub is
terminated in a high impedance and its length is equal to an odd number of quarter-wavelengths at the carrier
frequency, a low impedance will be reflected across the main line at the junction. For example, if the stub
length is one quarter-wavelength at a given carrier frequency and the end of the stub isterminated in an open
circuit, a short-circuit impedance will be reflected across the main line, which will result in an essentially
infinite loss to the carrier-frequency signal on the line. Similarly, if a short stub is terminated in a low
impedance at a carrier frequency and its length is an even number of quarter-wavelengths at that frequency,
alow impedance will again be reflected across the junction.

If ahigh lossis present on a line because of a stub, the situation may be eliminated by changing the carrier
frequency. However, this cannot always be done, and the most effective method for minimizing a problem
with astub isusualy to install aline trap at the input to the stub line.

5.6.2 Attenuation in combined overhead line and cable

When an overhead line connects directly to a power cable, a substantial impedance mismatch occurs., which
causes signa attenuation from energy reflection. Typically, the overhead line might have a characteristic
impedance of 300 Q (phase-to-ground), and the power cable might have a characteristic impedance of 20 Q,
which results in an impedance mismatch ratio of 15:1. Thisratio isfound to result in a6.3 dB mismatch loss
(Figure 19).
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Figure 19—Mismatch losses vs. mismatch ratio

Asdiscussed in 5.6.1, the input impedance to the overhead line may vary substantially from its characteristic
impedance if a mismatch is present and the overhead line has low attenuation. Particularly bad situations
occur in which overhead line lengths are multiples of one quarter-wavelength at the carrier frequency. This
result can readily be seen for the case of a quarter-wavelength line segment, because it acts as an impedance
transformer in which the input impedance Z, is defined by (for alosslessline)

In= o (27)

where Z; is the characteristic impedance and R is the load. For Z; =300 Q and R = 20 Q, Z,, = 4500 Q,
which is very high compared with the 300 Q characteristic impedance. A half-wavelength line segment is
equivalent to two quarter-wavelength segments back to back, and the input impedance to the overhead line
would equa the load resistance of 20 Q, which is very low compared with 300 Q. Other multiples of one
quarter-wavelength result in either a high- or alow-input impedance.
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Figure 19 is a graph of the mismatch loss as a function of the in-phase impedance ratio. Mismatch losses
also occur when a phase angle is associated with the mismatch ratio. For this reason, mismatch losses from
wide variations in the input impedance to the overhead line cannot be directly avoided, even by using
frequencies that result in an odd number of one-eighth-wavelengths over the line length, because the lower
mismatch ratio assumes a complex nature. However, for these in-between frequencies, the resistive
component of input impedance is usualy within the range of adjustment of the impedance-matching
transformer, and the reactive component can be offset by adjustment of the line tuner. Fairly efficient
operation within alimited bandwidth is possible. The harmful effect of reflections on the input impedance to
an overhead lineis greatly reduced if the line loss exceeds 5 dB.

The input impedance to the cable end of a combined system is aso sensitive to the impedance mismatch at
the junction of the cable and overhead line. Frequencies for which the power cable length corresponds to an
odd multiple of an eighth-wavelength are to be preferred over those for which the length is any multiple of a
quarter-wavelength. As with the overhead line, the effect of reflections can usually be neglected for cables
having more than 5 dB attenuation.

Although the effect of reflected energy on the input impedancesto the overhead line and the power cable can
be minimized by careful frequency selection and compromise adjustments of line-tuning equipment at both
ends, the current application trend is to provide line trap isolation for the carrier circuit between the
overhead line and the power cable. Coupling capacitors, line tuners, and impedance-matching transformers
can then be used to provide the proper impedance to both the overhead line and the cable, and mismatch loss
as well as frequency selection problems can be eliminated.

5.6.3 Bypass losses

PLC systems frequently require the bypassing of signals around a discontinuity, such as an open-circuit
breaker, a transformer, lines of different voltages, or an impedance mismatch such as an open wire-cable
circuit. A bypass may involve the transfer of energy for a single channel, or it may involve the transfer of a
wide band of carrier frequencies. Bypassing can be accomplished using line tuning networks between the
base leads of coupling capacitors connected to the line at each end of the discontinuity involved. Where the
coupling capacitors are separated by less than about 30 m, the tuning arrangement can be handled as a short
bypass. In this case, less equipment is required than for the long bypass, which is required where greater
separations are involved.

It is common practice by most usersto install line traps on both sides of the discontinuity to be bypassed to
minimize unnecessary shunt |osses.

5.6.3.1 Short bypasses

In applications involving a short bypass, a simplified arrangement with one line tuner and high-impedance
lead-in wire can be used. The high-impedance wire should be kept as short as practical to minimize carrier
losses.

A typical short bypass using a single-frequency tuner is shown in Figure 20, and Figure 21 is an example of
abandpass short bypass. Two sets of protective elements (not shown) are included, one associated with each
coupling capacitor lead. There are no impedance-matching transformers.

5.6.3.2 Long bypasses
The most commonly used long bypass arrangement is shown in Figure 22, in which a norma line tuner is
associated with each coupling capacitor and a coaxial cable is used as the link between them. With this

arrangement, the distance between the coupling capacitors can be as much as several hundred meters,
depending on the losses in the coaxial cable at the frequency involved.
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Figure 22—Typical long bypass circuit

If acarrier transmitter or receiver termind is to be coupled into the power line at the bypass point, a coaxia
cable can be run from either tuner back to the equipment. This process will alow signals to be coupled to or
from thelines. In some install ations, a separate coaxial cableisrun from each tuner to the local terminal, and
the direct bypass cable is omitted. In either case, a 2:1 impedance mismatch will be present.

5.7 Cross-station attenuation

5.7.1 Carrier runaround

Unintentional propagation of carrier-frequency signalsthrough or around a power station (sometimes called
carrier runaround) is an undesirable but inevitable phenomenon that takes placewherever PLCisapplied. The
reduction in magnitude of these signals as they pass through a station is called cross-station attenuation.
Because of the importance of minimizing random propagation of interfering signals, a high value of (on the
order of 55 dB) cross-station attenuation is very desirable. It is also desirable for more specific reasons such
as the application of carrier-frequency bypasses.
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5.7.2 Cross-coupling mechanisms
5.7.2.1 General

Cross coupling of carrier signals through a station takes place through a network consisting of series-
connected line traps and the shunting impedance of the power bus. A substantial amount of carrier energy
also passes through untrapped phases of the power line on which the carrier signal is applied. Another path
frequently exists by virtue of the mutual coupling between parallel lines entering a station.

5.7.2.2 Line trap network

The passage of signals through this network (Figure 23) will depend on the series impedance of each line
trap and the shunting impedance of the station bus. The nature of trap impedance isdiscussed in 7.1. The bus
impedance consists of many individua impedances in parallel. Power transformers, potential transformers,
and shunt reactorsare al self-resonant at low frequencies and exhibit capacitive impedance characteristics at
carrier frequencies. Every other item of power apparatus connected at the bus junction, including bus
conductors, bushings, circuit breakers, and current transformers, has a natural capacitance with respect to
ground. The impedance of power lines terminating on the bus will vary over a wide range because of
standing wave patterns and the nonuniform placement and tuning of line traps. The resultant net bus
impedance usually has only capacitive and resistive components. Its magnitude will fluctuate as a function
of frequency but will in general be low (100 Q or less), except in very small stations.

LINE A LT [;i] LT LINE B
cC ¢

T Lime T

PLC PLC
TUNER TUNER

Figure 23—Cross-coupling path through line trap network

5.7.2.3 Uncoupled phases

Although a carrier-frequency signa may be coupled to only one phase of a three-phase power ling, it is
never confined to such a simple path. At distances of 16 km or more from the point of origin, signal
strengths of the same order of magnitude may exist on all three phases. Because it is routine practice to trap
only the coupled phase, carrier energy on the other phases is free to pass through a receiving station bus,
hindered only by the associated impedance discontinuity and a reduction in signal strength caused by the
dispersal of energy among various other lines and shunt paths.

At areceiving location, energy levels on unused phases are frequently found to be as high as on the coupled
phase. The effectiveness of a line trap here in reducing the signal level at stations beyond the receiving
station is, at most, only about 3 dB. The line trap, however, is very effective in protecting the receiver from
other sources of interference.

5.7.2.4 Parallel lines

Frequently several transmission lines will enter a station over the same or adjacent rights-of-way, with
parallels extending over several spans. A considerable amount of carrier energy may be exchanged,
particularly where two lines are constructed as a double circuit on common towers.
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5.7.3 Cross-station attenuation measurement

Cross-station attenuation of alocally originated signal is almost always greater than cross-station attenuation
of asignal originated at a distant location. For measuring with a local signal, the procedure is to connect a
carrier-frequency signal generator into the line tuner on one line and measure the received signal level at the
terminated line tuner on the other line. The difference between the inserted signal level and the received
level is called near-end cross-station attenuation. To measure far-end cross-station attenuation, it is
necessary to insert the carrier-frequency signal at the far end of the first line. Both lines under consideration
must have properly terminated line tuners at the station being tested. The difference in the received signal
level measured on the two respective terminations is far-end cross-station attenuation. Near-end and far-end
values are compared in Figure 24 at a substation that does not involve paralel lines.
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Figure 24—Example of near-end and far-end cross-station attenuation

Near-end cross-station attenuation has more significance at transmitter locations and at stations where
simple amplifier-type repeaters are applied. It is a measure of the influence that a local transmitter might
have on other carrier facilities in the same station. The permissible gain of arepeater may be determined by
deducting the desired singing-point margin from the measured value of near-end cross-station attenuation.
The singing-point margin isthe amount of additional gain (decibels) that can be inserted into aloop without
sustained oscillations developing. Line traps in the coupled phase are normally very effective in providing
high values of near-end cross-station attenuation.

Far-end cross-station attenuation has more significance at receiver locations. Far-end cross-station
attenuation is also a measure of the influence of areceived carrier signal on carrier facilities coupled to other
lines in the receiver station.

5.7.4 Methods for increasing cross-station attenuation

In most carrier applications, the standard use of line traps with each carrier-coupling circuit provides
adequate rejection to the passage of interfering signals. In applications in which the value of cross-station
attenuation is not adequate, special measures should be considered.

Copyright © 2005 IEEE. All rights reserved. 41



IEEE
Std 643-2004 IEEE GUIDE FOR POWER-LINE CARRIER APPLICATIONS

When the attenuation to a carrier signal’ s passage through the line trap network exceeds a certain magnitude,
cross-coupling through other paths (usually the unused phases) becomes predominant. The exact level where
this crossover takes place is difficult to establish. Special treatment of the coupled phase beyond normal
practice without al so treating the uncoupled phases is therefore not usually beneficial.

Trapping of uncoupled phases on one or more lines can produce substantial improvements. Where it is not
considered practical to install traps in series with unused phases, it is sometimes feasible to install coupling
capacitors connected between the station bus and the ground. The presence of the capacitor lowers the
impedance of the bus and increases attenuation to the passage of carrier signals. This bus treatment may be
advantageously applied to both the coupled and the uncoupled phases. Lowering the station bus impedance
by the addition of substantial shunt capacitance has also been recommended for other aspects of carrier
behavior such as the efficiency of wide-band coupling filters.

Frequency frogging is a technique based on telephone-line carrier practice wherein transmitting and
receiving frequencies are exchanged. Identical frequencies are transmitted in both directions from arepeater,
and identical frequencies are aso received from each direction. It is rarely used in modern PLC systems.

Coupling-capacitor voltage transformers (CCVT) are sometimes connected to al three phases of aline or a
station bus (to supply potential for relaying and other 60 Hz functions). In this case, carrier performance is
improved at no additiona cost.

When acoupling capacitor has been installed on a station bus, it is possible to tune it to ground to provide an
efficient short circuit at one frequency. Particularly if applied to all three phases, this technique can provide
an exceptionally high magnitude of cross-station attenuation at the one frequency. However, there is arisk
that the inductive characteristic of the tuned circuit at frequencies higher than its resonance can produce
paralel resonance with the capacitive impedance of the bus. This result will permit lower than normal
values of cross-station attenuation to exist at the frequency of this antiresonance.

In some situations, separate single-frequency phase-to-ground circuits are coupled to each of the three
phases of a power line. If across-coupling problem occurs on one of these circuits, it is possible to make use
of the existing coupling capacitors on the other phases to effect a tuned short circuit to ground. The
procedure is to add components converting the line tuners to double-frequency operation, tune the second
frequency section to the frequency of the problem circuit, and connect it to ground.

If a cross-station attenuation problem exists between two nonparalel lines in a station, a fair degree of
improvement may be realized by coupling one carrier circuit center phase-to-ground and the opposing
carrier circuit outer phase to outer phase (Mode 2 coupling). The cross-coupled carrier energy will approach
abridge-type null to whatever extent balance existsin both symmetrical circuits.

There is no practical method of reducing mutual coupling between paralel transmission lines. Generally the
only defense against interference that it can cause is careful selection of frequencies, so that al carrier
circuits can operate in a compatible manner.

5.8 Coupling methods

There are several ways for feeding one or more conductors of a three-phase power line so that PLC signas
will propagate down the line. Modal theory (5.3.3) shows that carrier signal currents generaly flow in all
three phases of a power line as well as in any static wires present. The efficiency of coupling signals to and
from the lines depends on the particular coupling arrangement sel ected.
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Coupling methods used include the following:
a) Mode 1 (three-phase coupling)
b)  Center phase-to-ground
c) Center phase-to-outer phase
d) Outer phase-to-ground
€) Intercircuit

Thefirst four methods apply to one three-phase power line, but the last method is used to couple signalsinto
two separate power lines.

Mode 1 coupling is theoretically the lowest loss method for coupling carrier signals to and from the power
lines. It has the advantage of providing avery high channel dependability, because it can withstand a single-
phase or a two-phase-to-ground fault near a terminal without the carrier signal being eliminated. It has the
disadvantage of high cost because three sets of tuning equipment are required.

An arrangement that provides a good approximation for Mode 1 coupling is shown in Figure 25. Two RF
hybridsare connected so that the current supplied to the center conductor of the power lineis 180° out of phase
with the equal currents supplied to the two outer conductors and equal in magnitude to their sum. The modal
coupling efficiency for Mode 1 coupling is 0 dB (or 100%). The simplest and most frequently used coupling
method is the center-phase-to-ground scheme shown in Figure 26. It uses the minimum amount of equipment
and isfairly efficient. The cal culated center-phase-to-ground modal coupling efficiency is—1.6 dB at each end
of theline. Additional losses can occur, however, if static wires are not used on the power line, and if the soil
in the vicinity of a termina has poor conductivity. Refer to Table4 for values to use in performance
calculations.
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Figure 25—Mode 1 coupling

Center-phase-to-outer-phase (interphase) coupling, which is shown in Figure 27, is the next most frequently
used method and is becoming increasingly popular. In this arrangement, the two currents are equal in
magnitude and 180° out of phase. It has the advantage of being somewhat more efficient than center-phase-
to-ground coupling, and it provides a calculated —1.1 dB modal efficiency per line end. This method
provides greater channel dependability than center phase-to-ground coupling, because a single-phase fault at
the substation will not eliminate the carrier signal. Furthermore, its coupling lossis not significantly affected
if static wires are not used and if the ground conductivity is poor.
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Figure 26—Single-line-to-ground coupling
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Figure 27—Center-phase-to-outer-phase coupling
Intercircuit coupling, which is shown in Figure 28, is generaly a center-phase-to-center-phase coupling

between two separate power lines in close proximity to each other. This arrangement provides two
redundant paths for the carrier signal.
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Figure 28—Intercircuit coupling

5.9 Channel bandwidth and modulation types
5.9.1 Consideration for choosing the right channel modulation

Individual philosophy and past experience tends to dictate the type of channel chosen for relaying purposes.
One of the foremost reasons is the availability of the channel. Because PLC is over the power line, the
channel is already present. It tends to be one of the most economical channels available for relaying, and the
relay engineer has full control of the communication channel. The next step is which type of modulation to
choose. Philosophy tends to play alarger influence in this area. With an oON—OFF channel, the channel is not
required for tripping, only for blocking for an externa fault. With proper application and tuning of the
coupling equipment, an external fault will not significantly affect the carrier signal. One drawback is that the
channel is not continuously monitored. But with the addition of an automatic checkback system, some of
this problem is mitigated. Frequency shift channels are continuously monitored but require that the signal be
transmitted across the same power line where the fault has occurred. The unblock system compensates for
this shortcoming.

5.9.2 Bandwidth considerations

Choosing the bandwidth necessary for a relaying channel depends on many factors. The most important
philosophy to keep in mind is to have the fastest channel with the greatest security possible. The wider the
bandwidth, the faster the channel but that also means more noise is allowed into the receiver filter. So a
compromise is made. ON—OFF channel bandwidth is typically 1000 Hz to 1500 Hz (for speed), whereas the
aternate use of 500 Hz to 600 Hz bandwidth is also acceptable. FSK channel bandwidth for line relaying is
typically 500 Hz to 600 Hz (for security), whereas the alternate use of 1000 Hz to 1500 Hz bandwidth is & so
acceptable. FSK channels for DTT bandwidth are typically the narrowest (slowest but most secure) at
200 Hz to 300 Hz.
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5.10 Effects of faults on PLC channels

Studies of the effects of noise on PLC channels date back to the early 1960s. Attenuation has also been
studied fairly extensively. However, little is written on the effects of faults with relation to noise and
attenuation on the PLC channel.

5.10.1 Attenuation

Measurements have been made on a 230 kV line for the attenuation during a single phase-to-ground fault

and three phases to ground fault. The attenuation is less on phase-to-phase coupling versus phase-to-ground
coupling. Table 9 represents the maximum average additional attenuation values found.

Table 9—Additional attenuation for various faults vs. coupling

Additional attenuation (dB) with fault located at
Fault type Coupling
Okm 0.8km 3.2km 80 km
One phase-to-ground Phase-to-phase 11 1 1 11
One phase-to-ground Phase-to-ground 38 20 17 11
Three phase-to-ground Phase-to-phase 50 40 37 37
Three phase-to-ground Phase-to-ground 58 48 39 37

Open phases tend to show more attenuation than noted in Table 9. Obviously with multiphase coupling, the
effect of the fault is mitigated. It is reasonable to assume that there would be similar attenuation effects at
other line voltages.

5.10.2 Noise

The characteristics of noise on a transmission line during a fault are complex and vary with particular
conditions of the line. However, several statements can be made to generally describe the noise during a
fault, as follows:

a) Noisevoltage is significantly larger just after the occurrence of the fault but attenuates almost com-
pletely after atimeinterval of about 1.5 ms. Refer to Udo and Kawai [B182].

b) Low current faultswill generate a high noise voltage, and it is sustained much longer, on the order of
0.2 sfor afault current of about 20 A. Conversely, high fault currents will generate a noise voltage
that will dissipate at a much faster rate as noted in item 1).

c) Oncethefault isfully established, there is no appreciable noise caused by the arc if the fault is more
than 200 A.
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6. Frequency selection

6.1 Factors influencing selection

The range of frequencies that most U.S. users regard as the PLC spectrum is from 30 kHz to 500 kHz. In
Canada, limited use is made of frequencies above 200 kHz. Several factors must be considered in selecting
suitable frequencies for a particul ar application and for using this spectrum efficiently. These factorsinclude
the following:

a) Requirements for the new facilities
1) Bandwidth and frequency spacing
2) Isolation from sources of interference
b) Existing frequencies
1) Interferenceto other services
2) Costsof frequency changes
c) Frequency planning
d) Line coupling and tuning
€) Noiseand line attenuation
f)  Power cablecircuits

6.2 Requirements of new facilities

When considering new facilities for any relatively large carrier system, the first and usually most difficult
consideration is determining the frequencies of existing facilities already operating in the spectrum. Before
making a preliminary frequency study, however, the requirements of the desired new facilities must be
established and borne in mind.

6.2.1 Bandwidth and frequency spacing

Spacing requirements for relaying channels are specified by the minimum frequency separation allowed
between the center frequencies of the channels. These requirements apply to both oN—OFF channels and FSK
transferred-trip channels. Auxiliary voice channels, sometimes used with relaying channels, require
additional frequency spectrum.

For SSB voice channels, the minimum frequency separation is specified from the band edge of one channel
to the nearest band edge of the adjacent channel. Spacing between relaying and SSB channels is specified
from the center frequency of the relaying channel to the nearest band edge of the SSB channel.

Where minimum frequency separation between two dissimilar channels has not been specified, the larger of
the minimum separations individually recommended for the two types of equipment should be used.
Table 10 lists representative frequency separation requirements for ON—OFF equipment, and Table 11 lists
the separation for FSK equipment. The required separation is shown for 20 dB of minimum external
isolation using hybrids or filters.

6.2.2 Isolation from sources of interference

The minimum spacing requirements of 6.2.1 relate generally to isolation between carrier services on the
same line. Some guidelines for avoiding interference from sources on other lines and in other stations are
discussed in the following paragraphs.
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Table 10—Frequency spacing requirements in kilohertz for AMto AM and AM to FSK

equipment
AM (ON-OFF)
Equipment and bandwidth Narrowband | Narrowband Wide band Wide band
w/o voice with voice w/o voice with voice
AM (ON-OFF)
Narrow band w/o voice 2.0
Narrow band with voice 8.0 8
Wide band w/o voice 5.0 8 5
Wide band with voice 8.0 8 8 8
FSK
Narrow band 20 8 5 8
Medium band 25 8 5 8
Wide band 4.5 8 5 8

Table 11—Frequency spacing requirements in kilohertz for FSK equipment

Frequency shift keyed

Equipment and bandwidth
Narrow band Medium band Wide band

Unidirectional (TX to TX)

Narrow band 0.5
Medium band 15 15
Wide band 3.0 3.0 3.0

Bidirectional (TX to RX)

Narrow band 15 3.0 45
Medium band 3.0 3.0 45
Wide band 4.5 4.5 4.5

A common guideline for assigning relaying frequencies is to use two-line-section separation to provide
sufficient isolation for channels on the same frequency. This guideline provides the cross station attenuation
of three buses, which is about 45 dB. The guideline suggesting two-line-section separation is not always
appropriate. For example, some utilities apply a three-section separation for direct transferred-trip
applications. When substantial doubt exists, isolation measurements should be made.

Where two power lines are near each other and paralel for a few kilometers, there is signal coupling

between the lines. Consequently, channels operating on the same frequency may interfere with each other.
Figure 29 shows calcul ated results for two representative cases of coupling between power lines.
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Figure 29—Coupling between parallel power lines vs. center phase separations

In areas where the carrier density is high, it will sometimes be very difficult to find space in the frequency
spectrum for new channels by use of ordinary guidelines and rules. In such situations, it may be necessary to
resort to some means of providing greater isolation, so that frequencies can be “ packed” more efficiently.

Various methods can be used to increase isolation from interfering channels or abnormal noise sources.
Interference from channelsin other power-line sections can be reduced by using line traps to isolate carrier
signalsin one section from those in other sections. When a high degree of isolation is needed, line traps may
be used in all three phases. It may be necessary to use line traps and coupling capacitors to form bandstop
filtersin each phase.

Isolation between transmitters or between transmitters and receivers on adjacent channels on the same
conductor can be achieved using hybrids and filters (see 7.5). Isolation can also be achieved by coupling
adjacent channel transmitters on different phase conductors of the same power line. This isolation may be
substantial at the near (transmitting) end of the line but amost negligible at the distant (receiving) end.
Coupling to different phases can often solve an otherwise difficult line-tuning problem.

Carrier transmitters on the same frequency may sometimes be operated on different lines in the same station.

The cross-station attenuation between two lines that are equipped with resonant traps will frequently exceed
40 dB at the center frequency.
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6.3 Existing frequencies
6.3.1 Frequency survey

When new PLC channels are to be installed, a survey should be made of frequencies aready used within at
least two line sections of each section in which new channels are to be installed. The survey should also
include frequencies in use on any lines that parallel or cross the line section. When several new carrier
services are to be added to a large system with complex interconnections, the frequency survey must aso
consider frequencies used by neighboring utilities. Most PLC users routinely exchange frequency
information with other utilities.

Users of PLC should be aware that there are many other users of frequencies in the same spectrum,
including navigational radio fecilities, and careis required to avoid interference with these users. The use of
these frequencies for PLC applications in the United States is not licensed by the Federal Communications
Commission (FCC). In Canada, aform of licensing is granted by the Department of Communications (DOC)
permitting use of frequencies to 490 kHz with several specific restrictions. The use of PLC frequencies in
both countriesis permitted on astrict noninterference basis.

6.3.2 Frequency changing costs

If itisimpossible to find adeguate space in the spectrum for new carrier channels, existing frequencies must
be rearranged to provide spectrum space. Often it will be found that frequency changing costs are a
significant part of the total price of adding new carrier facilities. When more than one frequency
rearrangement scheme is being considered to accomplish the same purpose, an economic comparison is
necessary. An estimate of frequency changing costs determined by the use may include

a) Engineering and drawing changes

b) New parts, such as crystals and filters

c) Labor costs for retuning and testing transmitters and receivers
d) Partsand labor for retuning of line-coupling system

€) Transmission line and communication circuit outage costs

f)  Overheads and contingencies

6.4 Frequency planning
6.4.1 General considerations

Time and effort devoted to long-range planning of carrier system growth can result in higher efficiency in
the use of the available spectrum. Achieving a maximum frequency density on a carrier system should be a
goal that is given its appropriate share of consideration each time new frequency assignments are made. A
plan for approaching this goal should be maintained. To be effective, such a plan must be reevaluated
whenever actual growth of the carrier system deviates from what has been anticipated.

6.4.2 Relay channel frequency plans

What might be an appropriate plan for one utility might not be appropriate for another. For example, if most
lines are relatively short and low-frequency SNR is not a problem, it may be feasible to group relay channel
frequencies in the lower part of the spectrum, thus reserving higher frequencies for SSB telephone systems,
which usually require more bandwidth. Most utilities find that they can repeat the use of relay channel
frequencies at several locations to good advantage (assuming proper isolation is maintained).
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When severa channels are installed on a line section, the minimum frequency separation suggested in
Table 10 and Table 11 should be considered. If different types of channels are to be used on the same line,
severa frequency combinations should be studied to see if a best arrangement exists.

6.4.3 SSB telephone channel frequency plans

Typical SSB telephone channels in North America have a nomina bandwidth of 4 kHz per channel per
direction. If possible, channels should be assigned to frequency bands between integer multiples of 4 kHz.

Other than the wider spectrum requirements, no special rules are required for SSB telephone channels. The
minimum frequency separations suggested in Table 10 and Table 11 should be considered.

6.5 Line coupling and tuning

The limitations of the commonly used methods of coupling must be kept in mind during the process of
frequency assignment. Any freguency grouping assigned on one line must fit into the coupled bands that can
be provided on one or more phases by conventional coupling methods. For example, assume that four new
channels are to be added and the preliminary frequency survey has shown that the only clear-channel
frequencies available are 34 kHz, 58 kHz, 118 kHz, and 198 kHz. It is not feasible to couple these
frequencies on a single phase-to-ground or phase-to-phase path. If two phases are available, one solution
may be to use two-frequency tuning to couple 34 kHz and 118 kHz on one phase and 58 kHz and 198 kHz
on the other. The choices that must be considered in the acceptance or regjection of this arrangement would
be the retuning costs and the relative difficulty of clearing other frequencies as opposed to the disadvantages
of the proposed arrangement. One disadvantage is a higher cost for double-frequency tuning on two phases.
A second disadvantage is a higher attenuation and poorer frequency response usually obtained on outer-
phase-to-ground circuits as opposed to center-phase-to-ground because of modal conversion losses.

Another economic consideration sometimes affecting frequency assignment is the cost of larger coupling
capacitors or higher inductance line traps that can provide wider bandwidths.

6.6 Noise and line attenuation

After the factors in a preliminary study have been considered, the additiona items of noise and line
attenuation should be considered. Noise on a power line is a decreasing function of frequency, whereas
attenuation increases with frequency. The optimum frequency therefore depends on the combined effect of
these frequency-dependent factors and may be different on any two lines.

On horizontal single-circuit lines up to about 160 km long, the slope of the attenuation versus frequency
function is fairly dight for adjacent-phase-to-phase and center-phase-to-ground coupled circuits. On the
other hand, during adverse weather, noise will be about 6 dB to 10 dB higher at 50 kHz than at 200 kHz.
Under this condition, the best SNR for a given transmitter power may occur at frequencies such as 150 kHz
or 200 kHz. With lines longer than 160 km, the optimum frequency will be correspondingly lower. It will
also be considerably lower on circuits with coupling, which does not involve the center phase.

For short lines, the easiest and most economical means for increasing the SNR or received power level isto
increase transmitted power. Where long lines are involved and 50 W or 100 W transmitters are required, a
further significant increase in transmitted power is economically and practically undesirable. The
compromise between increasing transmitted power and reducing channel loss is an important consideration
over a substantial range of line lengths.
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6.7 Power cable circuits

Many factors have to be considered when selecting frequencies for use on power cable circuits. Among
these factors are the type of cable, length of cable, transmitter power, return path (skid wire), and number of
frequenciesto be used. Because of high attenuation and the difficulty of obtaining adequate bandwidth, only
frequencies between 30 kHz and 70 kHz are normally used.

6.8 Combination power cable/overhead line circuits

One method of determining frequencies for combination circuits of overhead line and power cablesisto use
frequencies that correspond to an odd number of one-eighth-wavelengths. This technique requires that the
velocity of propagation of the cable as well asthat of the overhead line be known to cal cul ate the wavelength
of theindividud lines. The velocity of propagation of power cables varies with the construction and type of
cable and compares the actua speed of signal propagation with the speed of light. The full wavelength for
the frequency under consideration can be found as follows:

A = §—"-1—]9-5\—’E (28)
where

X is the wavelength in kilometers

3x10° is the speed of light in free space in kilometer/second

f is the frequency in Hertz

VP is the correction factor if propagation isless than the speed of light

For most overhead lines, the value of VP isabout 0.98. For power cables, VP can range from 0.4 to 0.55.

7. Coupling components

7.1 Line traps
7.1.1 Introduction

The function of aline trap is to present a high impedance at the carrier frequency or frequencies being used
while introducing a negligible impedance at the power frequency, which thereby minimizes the degree to
which the carrier signal is

a) Dissipated in the station equipment
b) Grounded in the event of afault outside the carrier transmission path
c) Attenuated by atap line or abranch of the main transmission path

d) Receved out of phase (which can result if multiple path transmission of a carrier signal is permitted
to take place)

Line traps permit a greater choice of carrier frequencies by minimizing interference from other carrier
channels. In effect, the purpose of aline trap is to ensure that the carrier transmission path remains isolated
as much as possible, at carrier frequencies, from the rest of the system. The requirements and essential
characteristics of line traps have been standardized in ANSI C93.3 and IEC 60353.
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7.1.2 Application of line traps

When choosing aline trap, acareful evaluation of the purpose of the carrier channel, the degree of reliability
required, the attenuation characteristics of the transmission path, and any future alterations to be made in the
carrier channel must be made. Line traps are available with a variety of performance characteristics that can
allow the selection of the type most suitable for current and future applications.

Line traps may be tuned or untuned. The tuned type of line trap (by far the most prevalent) is essentialy a
parallel L/C network with variations in the tuning circuit (or tuning pack as it is normally called), which
provides for the choice of single-frequency, double-frequency, or wide-band tuning. Tuning packs are
normally designed to operate in a specific band of the carrier frequency spectrum. These bands are available
from manufacturers in standard ranges. The untuned line trap is a simple inductance that establishes carrier
transmission path isolation by virtue of the very high inductive reactance of its coil.

7.1.3 Resonant traps

7.1.3.1 General

Resonant traps are available for single-frequency and two-frequency applications. They are designed to
block only one or two carrier frequency signal bands and, typically, have less than 0.5 mH inductance. For
specific impedance values of traps, refer to the manufacturer’ s information.

7.1.3.2 Single-frequency traps

The single-frequency line trap is the simplest of the tuned traps available. It is tunable to parallel resonance
at any frequency within its nominal range. Its blocking band is usually defined as the band of frequencies

over which the impedance magnitude is greater than 400 Q. The circuit diagram and impedance
characteristics for a single-frequency trap are shown in Figure 30 and Figure 31, respectively.
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Figure 30—Single-frequency line trap
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Figure 31—Impedance of a single-frequency line trap

Frequencies f, and fg in Figure 32 define the limits of the bandwidth. The electrical characteristics of the
single-frequency line trap are discussed in 7.1.5.2.

IMPEDANCE

FREQUENCY

Figure 32—Two-frequency line trap

7.1.3.3 Two-frequency traps

The two-frequency trap, which is shown schematically in Figure 32, has ablocking band around two distinct
resonant peaks, as shown in Figure 33.
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Figure 33—Impedance of a two-frequency line trap

7.1.4 Wide-band traps
7.1.4.1 General

Wide-band traps are more suitable for multichannel applications because it is very difficult to design
resonant traps for more than two frequencies. The wide-band trap is tuned to a specific frequency band, such
as 90 kHz to 200 kHz, and channels can be placed anywhere in the band. In this type of line trap, atuning
device is combined with the inductance of the main trap coil to provide a minimum blocking impedance
across the entire band.

Two types of wide-band traps are used. These traps are the fixed wide band and the adjustable wide band.
The untuned inductor, although not complying with the definition in the preceding paragraph, is aso
frequently classified as awide-band line trap.

7.1.4.2 Fixed wide-band traps

Fixed wide-band line traps are factory constructed for a specific frequency band and cannot be adjusted in

the field. The schematic of a fixed wide-band trap is shown in Figure 34. Representative impedance
characteristics are shown in Figure 35.
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Figure 34—Wide-band line trap
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Figure 35—Impedance of a typical wide-band line trap

7.1.4.3 Adjustable wide-band traps

The adjustable wide-band line trap, which is shown schematically in Figure 36, has a tuning device that
permits positioning the blocking band in various frequency regions. This type of tuning also permits the
selection of different values of minimum impedance. The impedance characteristics of the adjustable wide-
band trap are essentially the same as those of the fixed wide-band trap (see Figure 35). Fixed wide-band
trapswill typically provide awider bandwidth than adjustable wide-band traps for a given inductance.

LI

qW

Figure 36—Adjustable wide-band line trap

7.1.4.4 Untuned line inductors

Untuned line inductors are high inductance line traps (0.5 mH or higher) that do not require a tuning pack.
These inductors should have a self-resonance frequency above the carrier band. Their application usually
involves high pass coupling networks (refer to 7.3.3.3). An advantage of an inductor is that the adjustment
and maintenance of a tuning pack are not required. An occasional disadvantage is that under certain
switching conditions, it is possible that the inductor can series resonate with the capacitance of switchyard
apparatus. This process is most likely to occur under open-circuit breaker conditions, that is, a deenergized
line.
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Some line inductors are self resonant at frequencies within the carrier band. Such inductors generally have a
low Q (typically 8-10) and a high series resistive component.

7.1.5 Electrical characteristics of line traps
7.1.5.1 General

The carrier frequency characteristics of line traps are considered here. Power frequency and mechanical
characteristics are considered in 7.1.6.

7.1.5.2 Single-frequency traps

The single-frequency line trap provides blocking impedance for a single frequency or for a narrow band of
frequencies. The schematic and impedance curves for the single-frequency trap are shown in Figure 30 and
Figure 31, respectively. Curves for impedance Z, resistive component R, and reactive component X are
shown separately in Figure 31.

The lowest resonant frequency fq to which a single-frequency trap might be tuned with a given capacitor C;
is determined from

fO = _.......l.._.._ (29)

2m,/L,C;

Higher frequencies are tuned by adjusting the tap on L, away from the end of the coil. The trap cail then
serves as an autotransformer to reduce the effective value of C,. The inductance L is also reduced to some
extent, but unless there is an excessive number of turns between the tap and the trap terminal, the reduction
of L, is not significant. Note that the entire trap coil is dways included between the main terminals. The
impedance at resonance Z for the single-frequency trap can be calculated from

Z, = 21L,Q (30)

Thefactor Q (quality factor) is equal to the inductive reactance divided by the series resistance in the circuit.
If it is assumed that the Q remains constant with frequency, then it is apparent that the resonant frequency
impedance of alinetrap is proportiona to the trap inductance and to the resonant frequency. The Q of aline
trap is sometimes intentionally lowered by connecting a resistor in series with the capacitor in the tuning
pack. Although this process admittedly lowers the trap impedance at its resonant frequency, it broadens the
resistive component. The purpose of this change is to counteract degradation to the carrier signal, which can
occur in some switchyards if the bus capacitance resonates with the inductive reactance component of trap
impedance just bel ow its resonant frequency.

For frequencies near resonance, the impedance and its phase angle can be calculated from the universa
resonance curve shown in Figure 37.

For frequencies far off resonance, the magnitude of the impedance can be approximated with

z
a’-1

(31)

where a = /1.

Equation (31) is precise for an infinite Q (ideal cail).
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Figure 37—Universal resonance curve for a parallel-resonant tuned circuit

The phase angle 6 of the impedance can be determined from Equation (32):

6 = ArctanQ(1- &1-2) 32)

Two or more carrier channels may be used with a single-frequency trap if their frequencies fall within the
bandwidth of the trap. The actual usable spacing varies with the resonant frequency and can be determined
by looking at the manufacturer’s specifications.

7.1.5.3 Two-frequency trap

The two-frequency trap provides two resonant peaks of impedance, each of which is similar to a single-
frequency resonance. In general, the impedance at each resonant frequency is less of an impedance that
could be obtained with a single-frequency trap with the same inductance. Figure 32 and Figure 33 show the
schematic and impedance characteristics, respectively, for the two-frequency trap. Asindicated in Figure 32,
both resonant circuits L;C4 and L,C, are tuned to the higher of the two frequencies.

Resonance at the lower frequency is then established by selection of the proper value of capacitor C5 and
setting the second tap on the main coil L.

It is generally recommended that the two resonant frequencies be separated by 25 kHz or 25% of the higher
frequency, whichever is greater. Closer spacing results in distortion in the shape of the impedance curve
between peaks and an increasing lack of symmetry in each blocking band. This effect can be observed by
comparing Figure 38 with Figure 39. The maximum frequency spacing is constrained only by the tuning
packs. The two tuning packs in the two-frequency trap are independent of one another.
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Figure 38—Impedance of a two-frequency line trap with normal frequency spacing
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Figure 39—Impedance of a two-frequency line with close frequency spacing

7.1.5.4 Fixed wide-band traps

These line traps provide a wide-band impedance characteristic. To obtain the desired characteristic, circuit
components are added to the main trap coil to form aterminated half section filter (see Figure 34). Resonant
circuits L,C; and L,C, consgtitute the filter elements, and the resistor R provides the termination. The
terminating resistance is normally equal to the nominal characteristic impedance Ry of the filter. This
resistance al so represents the minimum impedance val ue within the bandwidth of the trap (see Figure 35). In
some versions of the fixed wide-band line trap, more complex circuitry obtains a flatter (more desirable)
impedance characteristic. Minimum blocking impedance levels range from 400 Q to 1000 Q.

The geometric mean frequency (GMF) is given by the following expression: GMF =, /fig, X fiq,, , Where
fhigh and fioy are the high- and low-frequency cutoffs of the bandwidth of any bandpass filter. In the case of
aline trap, it is the high- and low-frequency points for minimum blocking impedance. The equation for
bandwidth of awide-band line trap is shown in Equation (33)

_2m/2TLf

BW R

(33)

where
BW isthe bandwidth, in kilohertz
fo isthe GMF, in kilohertz

T isthe detuning factor (approximately 0.9)
L, isthemain coil inductance, in millihenry

R isthe terminating resistance, in ohms
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The actual band limits f; and f, can be determined once the GMF and bandwidth are known:

v= (B +8) -
= () +)

7.1.5.5 Adjustable wide-band traps

(34)

(35

An adjustable wide-band line trap consists of an inductance coil with an adjustable tuning pack that can be
either field or factory adjusted. Typically the coil inductance ranges from 0.265 mH to 1.59 mH. The circuit
iselectrically equivaent to the fixed wide-band trap in that it forms aterminated half section bandpassfilter.

The bandwidth and band limits of an adjustable wide-band trap may be computed with the same formulas as
for the fixed wide-band trap, i.e., Equation (34) and Equation (35). The detuning factor T may be slightly

lower for some settings of the main coil t

ap.

Minimum blocking impedance levels range from 400 Q to 1000 Q. Relationships between bandwidth and
impedance level for two values of trap inductance are shown in Figure 40.
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Figure 40—Bandwidths obtainable with wide-band traps of 0.265 mH and
0.53 mH inductance and different impedance levels

7.1.5.6 Untuned line inductors

A line inductor has a reactive impedance that varies directly with frequency. Line inductors are available
with inductance ratings from 0.53 mH to 2.65 mH with a variety of intermediate values.
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7.1.6 Power frequency and mechanical characteristics of line traps

The power frequency and mechanical characteristics that must be met in the design and manufacture of line
traps are prescribed by the appropriate American National Standards (ANSI C93.3). Table12 lists
continuous current ratings and their related thermal and mechanica ratings.

Table 12—Current ratings

Continuous current rating 1 second therrgiarl]éault current Mechanical current rating
(A) (A) (A)
400 15000 38 250
800 20000 51 000
1200 36 000 91 800
1600 44000 112 200
2000 63 000 160 650
3000 63 000 160 650
4000 80 000 204 000

Line traps can be mounted in either vertical or horizontal position. However, the mechanical aspects can
take various forms related to the particular situation. Manufacturers have varying capabilities to meet
mounting requirements, and therefore, each particular situation has to be resolved when it occurs. Seismic
problems, abnormal wind conditions, environmental considerations, lack of space, and cooling
requirements, all contribute to the station designer’ s difficulty in determining how and where aline trap will
be mounted.

7.2 Coupling capacitors
7.2.1 General

Efficient propagation of PLC signals for point-to-point communication reguires an efficient transfer of
carrier energy between the transmitter and the receiver terminals. Coupling circuits have taken several forms
over the years, but current practice uses a coupling capacitor as the mgor component. The coupling
capacitor is the most widely used and effective component that enables signal coupling to and from the HV
line. The requirements and essential characteristics of coupling capacitors have been standardized in
ANSI C93.1. Protective gaps in line tuners or coupling capacitors may have a disastrous effect on the
operation of a protective relay system. The protective gaps must operate for a short time after the fault to
prevent damage to equipment from the high-frequency energy in the fault wave front. However, the
protective gaps must seal off before the protective relays require the PLC channel to operate. If these gaps
do not seal off by the time the protective relays operate, a misoperation will probably result.

7.2.2 Construction

Conventional coupling capacitors are made with a paper/liquid dielectric system. Strips of kraft paper are
interleaved with strips of aluminum foil and wound into rolls. The rolls are connected in seriesto provide a
large voltage withstand capability. These rolls are flattened and stacked in a hollow porcelain insulator with
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external sheds (skirts) that provide a long creepage path. The insulators are equipped with meta fittings on
each end that serves for both mounting and electrical connection.

There is a manufacturing process using film instead of paper insulation between the strips of aluminum foil.
This film technology results in a lower dissipation factor, higher level of insulation and better capacitance
stability. Because capacitance is inversely proportional to the distance between the plates and the film
thickness is approximately two thirds that of paper, capacitance for film-insulated units will be higher than

paper.

To provide different capacitance values for a specified voltage rating, rolls with different cross-sectional
areas are used. (This aso requires different porcelain diameters.) When dl rolls are in place, the capacitor
unit is filled with a suitable fluid and sealed. The combination of the paper and the liquid forms areliable
dielectric system.

The capacitor units are mounted on a metal base housing. This base unit usually contains a drain coil. The
drain coil along with the capacitor units form a frequency-dependent voltage divider. This combination
provides a high impedance at high frequencies and a low impedance to the 50/60 Hz power frequencies at
the carrier connection. Above 20 kHz, almost dl carrier frequencies are passed to the carrier connection. A
drain coil must be present to prevent the voltage at the carrier connection from rising to the flashover voltage
of the protective gaps. The required location for the drain cail is in the coupling capacitor base with an
optional second unit, for added redundancy, in the line tuner unit (LTU) cabinet. Protective gaps limit
transient voltages at the carrier connection. A carrier-grounding switch eliminates high potential and the
possibility of very high transients from being present on the carrier lead during maintenance or repair work.

Single capacitor units are available for line-to-line voltagesin the range from 34 kV to 161 kV. Where larger
ratings are required, combinations of single units are stacked to provide the necessary rating. For a given
type of coupling capacitor, the value of capacitance isinversely proportiona to the rated voltage. Table 13
lists the approximate range of coupling capacitances available for various voltage classes.

Table 13—Range of coupling capacitor sizes

Voltage class Capacitancerange
(kV) (HF)
A 0.004-0.010
46 0.004-0.015
69 0.003-0.015
92 0.002-0.020
115 0.0019-0.020
138 0.0014-0.016
161 0.0012-0.014
230 0.0009-0.010
287 0.0006-0.007
345 0.0005-0.006
500 0.0014-0.005
765 0.0023-0.005
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7.2.3 Application

A coupling capacitor is operated with aline tuner to form aresonant circuit or a bandpass or high-pass filter
at carrier frequencies. Reference should be made to 6.3 for a discussion of various types of tuners.

The bandwidth available for a bandpass tuner/coupling capacitor combination is proportional to the value of
the coupling capacitance for a specified GMF.

A single coupling capacitor provides for a phase-to-ground path to couple carrier signals on one phase of a
power line. Where the application requires that the signals be coupled to more than one phase, additional
coupling capacitors are required.

7.2.4 Coupling capacitor voltage transformer (CCVT)

In some applications, an additional function is performed by the coupling capacitor in conjunction with
additional circuitry in the base housing. The coupling capacitor serves as a power frequency voltage divider
with a tap being brought out of the bottom capacitor unit. This tap is connected to a reactor/transformer
combination (also protective gaps and other components), which converts the tap voltage to 115 V output
when rated voltage is applied to the capacitor stack. The CCVT provides potentia that can be used for line
synchronism checks or asinputs for protective relays and metering equipment. The normal carrier frequency
operation of the coupling capacitor is unaffected by the CCVT circuitry (see ANSI C93.1).

7.3 Line tuners and bypasses

In addition to the line trap and the coupling capacitor, or CCV T, the coupling of signals to the open-wire HV
transmission line or power cable requires a component called a line tuner. The line tuner is connected in
series between the coupling capacitor, or CCV T, and the coaxia cable(s), which transfer PLC signals from
transmitter/receiver equipment to the line tuner input. The role of line tuner equipment is as follows:

a) Efficient coupling of PLC transmitters and receivers to the power line or power cable

b)  Protection of personnel and electrical and electronic equipment from power frequency voltages and
from surges and transients from the power line

c) Impedance matching of PLC transmitter/receiver equipment to the power line or power cable.
d) Attenuation of undesired signals

€) Bypasses around power transformers, switches, and other discontinuities in the power line at PLC
frequencies

The requirements and essential characteristics of the line tuners have been standardized in ANS| C93.4 and
IEC 60481.

Line tuning equipment may be very ssimple, or fairly complex, depending on the coupling requirements for
the system to be coupled and the bandwidths required. The bandwidth of the line tuner depends on the type
and complexity of the tuner, the coupling capacitor value, the resonant frequency, and the line or power
cable impedance. The most common line tuner connection is from one phase wire to ground, although
connection to two or more phase wires is common on critical circuits for redundancy and increased signal
level, and for transmitting PLC signals through line faults. Line tuners are available in standard types that
are tunable over the entire PLC freguency range by changing inductor and capacitor units, or by tuning or
changing the strapping of the units present in the tuner box or cabinet. Line tuners are mounted in close
proximity to the coupling capacitor in an outdoor location. The common types available include single-
frequency resonant, two-frequency resonant, wide-band bandpass, and wide-band high-pass tuners.
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The single-frequency resonant tuner is actually a bandpass tuner with one series resonant circuit. The
bandwidth of this line tuner, depending on the tuning frequency, coupling capacitor value, and line
impedance, may be wide enough to pass a wide band of frequencies. (A formula for calculating the
bandwidth of any bandpass tuner will be given in 7.3.3.) The two-frequency line tuner is actually a resonant
tuner with two inputs and a single output, with the two series resonant branches tuned individually to the two
frequencies with the coupling capacitor. The wide-band bandpass tuner may have from two to five resonant
circuitsin aternate series and shunt parallel arrangements to achieve wide bandwidths. The ability to couple
a very wide band of frequencies, or to couple several frequencies separated by a considerable frequency
spacing, can be accomplished with higher order wide-band tuners without resorting to extra-hi-C capacitors
or CCVTs.

The line tuner functions as part of the terminating circuit of the HV transmission line and should present an
impedance equal to the characteristic (surge) impedance of the line or power cable. Asin transmission line
analysis, reflections will result if the ends of the transmission are not properly terminated. The reflections
depend on the severity of the mismatch and are frequency dependent because the impedance of the tuner is
frequency dependent. The reflections are especialy troublesome on short lines, tapped lines, overhead/
power cable circuits, and lines with untrapped stubs. The bandwidths of line tuners and line traps should be
complimentary to reduce reflections and improve power transfer to the line. Therefore, single-frequency line
tuners should be used with single-frequency line traps; two- frequency traps with two-frequency tuners; and
wide-band traps with wide-band tuners. Mixing line trap and tuner types may result in RF current and
voltage reflections that can cause high reflected power at the PLC terminals. These reflections usually result
in amplitude ripples that may repeat at intervals of less than 1 kHz.

M easurements can be made on a line section with the coupling equipment connected to the line to check the
line tuner settings. This process is called “profiling the line” and can be done with available variable
frequency sources with adequate power to overcome coupling losses and provide good signal-to-noise at the
receive end of the line. It is especially helpful in power cable circuits or in a combination of overhead lines
and power cables.

7.3.1 Single frequency

The simplest version of the line tuner consists of a series inductor for resonating the capacitance of the
coupling capacitor, or CCVT, at one frequency within the PLC frequency band. It is commonly called a
single-frequency resonant tuner primarily to distinguish it from the two-frequency line tuner. The tuner is
usually connected to a single phase wire and ground (single phase-to ground coupling) through the coupling
capacitor. The other components may include a power frequency blocking capacitor, an impedance
matching transformer (IMT), a grounding switch, a spark gap, and an optional drain coil. The circuit for a
typical single-frequency tuner is shown in Figure4l. A compensating capacitor that reduces the tuner
bandwidth may be included in series with the tuning inductor.

The drain coil effectively reduces the power frequency voltage across the line side of the tuner by shunting
the 60 Hz current to ground. The user should also be aware that if an optional drain coil is placed in the line
tuner, the parallel combination of the two drain coils (the other in the coupling capacitor) should be
considered.
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Figure 41—Single-frequency line tuner

The process of tuning the components in the tuner, and changing the taps on the IMT, is hecessary to present
a path for minimum reflected power to the transmitters being coupled to the line. It requires a certain
minimum return loss. Table 14 shows the relation among reflected power, return loss, standing wave ratio,
amplitude response, and impedance variation (50 Q). The formula development given in Equation (36)
shows the relationship between the parameters that describe a four-terminal network, such as a tuner, and
they are given for reference. A minimum return loss of approximately 14 dB is equivalent to 4% reflected
power. Test equipment is available to properly aign line tuners with these parameters. These parameters are
all related to a constant called the reflection coefficient (or reflection factor), which is defined as

(36)

where R is the terminating impedance of the network and Z is the impedance looking into the network. Z
does not have to be a pure resistance.

Parameters that describe a reactive network are as follows:
1) Standing waveratio (S
2)  Amplitude response, or ripple (Agg)
3)  Reflected power (Ppy
4) Returnloss(RL)
5)  Impedance (real) variation (Ry,, and Ryz)
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The relationshi ps between these parameters as they relate to the reflection coefficient are

_s-1
=571 (37)
- p+l
s L (38)
Ag = _10Iog10(1—p2) (39)
P.(%) = 100p 40
1-
Riin = —-I—E @
1+
Rmax = _p (42)
p
RL = 20Iog10(%) (43)
RL = 1O|0g10(‘p]‘-§) (44)
100
- 10|0g10(‘5'—)
= 10log,,(100) — 10l0g,(P,)
RL = 20-10log,,(P,) (49)

Because can be a complex quantity, Equation (37) to Equation (45) are given for the values of that are rea
only, and the result is noncomplex vaues. Table 14 illustrates the values of S Agg, Py, RL, Ry, and Ry
Notice that for = 0.2, S= 1.5; Ayg = 0.1773 dB; P, = 4.0%; and RL = 14.0 dB. Also, the reflected power for
RL =10 dB is 10%, with aripple (or roll off) of 0.457 dB. Understand that these are al theoretical values
that do not include the losses in the reactive elements. The values of R, and Rz assume a terminating
impedance of 50 Q. Equation (30) gives adirect relationship between return loss and reflected power.
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Table 14—Four-terminal network descriptive parameters

IEEE
Std 643-2004

p S Ada o) | @8 @ o
0.01 1.02 0.00043 0.01 40.00 49.0 51.0
0.02 1.04 0.00174 0.04 33.98 48.0 52.0
0.03 1.06 0.00391 0.09 30.45 47.1 53.1
0.04 1.08 0.00695 0.16 27.96 46.1 54.2
0.05 1.10 0.01087 0.25 26.02 45.2 55.3
0.08 1.17 0.02788 0.64 21.94 42.6 58.7
0.1 1.22 0.04368 1.00 20.00 40.9 61.1
0.15 1.35 0.09833 2.25 16.47 36.9 67.6
0.20 1.50 0.17730 4.00 13.97 33.3 75.0
0.25 1.67 0.28030 6.25 12.04 30.0 83.3
0.316 1.92 0.4568 9.98 10.00 26.0 96.2
0.50 3.00 1.249 25.00 6.02 16.6 150.0
0.707 5.85 3.0 50.12 3.00 8.5 292.0

For power cable circuits, the bandwidth of the resonant tuner is usually too narrow to couple more than a
single frequency because of the impedance of the power cable. Equation (46) gives the bandwidth of
bandpass line tuners as a function of the variables previously stated, plus a constant K, which depends on the

order of the tuner (number of resonant circuits) and the return loss

BW = 2m(GMF)°R_C.K

where

C'c isthe coupling capacitor + blocking capacitor in tuner
K isfrom Table 15for N =1

R_ isthelineimpedance

Also

BW = Fhigh —Fiow

and

2
(GM F) = FhighFIow
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Table 15—Constant K value vs. return loss

Reflection .
Retuc;g loss coefficient R|p%I§Ioss Values of the constant K

(dB) %) (dB)
N=1 N=2 N=3 N=4
14.0 20.0 0.177 0.4070 0.6983 1.1890 1.5450
12.0 25.0 0.300 0.5348 0.8175 1.2250 1.5865
9.6 33.0 0.500 0.6984 0.9625 1.2645 1.6364
3.0 70.7 3.000 2.0000 1.7920 1.5449 1.8702

Combining Equation (47) and Equation (48) gives Equation (49):

GMF)®
BW = Fhigh—( = ) (49)
high
And putting thisin quadratic form gives
Fhigh — FrighBW — (GMF)® = 0 (50)

Using the quadratic formula, the solution for F;gp is

Fhigh = ‘B-ZV‘\‘/ + \/[(GMF)2+ (-B-;Z\—/)ZJ (51)

and the lower pass-band frequency Fyq,, is

Fiow = Frigh—BW (52)

In Equation (52) for tuner bandwidth, for resonant tuners, the tuning frequency can be substituted for the
GMF and the effective coupling capacitor value can be calculated by considering the 60 Hz blocking
capacitor and any compensating capacitor value. The value of K for the resonant tuner is shown in Table 15
for different values of return loss.

Theinsertion loss of aresonant tuner depends on the tuning frequency, the lossin the inductor and any series
capacitors including the coupling capacitor, and the line impedance. Plastic film dielectricsin CCVTs and
coupling capacitors has reduced the losses inherent in coupling capacitors at PL C frequencies. Because the
series resistance is a greater percentage of the impedance of cable circuits, the insertion loss of tuners used
for cables may approach 10 times that in overhead line tuners.

Using the formula for bandwidth and the constant K for the resonant tuner, a 0.005 uF capacitor gives a
bandwidth of about 62 kHz at 14 dB return loss for atuning frequency of 130 kHz. This band of frequencies
will be adequate to couple several channels for protective relaying and SSB channels as well. Typically line
tuners should be the same type and bandwidth at each station on a PLC line section. The line trap blocking
bandwidth should encompass the bandwidth of the tuner except where the tuner is a high-pass unit.
Historically the line tuner and the line trap have been the same type. However, to eliminate the need to
retune the line trap for a frequency change, it may be preferable to use a wide-band trap. The same type of
line tuner should be used on all phases at the same terminal of the power cable or overhead line. The
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transmitters and receivers should al be accommodated within the 12 dB to 14 dB return loss bandwidth of
the tuner. The channels may be combined and isolated with series L/C circuits or by balanced or skewed
hybrids.

7.3.2 Double frequency

Two-frequency line tuners contain two input paths that are flanked and connected in series with the coupling
capacitor (Figure 42). To prevent the input signals at the two frequencies from feeding back to the opposite
input, a paralel L/C trap tuned to the opposite input frequency is inserted in each path in series with the
inductor. Each series branch of the two-frequency tuner will therefore exhibit an amplitude response with
frequency that has alow-loss transfer of power at the series resonant frequency and a peak of loss at the L/C
trap frequency.
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TRAP TUNED
BLOCK f5 T0 BLOCK f
INDUCTANCE ~— INDUCTANCE
TUNED TO _—7 TUNED TO
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Figure 42—Typical two-frequency line tuner

The two frequencies must be separated by a spacing that is at least 25% of the higher frequency to minimize
the interaction of the two paths.

The bandwidth of the two pass-bands may be anywhere from one fourth to one thirteenth of the bandwidth
of a comparable single-frequency resonant tuner, depending on the spacing, frequencies, and line
impedance. No closed form method calculates the response of a two-frequency line tuner. Formulas have
been devel oped to calculate the element of atwo-frequency tuner to aid in the analysis of these tuners.

The isolation of the two frequencies, or frequency bands, is provided by the parallel L/C circuits, whether
the signals come from the local station (transmitters) or from the line (receivers). The bandwidth of the
attenuation band may be very narrow if an isolation of 20 dB is desired. This narrow band may preclude
using either of the inputs to couple more than one function through each branch of a two-frequency tuner.
For multifunction coupling, wide-band bandpass tuners and hybrids may be more suited. The values of the
componentsin the parallel L/C traps have a profound effect on widely spaced frequencies (over 40%).
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7.3.3 Wide band

7.3.3.1 High-pass tuners

A wide-band tuner may be either a high-pass tuner or a bandpass tuner. The typica high-pass tuner has three
reactive components, including the coupling capacitor in three branches (Figure 43 and Figure 44). The low-
frequency cutoff is determined by the coupling capacitor value and the line impedance. Table 16, as an
example, shows the cutoff frequencies for a 10 dB return loss at 300 Q line surge impedance. The table can
be interpolated for other capacitor values and line impedances. Additional components will allow for lower
cutoff frequencies and/or higher return loss. Both parameters are inverse with respect to the cutoff
frequency.

Line Trap Power Line
—_—
Ce %o
Hi-Pass
Coaxial Cq
Cable
il B
_l_ =  Drain Coil

Figure 43—Typical high-pass tuner
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Figure 44—Typical high-pass tuner response
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Table 16—Cutoff frequency

Couplingcapacitor value Cutoff frequency
(HF) (kH2)
0.01 44.6
0.005 89.2
0.0025 178.4
0.001 446.0

7.3.3.2 Bandpass line tuner

Whether atuner can be considered wide band depends on the value of the parameters given in Equation (47).
A wide-band tuner will pass a band of frequencies determined by Equation (47) through Equation (53). By
adding more resonant circuits into the line tuner, the bandwidth can be increased without changing the value
of the other parameters. This increase allows a wider coupled bandwidth without resorting to a larger value
of capacitance in the CCVT (Figure 45 and Figure 46).

Power Line —_T_i
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Figure 45—Typical bandpass tuner
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Figure 46—Theoretical bandwidth of a bandpass tuner
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The resonant circuits are all tuned to the GMF of the tuner, and Fq,, and Fy,ig, are the theoretical band-edge
frequencies depending on the selected value of K. For the greatest efficiency in coupling signals to the
power line or cable, a minimum reflected power around 4% is required. Notice that 50% of the power is
reflected at the 3 dB return loss and amplitude point. The tuner must terminate the frequency band including
both transmitters and receivers in bidirectional applications. Therefore, tuners at both line ends must be
tuned alike. Multiterminal lines are even more difficult to couple with wide-band tuners because of
reflections.

Theinsertion loss of wide-band tuners depends on the number of resonant circuits, and the bandwidth which
is a function of frequency, capacitor size, and line impedance. The values of components in wide-band
tuners for power cables may require capacitor transformers to achieve realizable component values. Higher
order bandpass tuners also increase the bandwidths of tuners where HV CCV Ts result in small capacitance
values.

7.3.3.3 Wide-band tuning with untuned line traps

When an untuned line inductor with a self-resonance above the carrier band is installed, a simple full pi-
section, high-pass, coupling configuration should be used. Figure 47 shows the full pi-section high-pass
coupling scheme. The shunt inductor L1 in the LTU cabinet is simply resonated with a suitable decade
capacitor to make itsinductance equal that of the line inductor. When the line is energized, the typical cutoff
frequency is 90 kHz for a 1.0 mH inductor and a 0.005 MF coupling capacitor. It should be noted that the
cutoff frequency is dependent on the magnitude of the bus capacitance. Switching conditions may alter the
bus capacitance behind the line inductor; therefore, the cutoff frequency will change. This change in cutoff
frequency is one disadvantage to this type of coupling. Another disadvantage is the cost of the larger line
inductor. The main advantages are the wide bandwidth and the absence of any tuning packs that might fail. It
is more advantageous to apply bandpass coupling networks when using inductors that have a self resonance
within the carrier band. For more information on this subject, refer to Bagwell and Dobson [B22] and
Combs [B58].

Line Inductor

(Y VY :
l s ‘ower Line

mpedance
Matching

Transformer

Figure 47—Full pi-section high-pass coupling

7.3.4 Drain coils in line tuners

Asper ANSI C93.2, adrain coil must always be provided in the coupling capacitor. The purpose of thedrain
coil is to provide a low impedance path to ground for the power frequency current through the coupling
capacitor and at the same time present a high impedance path to ground for the carrier frequency energy. In
many instances, adrain coil will also be provided in the line tuner as an option. When this is done, then the
two drain coilsare in parallel and thus the impedance of the combination will be lower. Although this result
may be good for the power frequency current, it causes extra losses at the PLC frequency. Although the
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extralosses will be small, depending on terminating impedance, the user needs to be aware of this and take
it into account in loss calculations. In general it will not cause a problem, but on long lines with high losses,
it should be considered. If the extra losses are too great, the only recourse of action is to remove the drain
coil from the line tuner.

7.3.5 Bypasses

A bypassis a combination of line tuner(s), coupling capacitors, line trap(s), and possibly auxiliary coupling
devices that routes a PLC signa around a discontinuity in a power transmission line. The two types of
bypasses are (1) short bypasses and (2) long bypasses. A bypass may be considered as a type of passive
repeater that may have different transmission propertiesin different directions.

7.3.5.1 Short bypasses

A short bypass may be used when the distance to be spanned is 30 m or less, and there is no requirement to
communicate with the bypassed location.

Figure 48a shows a single-frequency short bypass circuit, and Figure 48b shows a third-order bandpass short
bypass circuit.
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Figure 48—Short bypass circuits

The general bypass circuit requires the installation of a line trap on the coupled phase on each side of the
discontinuity to isolate PLC signals. The circuit requires two coupling capacitors, two protective circuit
devices with grounding switch and spark gap, and an inductive element. No IMT is used because both
connections are made to the capacitors. Because the same inductor resonates both capecitors, which are
effectively in series for a resonant bypass, the bandwidth of the bypass is one half the usual bandwidth of a
resonant line tuner.
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7.3.5.2 Long bypasses

The equipment that needed to install a long bypass consists of the line traps and coupling capacitors
connected to the coupled phase(s) as for the short bypass connection. In addition, the line tuners are the
standard type with an IMT. Two tuners of the same type are required (except in overhead line/cable interface
bypasses), and these tuners can be separated by a distance up to several hundred meters depending on the
cable losses. A coaxial cable can connect the low-impedance tuner inputs directly.

Because there is a coaxial cable available for connecting equipment (transmitters/receivers) at the bypass
station, signals can beinserted or dropped at thislocation. Thelocal drop can be either wide-band with hybrids
or separation filters or frequency selective, with L/C series units. The losses across the bypass station caused
by the insertion of hybrids can be 3.3 dB to 6 dB depending on the number of hybrids used. Lower loss
connections with frequency selective circuits are also possible. Two possibilities for hybrids and line
separation connectionsare shown in Figure 49 and Figure 50. The third hybrid can be inserted to send/receive
the same signal s to/from both A and B.

Trap Trap
To Station A To Station B
*—‘—m—- Discontinuity m—»—»
~ Cc = Cc
Cutdoors
LTU LTU

*180 degrees phase reversal
(Omit if traps are used)

Indoors Two-Way Local Drop

Figure 49—Long bypass with two-way local drop

Trap

Trap
To Station A To Station B
= T e - e
~ Cc ~ Cc
Outdoors
LTU LTU
Bypass High Indoors
Freguencies
Coax Coax
HP
110 — 300kHz
LP | 30— 100kHz
I Local Drop
Low Frequencies

Figure 50—Long bypass with low-frequency local drop
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7.4 Coaxial cables/lead-in conductors
7.4.1 Introduction

Coaxial cables and lead-in conductors are an integral part of the coupling and tuning portions of a PLC
channel. Three specific types of conductors are normally used: coaxial cable, triaxial cable, and insulated
single-conductor lead-in wire.

7.4.2 Coaxial cable

Thistype of cableisnormally used for the low-impedance connection between aline tuner and atransmitter/
receiver or between line tuners in a long bypass. Connections between auxiliary coupling devices also use
coaxial cables. In these applications, the copper braid that forms an RF shield and is the outer conductor of
the cable should be grounded at the transmitter/receiver end only, or at only one end of abypass. Grounding
both ends of the shield will allow large surge currents to flow through this connection during faults when
ground potentia rise conditions are present, which could saturate the IMT and result in an inoperable carrier
channel.

A typical coaxia cable is RG-8/U, which is 1.029 cm diameter. The center conductor consists of seven
strands of No. 21 copper wire forming an AWG #12 conductor. A braided shield made of AWG #36 copper
strands forms the outer concentric conductor. The outer covering is a polyvinyl plastic jacket. The
characteristic impedance of RG-8/U cableis 52 Q. The attenuation versus frequency for this cable is shown
in Table 17 for 100 m.

The most common polyvinyl compound used for jacket material is polyvinyl chloride (PVC). Although this
material has excellent chemical and abrasion resistance, it does not have outstanding resistance to moisture
absorption, to which many problems have been linked. Other compounds with better moisture resistance,
such as black polyethylene (black PE), cross-linked polyethylene (XLPE), or chlorinated polyethylene
(CPE), may be specified for the jacket material to get better moisture resistance.

Table 17—Typical attenuation characteristics of RG-8/U

Frequency L oss
(kHz) (dB/100 m)

30 0.125

50 0.144

100 0.180
150 0.216
200 0.253
300 0.295

7.4.3 Triaxial cable

For transmission lines operating at voltages greater than 230 kV, atriaxial cable may be used in place of the
coaxia cableto connect the line tuner to the PL C transmitter/receiver to provide a higher degree of shielding
where the ground potentia rise is greater due to larger ground fault current. A triaxial cable provides a
second shield insulated from the inner shield. The inner shield is grounded only at the transmitter/receiver
equipment end, and the outer shield is grounded at both ends. The outer shield should be capable of carrying
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large surge currents. This arrangement provides very effective shielding against both electromagnetic and
electrostatic induction such that the surges induced in the signal leads are small. For even better shielding
performance, a heavy ground conductor, connected periodically to the station ground grid, can be run in
paralel with the triaxial cable to provide a lower impedance ground path to shunt most surge current from
the triaxia cable outer shield.

Construction of a triaxial cable starts with a coaxial cable core (center conductor, insulation, and braid
shield) over which alayer of insulation is applied. Then a second braid (or other shield) is applied over this
insulation over which an outer jacket is added. The usual commercia jacket material isPVC. Triaxia cables
can have problems with water absorption and uneven insulation between braids. If the insulation between
braids is too thin, then “skips” or “holidays’ can occur and the outer braid grounds the inner braid, which
causes carrier problems. Water absorption problems were discussed in 7.4.2.

A particularly robust triaxial cable was developed for use in 500 kV switchyards. It takes an RG-213 coaxia
cable core and adds a 2.54 mm (100 mil) layer of PE over it. Then a polymer-coated 8 mil aluminum tapeis
corrugated and longitudinally applied over this insulation and finished off with a CPE jacket. The heat of
extrusion of the jacket fuses the polymer on the tape shield to form awater and gas tight sheath.

7.4.4 Insulated single-conductor lead-in wire

An insulated single-conductor lead-in connects the coupling capacitor to the line tuning equipment. Bare
conductors and coaxial cable should not be used for this application because it is possible to introduce
excessive leakage to ground with the former and excessive capacitance with the | atter.

The connection between the line tuner and the coupling capacitor is a high-impedance point in the series-
tuned circuit formed by the tuning inductor and the coupling capacitor, and stray capacitance and leakage to
ground will increase the losses of the tuner and affect the bandwidth. A cablerated at aHV and of sufficient
size to maintain some rigidity is recommended.

Two typical such cables are as follows: Cable 1 is a single conductor power cable, 15.5 mm in diameter,
AWG #8, 7 strand copper conductor, rated 5 kV unshielded, for 90 °C wet or dry service with either
ethylene-propylene (EPR) or XLPE insulation and a PVC jacket. Cable 2 is an airport lighting cable,
9.91 mm in diameter, AWG #8, 7 strand copper conductor, rated 5 kV unshielded, for 90 °C wet or dry
service, with a combined black XL PE insulation and jacket.

To reduce the stray capacitance and leakage currents. either of the following methods may be used:

a) Thesingle conductor lead-in should be run as directly as possible between its required terminations.
The conductor insulation should be unbroken between its ends to maintain low leakage. It should be
supported on insulators and fed through entrance bushings into the coupling capacitor and the line
tuner. Drip loops should be used as needed to divert water from entering the line tuner or coupling
capacitor housings.

b) Theinsulated single-conductor lead-in can be installed in a PV C or other plastic conduit that should
be supported on stand-offs or insulators. If asignificant part of the conductor’s length is outside the
conduit, it should be supported on insulators and fed through entrance bushings as noted in item a).

7.4.5 Insulation requirements

The typical lead-in conductor cited in 7.4.4 is rated for 90 °C conductor temperature continuously with
emergency operation at 130 °C; the PE-insulated coaxial and triaxial cables can operate at a maximum
conductor of 80 °C. If higher temperature operation is required, then a special cable with a high-temperature
insulation such as silicone rubber or polytetrafluoroethylene and perhaps a fiberglass jacket could be
specified, but such a cable would be very expensive.
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7.5 Auxiliary coupling devices

In most PLC applications, paralleling carrier equipment is a requirement. With the increased use of wide-
band coupling methods, all carrier facilities connected to a given power line can be served by a single
coaxid cable.

Whenever two or more carrier terminals are connected to a wide-band path, some form of auxiliary coupling
device, hybrid, L/C unit, bandpass filter or high-/low-pass filter, is required to prevent undesirable
interaction such asthe following:

a) High-level intermodulation distortions: These distortions result when two or more transmitters are
connected to operate in parallel on adjacent frequencies. When the energy from one transmitter
flows into the output amplifier stage of another transmitter, the transmitter’s amplifier will operate
in a nonlinear region that results in mixing of primary freguencies that generate harmonics. These
unwanted frequencies can interfere with other carrier terminals on the same line, and the results can
be severe.

b) Low-level intermodulation distortions: Sometimes protective devices such as shunt diodes are
connected between acarrier receiver input filter and its line terminals. Because of the nonlinearity in
the diodes, out-of-band signals can create intermodulation products that cause in-band interference.
The amount of interference depends on frequency spacing, roll-off characteristics of the receiver
filter, signal amplitude, and type of modulation.

c) Bridging losses: Most carrier receivers have sufficiently high input impedance that excessive
bridging losses are avoided without special preventive means. However, the output circuitry of
carrier transmitters does not usually provide an out-of-band impedance sufficiently high that other
frequencies can be used indiscriminately.

d) Transient influence: Receiver input filters are generally not capable of carrying high transient
currents such as those produced by disconnect switch arcs. Inductive elements in the filter are
frequently saturated by such high currents, and the filter momentarily passes high-level broad-band
noise, which can cause overload and saturation of the receiver’s electronic circuitry.

7.5.1 Hybrids

A hybrid is a transformer or combination of transformers that is designed to be connected to three circuit
paths. The hybrid is basically a bridge circuit. When a carrier transmitter operates at a frequency very close
to that of another transmitter or receiver, the selectivity requirements are often so demanding that ordinary
filters cannot provide enough isolation to prevent intermodulation and interference. Hybrids provide
isolation between some circuit paths and impedance matching for others. Hybrids are available in severa
configurations. The most frequent types are the balanced resistive, skewed, and balanced reactive. In a
typical application for abalanced resistive hybrid, two transmitters are connected to separate input termina's
of the hybrid such that their combined signals pass from the hybrid to the line. With proper balance in the
hybrid, a high degree of isolation is achieved between the two input terminals connected to the transmitters.
This isolation is called “trans-hybrid loss” and is typically 20 dB or more throughout a usable band of
frequencies. Signals entering the output termina of the hybrid split their power equally coming out of the
two input terminals. A loss of slightly more than 3 dB is encountered by signals passing through a balance
hybrid. The circuit for abalanced resistive hybrid is shown in Figure 51.

Where a transmitter and a receiver are coupled to the power line, a skewed hybrid is frequently used. This
hybrid is a modification of the Wheatstone Bridge circuit, where unequal amounts of power are divided
between a source and a sink. This unsymmetrical device favors its transmitter terminal. The transmitted
signal is attenuated by only about 0.4 dB in passing through a skewed hybrid. Attenuation to the receiver
terminal is usually about 12 dB. The isolation between the transmitter and the receiver terminals depends
directly on the return loss at the output terminal. The higher loss between the output and the receiver
terminals does not degrade the SNR at the receiver because both signal and noise are reduced by equal
amounts. The circuit for a skewed hybrid is shown in Figure 52.
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Figure 51—A balanced resistive hybrid
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Figure 52—A skewed hybrid

A balanced reactive hybrid interfaces with the line tuner. It provides a degree of reactive control such that
the effectiveresistive load is presented to the hybrid, even though the input impedance of the line tuner has a
reactive component.

Inatheoretical sense, balancing a hybrid requires that the balance network have an impedance characteristic
that matches the line impedance closely at al frequencies within the range of interest. In practice, a
corrective network is usually adjusted to cancel the reactive component of the line impedance, and the
transformer ratio is adjusted to take care of the magnitude.

The precision of balance obtainable with an adjustable reactance hybrid (trans-hybrid loss between the two
equipment terminals) is sometimes greater than 60 dB at a single frequency. However, this degree of balance
isnot normally available over asignificant band of frequencies, and in addition, it may deteriorate from time
to time as line impedance changes with temperature and other variables. The circuit for a balanced reactive
hybrid is shown in Figure 53.
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Figure 53—A balance reactive hybrid
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An exampl e showing the interconnection of several hybrids is shown in Figure 54. For this example, signas
of transmitters T1 and T2 lose 6.5 dB to 8.0 dB in reaching the coaxial cable to the line tuner, and the signal
of T3 loses 3.5 dB to 4.0 dB. The receivers lose about 15.5 dB between the coaxia cable and their inputs.

T3

— HYB
R3 |
X
R2 K| ve Oy O T0
i LINE TUNER
R1 -
T2 5] wre
L Ep— il T, T2, T3 - TRANSMITTERS
R1, R2, R3 = RECEIVERS
™ R = RESISTANCE HYBRID

I - REACTANCE HYBRID
5 = SKEWED HYBRID

Figure 54—Hybrid interconnections

7.5.2 Series L/IC

There are many instances when it is possible to reduce the coupling losses encountered with hybrid
combining by using series L/C units. The magnitude of the loss is dependent on the L/C ratio, frequency,
and frequency spacing of the carrier terminals. Some carrier terminal equipment may be equipped with
internal L/C units. Different values of capacitors and inductors in the various L/C units affect maximum
power ratings at different frequencies; therefore, the manufacturer’ s application guidelines are required.

Series L/C units give better isolation under varying load conditions than do hybrids. A load variation of
3to 1 may change the isolation of a hybrid from 30 dB to 40 dB to 12 dB, whereas the same variation may
change the selectivity of aseriesL/C circuit by 3.5 dB to 5.0 dB at the 15 dB attenuation points.

The bandwidth coupled into a50 Q coaxial cable circuit through atypical series L/C unit is dependent on the
L/C ratio and the resonant frequency at which the unit istuned. For example, the capacitance setting may be
provided to permit 3 dB bandwidths from approximately 1 kHz to 8 kHz when tuned to 50 kHz or from
17 kHz to 60 kHz when tuned at 400 kHz. For a given center frequency, a higher L/C ratio provides more

selectivity at the expense of a slightly higher insertion loss. An example of frequency separation with series
L/C unitsis shown in Figure 55.

I — A o— LINEMINER
fo— (o |
f— >

Figure 55—L/C unit frequency separation
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7.5.3 Bandpass

When the process of frequency separation requires more selective or higher out-of-band impedance than
series L/C units can provide, more elaborate filters are used. These special filters dampen the disconnect-
switch disturbance and other high-level transients that require high out-of-band rejection, particularly to
frequencies above the carrier band. Predominant frequencies in arc noises are determined largely by the
electrical length of the switchyard bus segments connected to the arcing switch. These range generally from
around 500 kHz to about 2 MHz.

The bandpass filter is usually the choice for separating transmitters for SSB applications. The type of
bandpass filter depends on frequency spacing, power level, and bandwidth required. The bandpass filter is
designed to attenuate frequencies on either side of the frequency band of interests. The bandwidth of afilter
is the difference between the limiting frequencies at which the desired fraction (usually half-power or 3 dB)
of the maximum output is obtained. An example of the bandpass filters response is shown in Figure 56, and
atypical circuit of a bandpassfilter is shown in Figure 57.

4-th order
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Figure 56—Bandpass filter response
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Figure 57—Typical bandpass circuit

7.5.4 Low pass/high pass

The least loss method of combining transmitters with the required isolation in PLC systems is by using a
low-pass/high-pass filter. The low-pass filter is designed to pass all frequencies below a specified frequency
with little or no loss but discriminates strongly, because of its sharp rolloff, against higher frequencies. The
high-pass filter has a complementary characteristic to the low-pass filter. These filters have less than 0.5 dB
insertion loss and typically less than 0.25 dB in the passband. The return loss is typically greater than 20 dB
in the passband. An example of the low-pass filter typica circuit is shown in Figure 58, and the response of
a low-pass filter is shown in Figure 59. The high-pass complementary circuit and response are shown in
Figure 60 and Figure 61.
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Figure 58—Typical low-pass circuit
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Figure 59—Low-pass filter response
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Figure 60—Typical high-pass circuit
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Figure 61—High-pass filter response

Some benefits can be obtained from low-pass filters connected in series with the main coaxial cable.
However, the most effective reduction of high noise influence on a given receiver results from a highly
selective bandpass filter in series with the coaxial cable connected to the receiver or receiver assembly,
which is particularly helpful for FSK transferred-trip applications.

Design values of highly selective constant K bandpass filters include extremely low-inductance shunt
elements (for example, less than 1.0 mH). The availability of such low-inductance units of satisfactory
current rating is limited. The incorporation of step-up impedance transformation into the filter design can
provide relief from this problem by changing the required shunt inductance to a higher, more practica value.
If the ratio of impedance transformation is selected properly, a half-section filter can be terminated directly
into the input of a high-impedance receiver. Such high-impedance circuits should be placed near the
receiver. As an example, separation of the whole coupled frequency band into high-, medium-, and low-
frequency sub-bands may be accomplished with a circuit of the form shown in Figure 62.
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Figure 62—Frequency separation with coordinated half-section filters

These filters may be constructed with standard modular line tuner components in arrangements that the user
can design based on textbook methods. Standard components are well suited for the construction of special
filters because the cores in variable inductors are specifically designed to let the cail carry relatively high
currents with a minimum of saturation and detuning. Some manufacturers offer custom-designed filter
assemblies and can provide technical assistance or advice concerning what is needed for a given situation.
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7.6 Coupling components selection

The choices of coupling components depend on the practices of the utility because line traps and coupling
capacitors and CCVTs can be part of the line construction. CCVTs are used for metering and relaying as
well as for PLC applications. The capacitance of the coupling capacitor or CCVT depends on the line
voltage. Extra-high capacitance units are available that typically have about three times the capacitance of a
standard unit. An extra-high capacitance unit may be required for a power cable application where the
bandwidth requirements for coupling several protection functions cannot be satisfied with available LTUs
and standard coupling capacitors or CCVTs.

Unless a very wide band of frequencies is to be coupled to an overhead line, a standard CCVT value and a
resonant or wide-band LTU will suffice. It is more economical to choose a more complex LTU than to
purchase an extra-high capacitance CCVT for coupling to an overhead line. Refer to the formulasin 7.3 to
determine the most economical approach.

It is also possible to couple a wider bandwidth than needed if the coupling capacitance is too large for the
application. This process can occur especially at low line voltages and at fairly high PLC frequencies. One
should keep in mind that it is not a good idea to have awider bandwidth than needed. The wider bandwidth
will alow more energy to be seen by the PLC receiver filters. This energy isin the form of white noise and
high-frequency—high-energy transients. The white noise will be attenuated by the receiver filter. However,
the high-frequency—high-energy transient can cause ringing in the receiver filter that could cause a
misoperation. The narrower the line tuning filter, the more transient energy is filtered out before being
presented to the PLC receiver filter, which thus possibly prevents the receiver filter from ringing.

The most common coupling is single phase-to-ground with either a single-frequency LTU or a wide-band
LTU. Using available information, it is possible to determine if either of these units is adequate. The
bandwidth requirements depend on the number and spacing of the transmitters and receivers on the line
section. The bandwidth should encompass the frequencies of all of the transmitters and receivers with a
return loss greater than 12 dB. A reasonable margin of 5% to 10% should be considered to allow for
tolerances and possible frequency changes.

A resonant single-frequency line tuner may be adeguate for an application, although severa functions are
being coupled. A bandwidth that is too wide will desensitize the tuning of the tuner el ements. In some cases,
the effective coupling capacitance should be reduced by inserting a capacitance in series with the tuning
inductance to reduce the coupled bandwidth. The blocking bandwidth of the line trap should be checked to
ensure that the minimum blocking impedance matches that of the line tuners.

The resonant two-frequency line tuner may be used when the assigned frequencies of two functions are
spaced 25% or greater from each other. The practical limit of the upper frequency may depend on the
availability of line trap tuning packs. The manufacturer can furnish this information, as well as data on
blocking impedance at specific frequencies. The two-frequency tuner has a higher insertion loss than a
single-frequency tuner with the same CCVT or coupling capacitor. The bandwidth of the two branches is
considerably narrower than the single-frequency tuner. Also, isolation between the two inputs is determined
by the blocking bandwidth of parallel L C circuitsin the two branches. The two-frequency tuner will usually
give an adequate performance for two functions. When additional functions are added to either of the two
inputs, the tuner response should be checked for isolation and for reflected power.

The two-frequency tuner primarily reduces the coupling losses, which are caused by hybrid combining of
transmitters’ and receivers’ single-frequency or wide-band coupling circuits. When additional functions are
added to two-frequency coupling circuits, the added losses may eliminate the low-loss advantage of a two-
frequency tuner. The complexity of atwo-frequency tuner adds to its cost in terms of components and tuning
time, in which awide-band tuner of less complexity and cost may be adequate for the application.
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Theline trap used with atwo-frequency line tuner will most likely be atwo-frequency unit, although awide-
band trap may be used if its bandwidth is adequate. A wide-band line tuner and line trap are required when
the coupled bandwidth of a single-frequency tuner is not adequate for the number of functions coupled, and
their frequencies will not allow a two-frequency scheme to work. Wide-band coupling also adds flexibility
for frequency changes and additions to the PLC system. A single-frequency line tuner can be converted to a
wide-band line tuner by adding a shunt parallel circuit. Adding other resonant circuits will increase the line
tuner bandwidth even more. The line trap blocking bandwidth should be checked for matching with the line
tuner bandwidth for shunt loss considerations and for tuning of the coupling circuit.

Most power cable applications involving more than two functions require wide-band line tuners. Because
the bandwidth of the line tuner is a function of line impedance and resonant frequency, the bandwidths of
power cable tuners may be 10 to 30 times more narrow than a comparable overhead line unit. The wide-band
tuner should always be used with a wide-band line trap. Wide-band tuning allows the use of hybrids, series
L/C units, bandpass filters or high-pass/low-pass filters in the coupling circuit. The insertion loss of the
wide-band tuner depends on the frequency band, the bandwidth, and the number of resonant circuits.

Line trap manufacturers provide wide-band traps with fixed frequency bands or with adjustable tuning
packs. Although most line traps are 0.265 mH, other inductances up to 2 mH are availableto alow for avery
wide band of blocking impedances. The power frequency losses of higher inductance line traps are an
additional consideration because the ohmic losses present a constant cost for utilities. Coupling a very wide
band of frequenciesis not widely practiced in the United States.

8. Performance calculations

8.1 Factors involved in channel performance calculations

Two basic principles govern satisfactory channel performance. The calculations reguired to assure that a
PLC channel perform satisfactorily require knowledge of the sensitivity of the receiver, the power output of
the transmitter, the noise level to which the signals will be subjected, and the losses of the elements of the
channel. This information cal culates the relative magnitude of the signal compared with the noise, and it is
called the SNR. The level of the signal transmitted by the transmitter must be high enough to overcome the
series and shunt losses described in 4.2 and to arrive at the receiver input with a certain SNR to assure that
the system will operate satisfactorily over varying weather, switching, and system conditions.

The receiver must have enough margin to overcome decreases in signal levels and increases in noise levels
and to continue to operate properly. The additional attenuation caused by line faults must be overcome by
some channels that are required to operate during fault conditions. The noise types were covered in 5.4 and
will not be discussed here except for their effects. The signaling function, the type of transmitter/receiver,
and the receiver design will determine whether impulse or random noise is more important. Because random
noise is more predictable and exists over the entire length of the line, this type of noise lends itself to making
aprediction of the channel performance. The condition of hardware, such as insulators, bushings, and other
hardware, aswell aslocalized electrical storms can cause higher noise levels at specific locations over at any
one period. This noise will incur the same loss as the desired signals before reaching the receiver.

Interfering signals from other communications equipment can also cause misoperation of a PLC receiver.
Two examples are as follows:

a) Beat frequencies caused by intermodulation with adjacent PL C transmitters not having adeguate i so-
lation from the each other

b) Alienfrequenciesthat may bein the same frequency band as the affected receiver
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These frequencies may be from quiescent equipment, such as blocking channels whose signals are only
present at intermittent times and may vary in level depending on channel operating conditions including
testing during quiescent periods.

Frequency spacing between equipment located at the same termina must be considered as well as
interference with other transmitters or receivers at nearby stations close to this operating frequency. This
task requires a knowledge of channel selectivity, isolation obtainable with combining and isolation
elements, circuits characteristics such as return loss or reflected power values for application of hybrids,
cross-station isolation by line trap placement, and coupling to adjacent lines and busses.

Receiver noise tolerance is given in terms of the minimum permissible SNR, which is expressed in decibels.
The SNR is the difference in the signa level and the noise level, or

SNR(dB) = signal level (dBm) — noise level (dBm)

A graphica representation of the signal and noise level on a transmission line is shown in Figure 63.
Because the signal and the noise are both attenuated by the coupling equipment at the receive end of the
circuit, the SNR does not change from the line side of the coupling capacitor to the receiver input.

Another consideration for planning frequency assignments on PLC channels is the behavior of line loss and
noise across a wide band of frequencies. As shown in Figure 63, the line attenuation increases with
increasing frequency while the noise level for fair weather conditions decreases with increasing frequency.
The consideration for using either low frequencies or high frequencies may relate to the amount of
attenuation tolerable for the function being considered to give an adequate SNR or operating margin. Very
long lines may require low frequencies for achieving an acceptable SNR or margin. For planning purposes,
the manufacturer will give a recommended value for both. Higher power transmitters is an option for long
lines to overcome line and channel losses. Also, frequency programmable transmitters and receivers allow
frequency changes to be made easily if line losses or interference dictates a change in frequency. Typical
permissible SNR values for modern PL C equipment are given in Table 18.
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Figure 63—Signal level and noise level relationship on a typical
500 kV transmission line
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Table 18—SNRs

Function M odulation S('BIBR; ! n-b?cr;g)SNR

Telemetering/data

60 baud FSK 5 20

300 baud FSK 10 20

1200 baud FSK 15 20
Relaying

Line protection AM (ON—OFF) 15-20 13P

Line protection FSK 10 13
Transferred trip

Slow speed FSK 05 13

Medium speed FSK 37 13

High speed FSK 5-10 13
Voice SSB 25-30 25-30

FM 25 25

8Based on 3 kHz bandwidth noise measurement.
BSNR should be higher than the receiver sensitivity margin setting.

It should be noted that for some equipment, the limiting application condition will be receiver sensitivity,
and for other equipment, it will be noise. Illustration of the first limitation requires a definition of sensitivity
margin setting. It is customary to adjust the receiver’s oN and oN—OFF PLC relaying channel for a standard
sensitivity margin between 12 dB and 15 dB. Higher margins are sometimes used by some utilities, which
means that the sensitivity setting will allow the receiver to operate with a reduction of signa level equal to,
but not greater than, this amount. In the illustrative example of Figure 64, a minimum received level of
+10 dBm would satisfy the 20 dB minimum SNR requirement, but a received signal of +15 dBm isrequired
to provide a 15 dB sensitivity margin. Figure 65 illustrates the second situation in which noise is the limiting
factor. In this example, receiver sensitivity is adequate, but the total path loss must be limited to that value,
which will provide an SNR that permits adeguate intelligibility in the voice circuit. For single-function
equipment, channel performance isrelatively straightforward, once path loss and noise are known. The total
power of the transmitter is dedicated to performing a single function, and its output directly represents the
available power. There is no sharing of the power amplifier with other functions.

Multifunction, multichannel equipment (usually SSB) requires a predefinition or assignment of each
function relative to other functions sharing the same power amplifier output capabilities. A 10 W power
amplifier cannot generate two 5 W signals without distortion. The sharing that must be done to maintain the
linearity for this power amplifier is done on a voltage basis instead of on a power basis. This condition
would dictate that the two signals would be required to operate at one half the maximum output voltage of
the amplifier to remain in the operating range of the amplifier, which would give only one fourth of the
power rating of the amplifier in each signal. This loading is common for multifunction channels. As the
number of functions increases, the power in each function is reduced. Functions that do not operate at the
same time may be set at different levels considering the actual signals present. Some terminals switch off all
functions except protection channels in the event of a fault or will increase the levels of the protection
signals while restricting the nonprotection signals.
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Figure 65—Operating range of SNR of a multifunction carrier channel

The manufacturer of multifunction equipment will usually recommend a specific level setting for each
function, usually based on a reference pilot setting, so that the power amplifier output voltage is not
exceeded. An analysis of the individual signals or functions can be made to determine if the SNR of each
function is satisfactory. The power in each function can be increased for multifunction systems, and
redundancy can be increased with low-level combining of the functions and with parallel linear power

amplifiers.
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8.2 Single-function individual-channel case

A typical protective relaying PLC channel configuration using single-function equipment for each relaying
channel is shown in Figure 66. The oN—OFF channel at frequency F1 would be used for line protection, and
the FSK function using one channel in each direction is used for transfer-trip relaying. Dual FSK channels at
each station can improve system security and dependability and can offer a means of testing the channels.
Because impulse noise, bad weather, icing, and line faults can be critical to high-speed relaying,
conservative practice usually demands greater operating margins and SNRs than for less critical functions.
PLC relaying functions are, therefore, examined very closely. Total path attenuation is calculated with an
appropriate modal analysis method, depending on the length and complexity of the line and the coupling,
and the coupling losses for coupling components are considered. The manufacturer's equipment
specifications are considered along with the noise data for the line being studied to predict the overall
channel performance.

Zo

-— D —b‘ I |4— _.l 7 ‘._ >
4 Iy % I _D_
yi - = 230-kV TRANSMISSION LINE -~ —
— D 129 km LONG .
7 Vit —_—
7, T o T L —

Figure 66—Application for single-function individual carrier channels

The parameters associated with the PLC configuration in Figure 66 are as follows. The three frequencies f1,
f2, and f3 are 100, 140, and 141.5 kHz, respectively. The line tuner at each station is a two-frequency
resonant type operating with a 0.003 uF coupling capacitor and a fixed wide-band line trap that provides
400 Q blocking impedance Z+ at each frequency. The phase-to-ground characteristic impedance Zq of each
230 kV line terminating in each station is400 Q. The busimpedance Z, at station A is assumed to be 600 Q
and Zg at station B is 700 Q. The power transformer impedance Z1g at station B is assumed to be 1000 Q at

each channel frequency. For this example, the manufacturer’s performance specifications stipulate are as
follows.

The PLC signal attenuation calculation requires that the losses caused by each PLC coupling component or
assembly be determined, and that each power system element al so be determined and that the arithmetic sum
be obtained. This sample calculation will show these losses as they are encountered by asignal originating at
station A and traveling to the receiver at station B.
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At station A, two hundred 60 m of coaxial cable at 100 kHz has a loss of 0.11 dB (Figure 66). The two-
frequency line tuner loss and the coupling capacitor loss are dependent on the equivalent load impedance
Z, 1 and the capacitance of the coupling capacitor. The value of Z; 4 is calculated from the parallel
combination of Zg and Z4. Z, consists of Z1 in series with the parallel combination of the five lines and the
equivalent bus impedance of station A. The bus impedance is capacitive and is caused by the capacitance to
ground of the bus insulators and other equipment insulator bushings. All impedances are treated asif they all
have the same phase, although this is not strictly correct. Thus,

1 1

= = 400+ ———— = 470Q
5/Z,+1/7Z, 00+ 57260+ 17600 0

Zy = Iy

_ ZoZy  _ 400 x 470

2= 757 T ao0+aro - 260

From Figure 67, a 100 kHz, the coupling loss for a single-frequency resonant tuner with a 216 Q load
impedance and a 0.003 uF coupling capacitor is approximately 0.5 dB. Theinsertion loss of atwo-frequency
line tuner is approximately twice that of a single-frequency tuner. Thus, the coupling lossis 1.0 dB for this
tuner. Next, the shunt loss caused by the line trap and the busin the direction of Z, is found with

Z+74

dB, oss = 10log

S

(from 5.2.5.5).
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Figure 67—Coupling loss with a resonant single-frequency line tuner
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Zo+Z
B oss = 10l0g="5 = 10Iog4—9—%—;—g—7—gj = 267dB

The line attenuation is found using Figure 11 and Table 3 and Table 4. The total line attenuation for fair-
weather conditionsis as follows:

where

(dB/km) x (km) x (line voltage multiplier) + (coupling correction)
+ (transposition correction)=line attenuation

0.06 x 128 x 0.78 + 1.0 + 0= 6.99 dB

For adverse weather conditions the total line attenuation is
0.06 x 128 x 0.98 + 1.0 + 0= 853 dB

The shunt loss at the receiving end is found from

Zy+2Z,

dB, oss = 10log Z

(53)

where

1

+ = Q
3/Zy+3/Zg+3/ 21y 500

Z, =7,

Thus, the shunt loss is

400 + 500

10log( - ) = 25508

The coupling lossis dependenton Z, ,

7. = ZyZ, _ 400 x 500
L2

= 7.+7, " a0+s00 - 229

From Figure 67, at 100 kHz, with a222 Q load, and coupling capacitor = 0.003 uF, the single-frequency line
tuner loss is approximately 0.5 dB, and doubling this loss for atwo-frequency tuner gives a coupling loss for
the recelve end of 1.0 dB approximately. The loss for the coaxial cable is the same as at station A, or
0.11 dB.

The results are given in Table 19 for the oN—OFF channel at 100 kHz. All entries are rounded to the nearest
tenth of adecibel. A subtotal is calculated for the attenuation from the transmitter at station A to the line side
terminal of the coupling capacitor at station B. This subtotal is to be used in the SNR calculation, because
the signal and the noise are both attenuated equally from this point.
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Table 19—ON-0OFF PLC channel losses

Loss
Channel component (dB)
Fair weather Adverseweather

Coaxia cable 0.1 0.1
Coupling (2-frequency tuner) 1.0 1.0
Shunt loss 2.7 2.7
Line attenuation 7.0 85
Subtotal 10.8 12.3
Shunt loss 2.6 26
Coupling loss 1.0 1.0
Coaxia cable 0.1 0.1
Total loss 145 16.0

The accuracy of this calculation is only within 1 dB at best, although the results are shown to the nearest
tenth of a decibel. This same procedure is followed to caculate the losses for the FSK channels with a
channel frequency of 140 kHz instead of 100 kHz. Also, an RF skewed hybrid is at each location with aloss
of approximately 0.5 dB at the transmitter and about 13 dB at the receiver end of the circuit. The summary of
losses for the FSK circuit is given in Table 20.

Table 20—FSK PLC channel losses

Loss
Channel component (dB)
Fair weather Adverse weather

Skewed hybrid 05 0.5
Coaxia cable 0.1 0.1
Coupling (two-frequency tuner) 0.8 0.8
Shunt loss 2.7 2.7
Line attenuation 8.8 10.8
Subtotal 129 149
Shunt loss 26 26
Coupling loss 0.8 0.8
Coaxia cable 0.1 0.1
Skewed hybrid 13.0 13.0
Tota loss 294 314
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Noise levels can be estimated from Figure 17. The conditions assumed for this example are for fair wesather,
—35dBm at 100 kHz and —36 dBm at 140 kHz; and for adverse weather, —18 dBm at 100 kHz and —19 dBm
at 140 kHz.

Operating ranges and minimum SNRs for the equipment were given at the beginning of the section. It
completes the information necessary to calculate the predicted performance of these single-function
channels. To illustrate the performance of the channels, Figure 68 and Figure 69 show operating margins
and SNRs. For the oN—OFF channel, the total adverse weather attenuation of 16 dB is well within the
operating range of 40 dB for this equipment and will easily alow the receiver to be set with a 15 dB margin.
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Figure 68—AM carrier channel performance, all received levels are referenced to the
HV terminal of the coupling capacitor
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Figure 69—FSK carrier channel performance
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The adverse weather SNR (Figure 68) is
SNR = (40-12.3) —(-18) = 27.7 + 18= 45.7 dB

The SNR is above the required minimum of 20 dB by a margin of 25.7 dB. This calculation shows that
satisfactory operation is to be expected for the oN—0OFF PLC channel at 100 kHz. For the 140 kHz channel,
the adverse weather attenuation is 31.4 dB (Table 20). Thisvalue is well within the 60 dB operating range of
this equipment. It should be remembered that line faults can cause additional attenuation on the line, and if
tripping through a fault is required, this would leave a much smaller margin.

The adverse weather SNR for the FSK equipment shown in Figure 69 is
SNR = (30-14.9) - (-19) = 15.1+19= 34.1dB

This SNR is above the acceptable minimum of 10 dB with amargin of 24.1 dB. These calculations show that
both SNR and operating range for both types of single-function channels indicate a successful application.

8.3 Multifunction, multichannel case
8.3.1 Introduction

A 4 kHz noise bandwidth illustrates the SNR criteria, which usually limit the application of multifunction
equipment. The three values that must be determined before the SNR of each function can be caculated are

a) Effective transmitted power
b) Path attenuation
c) Linenoise

These values are discussed separately in the following paragraphs, and an exampleis given for calculating a
typical SNR for three functions. The configuration of the PLC equipment for the example is shown in
Figure 70. The parameters are similar to those given in the single-function example (Figure 66) except that
the impedance of the 345 kV lineisabout 340 Q. For the purpose of calculating the line attenuation, the line
is 161 km long and has steel ground wires. The line tuner is awide-band bandpass type. A carrier frequency
of 128 kHz is assumed for the channel to be evaluated. This channel is to provide a voice circuit plus one
tone for signaling to support the voice function. In addition, there will be four tones to carry relatively
important telemeter readings at a 60 baud rate.

8.3.2 Effective transmitted power

From a modulation plan calculated for al channels and functions of Figure 70, the following values of
effective power are derived from the manufacturer’s data:

Voice +26 dBm
Telemeter tones, each +20 dBm
Signaling tone +16 dBm

These values will determine the SNR after the signals have been subjected to the losses in the signal path in
going from the transmitter at station A to the receiver at station B.
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Figure 70—Application of multifunction carrier channels

8.3.3 Path attenuation

The total path attenuation comprises shunt coupling losses, shunt losses, and line attenuation. Computations
to obtain these values are the same as in the single-function example and will not be repeated here. To obtain
afull duplex circuit, two SSB channels are used (one in each direction). A skewed hybrid usualy isolates the
transmit channel from the receive channel, asin the single-function case. For this example, it isassumed that
the combination of coupling loss and shunt loss at the transmit end at station A is 6 dB. The values for the
transmit end are used only because the signal and the noise are both attenuated equally in the receive
coupling circuit.

Values of line attenuation are 12 dB in fair weather and 15 dB in adverse weather.
8.3.4 Noise

Noise values (in a 3 kHz bandwidth) for both fair and adverse weather are required to determine if the SNR
are acceptable for the functions in this application. The values used from Figure 17 are —34 dBm for fair
weather and —17 dBm for adverse weather at 128 kHz.

8.3.5 Results of evaluation

The SNR for the different functions are calculated in a manner similar to those used for the single-function
example. Pertinent relationships for the voice function are shown in Figure 71. The fair-weather SNR of
42 dB is very good, but the adverse SNR of 22 dB is not acceptable. Methods for improving this value are
given in the following section. The SNR evaluation for the tones is performed only for the adverse weather
case. The power level in the signaling tone is +16 dBm. The loss in the line and the transmit coupling losses
will giveasigna level at the receiver linetrap of +16 dBm — 21 dB = -5 dBm. The SNR for thisfunctionis
thus

Signalingtone SNR = —-5—(-17)= 12 dB
The required SNR for a signaling function is about the same as for slow-speed (60 baud) data. From
Table 18, this value is 5 dB, which gives a 7 dB margin for this function. The power allocated for each

telemetering tone is +20 dBm, which is 4 dB higher than the signaling tone. A similar SNR cal culation will
give amargin of 11 dB for the telemetering tones. The application of the tonesin this channel is adequate.
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Figure 71—Single attenuation and SNR for the voice function chosen for illustration;
received signals are referenced to the HV terminal of the coupling capacitor

8.3.6 Considerations for improvement

The methods for improving the SNR of the voice channel under adverse weather conditions include
reallocating the power in each function so that the voice function has more of the voltage allocation of the
power amplifier; using a compandor with the voice function, which effectively doubles the SNR up to about
50 dB; and increasing the transmitter output power. Reducing the power in each telemetering tone by 4 dBm
to +16 dBm will alow the voice transmit level to be increased to about +31 dBm and will maintain the
system linearity in the power amplifier. This result would raise the SNR in adverse weather to 27 dB, which
is gtill amarginal value. A compandor will not require aredistribution of the signal levels and will raise the
SNR to a minimum of 32 dB. This method is preferred for improving the SNR of a voice channel. This
process requires ajudgment decision by the evaluator to consider the system performance and the cost of the
equipment, as well astheincrease in radiated power associated with higher transmit levels. In this case, the
margins of al functions are adequate and the problem with the voice function can be fixed with a
compandor.

9. Special applications

9.1 Intrabundle channels
9.1.1 Basic concept

Intrabundle or bundled-phase communication channels can provide a means for sending PLC signals on a
single phase of a power line without the need for a ground return path.

The approach involves the transmission of signals on two or more conductors within a multiconductor phase
bundle in which the individua conductors are insulated from each other.

Theoretical and experimental work has been carried out on such channels. Experimental intrabundle lines
have been operated in the USSR [B40]. Intrabundle channels are in actual operating status in both Norway
and Bavaria
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9.1.2 Line configuration

Bundled conductors are normally used on 345 kV and higher voltage lines to reduce problems caused by
corona discharges. Typically, conductive separators maintain separation between conductors in the phase
bundle and equalize the voltage on al conductors in the bundle. To use a bundled-conductor phase as an
intrabundle channel, insulated separators must be used, so that independent carrier currents can circulate in
the subconductors in the phase bundle. The unavailability of insulated spacers currently represents a
technical problem for the application in intrabundl e systems. However, Brestkina [B40] reports on the use of
5000 glass-plastic spacers on an experimental line for ayear and a half without failure.

At the terminal ends of an intrabundle channel, means must be provided to terminate the channel in its
proper characteristic impedance, which could be performed with two line traps and two coupling capacitors
at each end in a conventiona approach, but a cumbersome mechanical arrangement would result. A more
effective coupling is needed.

Hasler et a. [B87] suggested a quarter-wave coupling scheme for wide bandwidths over an intrabundle
channel for frequencies in the range of 540 kHz to 2140 kHz. [Later studies indicate that for severa
contributing reasons, 1000 kHz is likely to be the practical upper limit (see the CIGRE Committee Report
[B49]).] They aso suggested the mounting of two coupling capacitors in a single porcelain, because both
capacitors would be subject to the same line potential and a cost savings would result.

9.1.3 Experimental line
An experimental, single-circuit, horizontally spaced, 330 kV line, 61.4 km long, with two-wire insulated

phase bundles, has been operated in the USSR as mentioned in 9.1.1. Glass-plastic spacers were installed
approximately every 35 m along the line. Other line parameters were reported as shown in Table 21.

Table 21—Tower geometry

Phase separation 95 m
Subconductor separation 40.0 cm
Phase conductor height (at tower) 21.8

Ground wire height (at tower) 30.0

Ground wire spacing 12.2

Subconductor diameter 235 cm
Ground wire diameter 9.4 mm

Attenuation and cross-talk measurements were made on the experimental line when deenergized, and noise
measurements were made on the energized line. The attenuation and cross-talk measurements were made
with the test equipment coupled through large capacitance values to the line, whereas the noise measuring
equipment was coupled through conventional coupling arrangements. These measurements covered the
band from 30 kHz to 500 kHz.
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9.1.4 Line characteristics

The calculated attenuation for the experimenta intrabundle line described in 9.2.3 is shown in Table 22.
Close correlation between measured and computed values was reported. For comparison, the dashed line
represents a typical attenuation curve for a non-intrabundled center-phase-to-ground carrier channel. It can
be observed that the intrabundl e line attenuation is substantially lower.

Table 22—Intrabundle conductor configurations?

Figure73
Parameter CurveA CurveB CurveC
Intrabundl e conductor spacing, cm 40 30 30
Subconductor diameter, cm 235 1.96 2.86
Aluminum cross-sectional area, mm? 300 184 486
Steel core cross-sectional area, mm? 28 43 63
Strands: aluminum/steel 36/1 3017 54/7

8See Brestkina [B40] and Hasler et al. [B87].

Figure 73 contains the curve of Figure 72 (curve A) plus two additional calculated curves (B and C) for
frequencies from 500 kHz to 2000 kHz (see Hadler et a. [B87]). The properties of the dual subconductors
for each curvein Figure 73 are listed in Table 22. The subconductor of curve C has a much larger aluminum
cross-sectional areathan the subconductor of curve B, and hence, its attenuation is substantially lower.
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Figure 72—Intrabundle channel attenuation for a 300 kV line, dashed line-phase-to-
ground attenuation for comparison

Table 23 tabulates cal culated multiplying factors (see Brestkina [B40]) to account for additional attenuation
in an intrabundle line resulting from the formation of a 2 cm thick ice coating on the subconductors. The
attenuation increase is large.

Near-end cross-talk was measured on the experimental line between two intrabundle coupled phases and
between an intrabundle channel and a phase-to-ground PLC channel on the same line. The mean value of
measured attenuation was 60 dB between the two intrabundle channels and 40 dB between the intrabundle
channel and the phase-to-ground channel. Far-end cross-talk attenuation is shown in Figure 74.
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Figure 73—Calculated intrabundle channel attenuation with different conductors and
spacings. conductors A, B, and C are identified in Table 22
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Figure 74—Far-end cross-talk attenuation (a) between two intrabundle chan-
nels and (b) between an intrabundle channel and a phase-to ground PLC
channel (solid lines = calculated and dashed lines = measured)

Table 23—Multiplying factors for intrabundle channel attenuation to account for icing

Frequency (kHz) Multiplying factor
50 8.0
100 8.8
200 124
300 14.6
400 14.2
500 12.8
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9.1.5 Recent experiments

Studies conducted in Germany (see Laughlin et a. [B115]) have provided data on the use of a quarter-
wavelength coupling filter. In addition, these studies included observations of intrabundle channel
performance during line faults. It was determined that clashing of subconductors during a fault caused
momentary circuit failure. The circuit judged was unsuitable for protective relaying applications requiring
through-fault transmission.

9.1.6 Application considerations

Although intrabundle channels have been successful in some countries, many technical problems still exist,
particularly with regard to material availability for large-scale applications in countries where the first
application has not yet been made. Experience with line-coupling methods, insulated separator performance,
and fault behavior on an intrabundle coupled line is still limited. The intrabundle technique has severa
significant advantages, as follows:

a) Lower fair-weather line losses than conventional carrier channels
b) High cross-tak attenuation between channels

c) Higher density application of channels

d) Lessinterference with or from radio servicesin the PLC band

It is possible that the intrabundle channel will become a useful technique in future applications of PLC,
particularly in ice-free areas.

9.2 Insulated shield wires
9.2.1 Insulated shield-wire channels

The overhead shield wires (ground wires) on a power transmission line can be used as acarrier transmission
medium by insulating the conductors from the towers (see Farmer [B72] and Wood et a. [B190]). These
conductors (either a single shield wire or a shield-wire pair) are usualy isolated from the tower with an
insulator having an air gap breakdown of 15 kV to 25 kV. Thus, the original purpose of the overhead shield
wires, from alightning break down point of view, is not compromised.

A benefit resulting from overhead shield wires is the reduction in 60 Hz drainage currents induced in the
shield wires. The resulting power savings may be significant for a shield-wire pair in which the conductors
are properly transposed. Insulating the shield wires causes a slight increase in the zero sequence impedance
of a power line circuit, which can cause a corresponding increase in overvoltages associated with line to
ground faults. In most systems, this increase can be neglected; however, in systems with high ground
impedance, it may be significant.

The cost of the coupling equipment required for an insulated shield-wire application is less than that
required for PLC coupling. PLC applied to phase conductors requires coupling capacitors, line tuners, and
wave traps, and the cost of the coupling capacitors increases substantialy at higher transmission line
voltages. In contrast, the cost of insulated shield-wire coupling equipment remains relatively independent of
system voltage. The shield-wire channel has an advantage in that it does not require a power line outage
when equipment maintenance is needed, whereas an outage is required for major maintenance of PLC
coupling equipment.

Major requirements for a shield-wire system include conductors and conductor insulation, transpositions,
and terminating equipment.
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9.2.2 Conductors and conductor insulation

The conductors used on a new insulated shield-wire channel are usually aluminum-jacketed steel cables.
Insulation is sometimes added to use existing steel wires. The characteristic impedance of a single overhead
insulated shield-wire line is approximately 500 Q, whereas the balanced pair configuration has a
characteristic impedance of about 900 Q.

The shield-wire conductor or conductor pair is ordinarily insulated from ground at each tower. Insulator
requirements are not critical aslong as the voltage breakdown is adequate, but they should have suitable arc
gaps to prevent tracking. It is also recommended that the insulators be a design that will not drop the
conductor if the insulating material is broken.

9.2.3 Transpositions

Whenever two shield wires serve as a pair, a suitable transposition scheme is necessary for the 60 Hz power
saving benefit to be realized and for the induced 60 Hz current to be minimized. The objective in selecting
transposition locations is to equalize the induced 60 Hz current in the two wires, which is accomplished by
equally dividing the line length over which each wire occupies each position in the line configuration. The
maximum distance between transpositions will be determined by how much voltage should be permitted to
exist on the shield wires during heavy power line loading. Depending on the line current and user practice,
guidelines limiting this distance to values from about 10 km to 50 km have been used. Induced voltage per
unit distance, which is pertinent to the selection of this value, can be determined by a relatively easy
computation.

9.2.4 Shield-wire terminating equipment

A suitable protective coupling device must be used a each end of the shield-wire channel to provide a
drainage path to ground for the induced 60 Hz influence and lightning currents while coupling the carrier
signal to the shield wires. An example of a shield-wire coupler is shown in Figure 75. Other coupler
arrangements have been successful. For example, some do not require the additional capacitors in series
with the coupling capacitors. Many installations have been made with a balanced cable pair instead of
coaxial cable for the drop connection. Most of the generally accepted two wire coupling methods have aso
been adapted for single wire operation, except those with iron core drainage coils.

TO INSULATED SHIELD WIRES
T & I

| e |
DRAINAGE

o coILs

cc cC

P IT
COAX CABLE

Figure 75—Insulated shield-wire coupler
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Drainage coils in two wire couplers may be either iron core or air core inductors. Iron core drainage coils
provide both economic and space advantages; however, iron-core drainage coils are more susceptible to
saturation. Their performance is adequate where the induced power frequency currents in the two halves of
the drainage inductors are essentially equal, as in well balanced two wire circuits. Significant unbalance in
drainage currents will cause core saturation. Air core drainage coils are necessary in single wire applications
or wherever unbalance is severe.

9.2.5 Performance

Flashover of the shield-wire insulators will cause the carrier frequency attenuation of the circuit to increase
but usually not enough to cause a communication outage. The duration and the amount of the increase
depend on the cause of the flashover and the power circuit conditionsthat accompany it. For example, where
lightning causes a flashover that occurs only on the shield wires, the added losswill be small and its duration
typically in the order of 1 ms or less. Measurements have indicated an increase in loss ranging from 1 dB to
8 dB, dependent on frequency during flashovers near the end of aline. Flashovers that accompany a power
line fault will last until the fault is cleared, typically about 60 ms or longer. The increase in attenuation will
also be higher, depending on how many phases are involved in the fault.

During wet weather, an allowance must be made for approximately a 20% increase in attenuation. Insulated
shield wires are more susceptible to increased |osses because of frost than phase wires as they do not have
significant current induced self heating. Also, complete ice bridges are sometimes formed over the relatively
small insulators. Complete communication circuit outages have been experienced during severe icing
conditions. Transmitter and receiver terminal equipment used on shield-wire channels can be identica to
that used on PLC channels Most transmitters currently have 1 W or greater power output.

A frequency range from 8 kHz to 500 kHz is technically feasible for shield-wire channels Because high
noise and interference are present at low frequencies on the shield wires, the coupling equipment must be
designed to provide a bandpass or high pass filter characteristic with a cutoff frequency of about 5 kHz.
Frequencies below this cutoff are attenuated about 40 dB.

Insulated shield-wire channels are used for voice, supervisory control, alarm, and telemetry functions. Some
protective relaying channels have been applied on insulated shield wires, but there is limited application
experience.

9.2.6 Other systems using shield wires

The application of high-capacity communications systems are being actively pursued with composite cables
with acceptable performance in which the outer portion of the cable is the transmission-line shield wire. In
separate systems, the core of the composite cable may contain optical fibers or conventional metallic cable
conductors. With the increased use of the shield wires for communication systems, the feasibility of
implementing the transpositions discussed in 9.2.3 becomes more difficult. Extensive data and experience
have already been obtained with aerial cables on power linesin Europe.

9.3 PLC on HVDC lines

The application of PLC to HVDC lines has been successful in several installations. The coupling can be to
the positive and negative pole lines; to one of the pole lines and the static wire; or to the pole(s) and ground.
The surge impedance of the intended connection must be cal culated with special modal analysis techniques.
Because the HVDC lines are usually long, high transmitter levels are required. Repeater installations with
and without local drops may be required. The coupling equipment is usually designed especially for the
installation to optimize the signal levels to provide adequate SNRs and signal margins.
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10. PLC verification and testing

10.1 Testing of new and modified PLC systems

Two types of testing can be performed before the commissioning of PLC equipment. The first, acceptance
testing, is done to make sure that the equipment and its design will operate as expected, and this can be
accomplished by a combination of study, |aboratory-type testing, and review of manufacturer’s data and test
results. Acceptance testing is generally performed before the installation of any new type of equipment, but
it can be done at the sametime as an installation to save time.

The second type of testing is called system and installation testing. These tests are done on every new
installation or when there is a change in the equipment, equipment configuration, or line route/configuration.
These tests are done in the field, generally with test equipment and personnel at each communication node
of the protective relay channel.

10.1.1 Acceptance testing

As suggested in 10.1, the purpose of acceptance testing is to assure that the equipment will operate as
expected when it is placed in service. Therefore, it is essential that al tests place the equipment under
conditions as close as possible to the actual conditions that the equipment will experience under both normal
and abnormal field conditions. It is necessary that all inputs and outputs to the device under test be
terminated with either actual coils of relays or contacts. Supply voltages and loads to simulate connections
to other devices should be provided. If a new but similar piece of carrier equipment becomes available, it
may only be necessary to re-examine the changes.

10.1.1.1 Acceptance testing conditions

All expected operating conditions need to be identified and investigated. Although not all conditions require
testing, most conditions can be simulated in a laboratory environment with ANSI/IEEE standards.
ANSI C93.5 is an applicable standard, in particular the section on Ratings. The manufacturer may supply
data to prove compliance with these standards. In some cases, this data will be sufficient and preclude the
need for testing. Some conditions may be unique to the particular installation or utility’ s experience.

During acceptance tests, a series of “observationa” tests may be performed to benchmark the performance
of the equipment. These tests may be somewhat sophisticated such that they may not be practical to doin a
field environment. The information gathered during observational tests may be essentia in resolving
operational problems. Having elaborate oscillographic capabilities in the substation is of no value without
knowledge of the input/output response of the system being monitored. A reference set of oscillographic
responses will prove useful in determining future operating conditions and will assist in troubleshooting.

The communication equipment to be tested must be set up and adjusted to the manufacturer’ s recommended
specifications. All external channel equipment, tuners, traps, or simulators must also be set up and adjusted
to the manufacturer’s recommended specifications. A test that can be potentialy destructive and is not
within the manufacturer’ s specifications should not be done without the manufacturer’s approval.

Almost all communication equipment can be made to produce erroneous trip outputs or fail to produce an
intended output. The purpose of the testsis to assess the risk under expected operating conditions. All tests
assume the communications equipment is connected to a suitable power source and to a communications
channel simulator with noise injection capability.
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10.1.1.2 Suggested acceptance tests

The following list represents suggested type tests and observational tests that can be performed. Additional
data on tests and test circuits are available in ANSI C93.5.

Power supply: The ability of the power supply to provide a suitable operating environment under conditions
of temperature extremes and transients (both conducted and radiated) should be examined. In addition, the
power supply should not produce noise (either conducted or radiated) that may impede the operation of
nearby eguipment.

Transmitter: The keying (relay interface) and the signal output should be checked for compatibility with its
intended operating environment. The keying interface is designed to take the output from the protective
relaying scheme and operate the transmitter such that the remote receiver can detect this signal and change
the state of its output. It is possible that under certain installation conditions, the keying input can be fooled
and result in a misoperation of the remote receiver.

Observational testing of the keying input may be the only way to determine that a receiver operation was
caused by the transmitter being keyed rather than by areceiver misoperation. Many newer transmitters have
“transmitter keyed” light-emitting diode targets or output relays that make this job easier. During testing, it
may be determined that the sensitivity of the keying input may preclude the use of long keying leads and
may require the insertion of an auxiliary interposing relay to increase the keying circuit burden to avoid
induced signals that cause misoperations.

Although transmitter trip keying extension circuitry may result in a greater level of dependability, a high
level of sensitivity combined with the fast operating time of the solid-state keying input may make this
circuitry susceptible to noise keying, which results in an unacceptably low level of security. An alarm
contact that changes state when the transmitter is keyed can be connected to an event recorder or
oscillograph, but the recorder may not be fast enough to capture the transient keying. This result can be
easily verified in the [aboratory.

The behavior of the transmitter output may be checked under normal and abnormal impedance situations.
The adjustable range of the fundamental operating level needs to be verified along with the resultant
harmonic and spurious emissions, which may change under condition of high-standing waves.

Receiver/logic: The receiver performance under conditions of noise, channel interruptions, interference, and
frequency drift can be evaluated to determine the most desirable logic settings. The sensitivity of the
receiver should be verified.

Channel time test: The channel time is defined as the time between the keying input to the transmitter and
the resultant output of the receiver. Knowledge of the channel time is essential when examining operation
event data. Channel times stated by the manufacturers are often conservative. The actual channel time can
vary considerably under different logic settings or with the use of interposing relays.

Output: The output circuit may be designed to drive either a solid-state relay or a mechanical relay. The
current (or voltage) requirements for these relays are very different. The actual relay(s), or asimulated load,
should be connected to the output circuits to verify compatibility between the two circuits.

Security/dependability: Laboratory verification of security and dependability data may be useful in
determining logic settings and in providing benchmarking data. During fal se operation investigations, it may
be useful to r-test the equipment to determine if a component change or failure resulted in the misoperation.
It may not be possible to reproduce the exact data that the manufacturer supply because of the
unrepeatability of noise sources. However, the family of curves for different logic configurations should be
similar. The collection and verification of this data can determine the best logic settings for the equipment.
The data gathered here may be useful later in determining if the equipment has reached the end of its useful
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life. If the origina curves and the current curves are the same, then the security and dependability
characteristics have probably not changed much.

Environmental tests: Several ANSI standard tests can be performed on PLC equipment to ensure proper
operation. Refer to ANS| C93.1, ANSI C93.3, ANSI C93.4, and ANSI C93.5. Environmental tests include
temperature, supply voltage, RF exposure, and surge withstand. It may be too difficult to perform these tests
in afield situation.

Temperature tests: The equipment must tol erate temperature extremes. The tests should be run for at
least 8 hours with the transmitter and receiver tested separately. The unit under test should be com-
municating to aunit that is under room-temperature conditions. It isimportant to allow severa hours
for the transition from one temperature extreme to the other to avoid condensation.

The equipment must operate with all permissible (high and low) variations of supply voltage. Dur-
ing voltage operating range tests, the receiver and transmitter should be tested separately.

RF noise susceptibility and emissions: The equipment should tolerate RF radiation. The transmitter
and receiver should be tested separately. Although thereis no current standard for emissions, it may
be useful to make sure that the PLC equipment will not interfere with nearby equipment.

Surge withstand and fast transient compatibility: The equipment should withstand the application of
both oscillatory and transient wave conducted waveforms to the inputs and outputs of protective
relay equipment. There is debate about which input and outputs fall under this standard. There
should be an understanding between the manufacturer and the customer as to what the withstand
expectations of the PL C equipment should be and which inputs and outputs can tolerate this test.

While doing this testing, the descriptions, procedures, and schematics provided by the manufacturer can be
checked and verified, and the testers can become familiar with the instruction book materials.

10.1.2 System and installation testing
10.1.2.1 Introduction

System and installation testing for PLC equipment should be completed before final in-service operations.
During this testing, the primary components can be evaluated and tested separately for performance and
efficiency. Collectively, each part can then be reevaluated during an overall functiona test for system
performance.

The primary components used with PLC, such as the transmitter and the receiver (or transceiver), amplifiers,
hybrids, balancing transformers, coaxial or triaxia cables, line tuners, and line traps should conform to
purchase specifications and should have been fully evaluated during an acceptance testing process.

10.1.2.2 Installation testing

Before initiating PLC system testing, the integrity of the on-site panel or rack wiring connecting the relays
and PLC equipment panels should be determined. The wiring should be checked against the overall system
design schematic and verified by a point-to-point verification process. Any required card or wiring jJumpers
should be placed in their proper position.

The shield of the coaxial cable or the inner shield of the triaxial cable should be grounded only at the
transmitter/receiver equipment panel in the relay house. Using a dc 500 V megohm meter, the coaxia or
triaxial cable shield-to-ground insulation should be tested to verify insulation quality. Failure of shield-to-
ground insulation during a system ground fault may prevent proper carrier operation.
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The PLC equipment supply voltage requirements should be checked to ensure correct ratings. This check
should include all major components and any installed power or station battery auxiliary apparatus such as
dc-to-dc converters. The voltage should be measured and determined if it is within required specifications.

10.1.2.3 PLC equipment testing

NOTE—Never open the coax connection and unload an operating transmitter and do not connect test equipment to the
line 7tuning equipment without first closing the carrier ground switch. Failure to comply may result in equipment dam-
age.

Transmitters: The PLC system may consist of more than one transmitter, for example, pilot and transfer trip
channels. Each transmitter should be initially tested separately.

After each transmitter is energized, test points as defined by the manufacturer’s instructions should be
monitored for appropriate voltage levels. The individual transmitter output voltage and frequency can be
determined with a 50 Q noninductive resistor as aload. Some users mount this type of resistor permanently
on the PLC rack and use a two-way knife switch to insert this dummy load during initial or maintenance
testing. A frequency-selective voltmeter is necessary for this measurement. Both guard and trip frequency
levels should be checked, if applicable. All transmitters used for ON—OFF carrier or FSK carrier require
similar measurements.

The measured levels will provide areference or gauge of the overal tuning of hybrids, filters, and matching
transformer. With the transmitter set for the desired output level using the 50 Q load, the carrier frequency or
frequencies can be adjusted as necessary.

For frequency shift keying, the adjustment of one frequency may affect the other or the set power point. The
original settings may require readjustment.

The various test point voltages on the individual cards should be recorded and used to eva uate any changes
noted during maintenance activities. Test points on specific modules or cards are located by the
manufacturer’ s schematics and drawings for the equipment.

Amplifiers: Linear amplifiers are used by many utilities for long transmission lines in areas where adverse
weather conditions impact PLC signa strength or on some transmission cable installations. Typicaly,
100 W amplifiers are used for unfavorable weather conditions. Some utilitiesin icy climate areas simply use
a certain minimum line length as a criteria for amplifier application. Amplifiers should not be used to
overcome improper line tuning or when otherwise not needed because of the increased probability of
interference elsewhere.

Verification of the amplifier performance is accomplished by measuring the full power output level into the
50 Q noninductive load with rated transmitter input voltage applied. The harmonic content of the output
voltage can be measured with a frequency-selective voltmeter or spectrum anayzer. The second harmonic
should be down approximately 50 dB. For example, at 100 W = 71 V, harmonics should be less than 0.24
using the 50 Q load. High harmonic content suggests improper adjustment or possible problemsin the driver
or power output section of the amplifier. Again, the values measured from the various test points should be
recorded for future reference during maintenance activities.

Receivers: Initial testing of the receiver can be accomplished with a signal generator connected directly to
the receiver input terminas. The signal level and frequency should correspond to expected values to be
received from the remote transmitter. Asthe signal level and frequency are varied, alarms and margin levels
can be analyzed for performance. This method is useful when the transmission line equipment is unavailable
because of construction or other outage conditions.

"Notesin text, tables, and figures are given for information only and do not contain requirements needed to implement the guide.
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With the receiver now connected to the carrier equipment at the remote end, measure the input signal before
and after the receiver’sinput attenuator. Because sufficient signal level into the receiver is dependent on the
condition of all associated equipment in the PLC system, it is necessary to have evaluated all connected
apparatus previously. Assuming this has been completed, additional testing can be accomplished.

With an acceptable signal level into the receiver, the input filter can sometimes be checked by scanning the
frequency spectrum around the filter's center frequency at the output of the filter. Refer to the
manufacturer’ sinstructions.

Receiver sensitivity setting adjustments should be completed next. The settings should allow for normal
variations in input levels caused by changes in line attenuation. All test point measurements should be
recorded for future reference and for evaluating performance changes. Other receiver testing techniques
generally are provided within the manufacturer’ s manuals.

Verification of the output logic, including tripping, alarms, and other functions should be completed.

Hybrids: Hybrid performance is checked by measuring the signal levels at all terminals with a frequency-
selective voltmeter. This measurement should include all frequencies transmitted and all frequencies
received at each hybrid terminal. Hybrid testing is covered in ANSI C93.4.

For a balanced hybrid that combines and isolates two transmitter outputs, the trans-hybrid loss or isolation
value should be relatively equal for both transmitted frequencies and approximately 30 dB or greater. The
through loss or insertion loss should be approximately 3.5 dB.

A skewed hybrid sometimes connects a transmitter and receiver to the common line-tuning coupling
equipment. It is biased to provide a high isolation loss between the relatively high transmit signal level input
to the relatively low receive signal level output. A 40 dB isolation level can typically be achieved. Biasing
also minimizes the transmit insertion loss to less than 1 dB for improved SNR. Typically, receiver insertion
lossishigh, approximately 12 dB. SNR remains generally unaffected.

Balance transformer: For phase-to-phase coupling applications, the balance transformer provides 50 Q
balanced impedance and isolation between two output (or input) signals and the associated sets of line
tuning equipment. Just as with the hybrid, check performance by measuring the signal levelsat al terminas
with a frequency-sel ective voltmeter. Insertion loss should measure at 0.5 dB. |solation should be =230 dB.

CCVT lead-in conductor: The conductor from the CCVT drain coil down to the line tuner, which is called
the lead-in conductor, should have insulation rated for approximately 5 kV or greater and be supported by
stand-off insulators or PV C conduit properly spaced from metal structures. No cables or messengers should
be strapped to the lead-in PVC conduit. This condition is necessary to minimize leakage capacitance-to-
ground in this high-impedance part of the PLC circuit. Check the tightness and condition of coax
terminations, knife switches, and other wiring. Follow the instructions provided with the line-tuning
equipment and related apparatus.

Matching transformer: Connect a single transmitter to the input of the line tuner. A signa source from a
tunable frequency source with adequate power can also be used. Use a frequency source for the frequency
that will be tested. The frequency for adjusting the matching transformer should be the GMF of the
transmitter frequencies, or of the receiver frequencies if no transmitters are present. Use a reflected power
meter to determine the transformer tap that gives the minimum reflected power. Do not change any
transformer taps or connectionsin the line tuner without first closing the ground switch in the tuner.
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Tuning inductor unit: This single-frequency device combined with the coupling capacitor forms a series
resonant circuit that provides a low-loss path for the transmitted signals. On short lines, changing the tuning
inductor on one end will affect the tuning inductor adjustments at the other end. On longer lines, single-
ended tuning using reflected power measurements is usually done. If one end is changed, check the other
end for any retuning needed to minimize reflected power.

To adjust the tuning inductor unit, provide asingle signal from one transmitter, or from a separate frequency
source, into the line. Then have an associate measure the reflected power at the remote line terminal. Adjust
the tuning inductor for minimum reflected power. The adjustment of the tuning inductor is required on all
resonant and wide-band tuners. Also, visually check the arc gap and set to the manufacturer’s specified
tolerances.

In addition to single-frequency line tuners, two-frequency line tuners are also available. The low-frequency
and high-frequency sections of the tuner are similar to a single-frequency tuner except that they contain trap
units that are parallel resonant circuits. The trap unit in the low-frequency section is tuned to block the high
frequency. Similarly, the trap unit in the high-frequency section is tuned to block the low frequency. The
remaining circuitry in the dual-frequency tuner is tuned for minimum reflected power.

Line traps: Before the line trap is installed, visual inspection is necessary to determine if damage may have
occurred during transportation. Check for leaking tuning capacitors, broken surge arresters, and loose
connections. During routine operation, line traps are subject to severe physical stress during fault conditions.
The primary connections and bracing in the trap should be inspected for tightness.

For line trap application in high seismic activity regions, and where possible, it is recommended that line
traps be mounted vertically with suspension insulators. A spring assembly should be used for restraint and
temperature compensation.

Linetrap testing should be completed with the trap suspended above the ground by at least one times the trap
diameter (and away from any ferrous material) or in its designated mounting location. To verify integrity of
an installed trap, measure the received signal levels with the transmission line deenergized and with the bus
side disconnnects open. Compare this reading with the same measurement made with a ground applied to
the deenergized line on the bus side of the line trap. A significant signal loss through the applied ground
indicates poor tuning or trap failure.

To tune a single-frequency linetrap, deenergize the line and apply protective grounds. Break one side of the
paralel connection between the tuning pack and the trap coil. Insert avariable frequency source, loaded into
anoninductiveresistive load, into the parallel connection point. Vary the source frequency, and measure the
power transmitted through the “ series connected” line trap and into the resistive load. When tuned correctly,
maximum power transfer through the filter will occur at the desired center frequency. Special-purpose test
equipment is available to simplify connections and calculations of test results. Also, specific test methods
may be specified by the trap manufacturer. Be sure to refer to the manufacturer’s instruction book for the
trap.

Dual-frequency line traps are also available. The main difference between the single-frequency line trap and
the dual-frequency line trap is the addition of a trap unit in the low-frequency section of the line trap. This
trap unit must be electrically isolated from the rest of the trap and tuned to the upper frequency. The upper
and lower frequency sections of the trap are then tuned as described for a single-frequency trap.

A wide-band line trap differs from a narrow-band single- or double-frequency line trap in that the wide-band
trap presents a constant blocking impedance over a broad frequency range. Wide-band traps may be
obtained as either fixed tuned or field adjustable. Field-adjustable wide-band traps have two tuning packs
that are tuned separately. One tuning pack contains capacitor combinations that are chosen to resonate with
the main coil at the GMF of the desired bandwidth. The other tuning pack contains capacitor combinations,
an adjustable inductor, and aresistor. It is tuned separately to the GMF. The tuning should be done without
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the resistor in the circuit as it tends to flatten out the peak and makes it difficult to tune to the exact
frequency. After this tuning pack is tuned, it is connected across the main coil. This process completes the
tuning. The tuning accuracy of the wide-band trap can be checked with the same test circuit used in checking
a narrow-band trap noting the frequency bandwidth of the maximum power transfer through the filter.

Final checks: If adjustments were made to any component of the PLC system, the effect of those
adjustments must be determined on the overall system and base measurements recorded for future reference.
Specifically record the frequency and output level of each transmitted signal at the input and output of each
hybrid, the frequency and level of each received signa measured on the coax and at the receiver input, the
frequency and level of the local transfer trip transmit signal measured at the input of the transfer trip
receiver, and the reflected power of each transmitted frequency measured at the connection at the output of
the transmitter.

Recheck, and adjust if necessary, the transmitter/amplifier output levels and the receiver input signal levels.
Record all data for future maintenance activities. An on-site logbook is recommended for each PLC system
with the appropriate recorded data.

System test: An overall relay system test should be completed to verify operation of the PLC system.
Operation of lockout relays, tripping of breakers, breaker failure initiates, external logic, and alarms using
the PLC system are required to confirm the integrity of the system. Other testing will depend on the type of
relays used. For example, shared channel schemes, carrier blocking, and phase comparison schemes will
require different types of testing. Follow the manufacturer’ s recommended process.

For phase-to-phase (or mode 1) coupling, checks should be made to determine if the PLC signa will operate
at areduced signal level in the case of afailure or afault in one phase.

10.1.3 Channel timing measurements

It may be useful to know the actual channel time for a given protective relay channel. Channel time is the
time between applying a signal to the input of the transmitter and generating an output from the receiver
with the transmitter and receiver connected back-to-back. However, under some conditions, where the
communication medium length is great, or logic options change the time, it may be useful to know the
minimum and maximum channel times to ensure relay coordination and timely operation.

NOTE—The connection of an oscilloscope to voltage transformer, transmitter keying and receiver output circuits can
givefalsereadings or indications when external grounds are introduced in isolated circuits. The use of scopeisolators or
a battery operated scope is recommended.

The transmitter/receiver pair channel time can be measured by connecting the transmitter and receiver back-
to-back with coax cable terminated with a 50 Q noninductive load, being careful not to overpower the
receiver. By connecting a dual-channel oscilloscope to the transmitter keying input and the receiver output
circuit, the scope will provide the information necessary to determine the channel time. In many cases, there
will be contact bounce if the receiver has a relay output. The conservative approach is to assume that the
contact bounce has to stop for the upstream devicesto actually trip. To assure relay coordination, the longest
transmitter—receiver time plus an appropriate margin should be considered.

Measuring the channel time when the transmitter and the receiver are not in the same location is far more
difficult. Several possible methods are described in 10.1.3.1 — 10.1.3.5.
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10.1.3.1 Echo trip timing

For DTT channels, the approximate channel time can be determined by connecting the voltage produced by
the remote receiver output circuit to the remote transmitter keying input. The channel time can be
determined by observing a dual-channel oscilloscope connected to the local transmitter keying input and the
local receiver output circuit. By initiating asend at the local end’ s transmitter, the local receiver will produce
its output in approximately twice the channel time (out and back). This will only be an approximate time
because contact bounce will produce some error.

Thistiming method is much more difficult for blocking scheme carrier equipment because the local receiver
can see its own transmitter. In this case, and in the cases in which there is communication in only one
direction, the use of satellite time standards can time the channel. In any case, the use of satellite time
standard is the preferred method, as described in 10.1.3.2.

10.1.3.2 Satellite timing pulses

A remote time source, such as a geostationary satellite clock or global positioning satellite (GPS) clock, can
provide timing pulses that are in sync between the transmitter and the receiver location. These timing pulses
can determine the time interval from when the transmitter was keyed to when the receiver produced an
output.

By using a satellite receiver that produces a timing pulse at a known time and connecting the output to a
remote keying circuit, the time that the remote transmitter is keyed can be determined. A similar local
satellite receiver can be connected to a local dual-channel scope. By connecting the scope to the output of
the local clock and the output of the local receiver, the time between transmitter keying and receiver output
can be measured. The difference between the two scope traces is the total channel time.

10.1.3.3 Satellite controlled current sources

Severa manufacturers make current sources that derive their phase reference from satellite-controlled
clocks. These clocks, when connected to sources at each end of the line, alow the currents to be in phase.
Using a dual-channel oscilloscope, one can monitor the local and the remote comparison signals and adjust
the phase delay and symmetry for proper operation.

10.1.3.4 Voltage source as a timing reference

Even though satellite clocks are widely available, not everyone has them. A method of using the voltages on
the voltage transformer circuits at each end of the line, although not nearly as accurate, can be used. In cases
in which thelineisnot in service, a“sister line” going between the same locations can be used.

Same-phase voltage transformers, on both ends of the line in which the communication channel is serving,
should be of similar phase angle. Although the angular difference is affected by phase errors in the voltage
transformers, the main contributor to angular differencesisthe load on the line and the length of theline. On
moderately loaded short lines, differences may be in the region of 5 degrees (this represents atiming error of
230 ps); on long lines, it may be up to 15 to 20 degrees (this represents a timing error of 0.69 to 1 ms). The
angle can be cal culated from the load, the charging current, and the line parameters. The voltages should not
be used as reference unless the angular difference has been calculated or is known with reasonabl e accuracy
and those numbers that correct the timing measurement.

With a great loss of precision, the ac outlets in the station can be used if the phase relationship between
locations can be determined. Use of the line voltage transformers can serve as a reference to determine the
approximate phase relationship between the ac outlets.
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By using dual trace oscilloscopes at both ends of the line, the voltage circuit voltage can serve as areference
on channel one. The transmitter can be keyed manually at any time.

NOTE—Be very careful connecting an oscill oscope to the voltage circuit. If the scopeinput referenceis grounded and is
connected to the phase connection of the voltage circuit, the voltage circuit will be grounded. The voltage on the voltage
circuit will collapse, the line will trip if in service, and the oscilloscope could be damaged. The use of an active scope
isolator is recommended.

At the transmitter location, the time (t;) between the previous rising-slope zero-crossing of the ac voltage
reference and the transmitter keying voltage rise is measured. At the receiving location, the time (t,)
between the previous rising-slope zero-crossing of the ac voltage reference and the receiver output is
measured. The difference between these times (t; —t,) is the channel time for channels less than 16 ms (one
cycle). For channels times greater than one cycle, the user has to add multiples of 16.67 ms to the measured
time, which assumes that one knows the expected channel time within the nearest cycle.

Although this method is not precise, it provides a benchmark that can evaluate oscillographic data under
fault conditions and compare the channel time. This benchmark can be useful in determining appropriate
coordination time margin and in determining the cause of false operations.

The channel time should be measured several times because the duration of contact bounce will be
somewhat variable. Also, in the case of ON—OFF receivers, the channel time could be dependent on the
receive level. The channel time should be measured at the nominal receive level and the minimum (just
above the threshold) point. The chosen coordination time margin should take into account any deviations.

10.1.3.5 Current sources based on a voltage reference

Asexplained in 10.1.3.4, the voltage transformers at both ends may be close enough in phase to use them as
areference. (The user must determine if the voltage angles at the two ends are sufficiently in-phase for this
method.)

There are two ways to use the phase voltage transformers to create a current reference.

Current sources at both ends can be adjusted so that their phase shift from the voltage transformer reference
is the same. These currents can then be injected into the relays at both ends, and adjustments can be made.

The other way uses the voltage transformer to “make current” for injection into the relay. By connecting an
adjustable resistive load box in series with the voltage transformer, an adjustable current can be devel oped
that can be injected into the relays. The test current should be the same at both line ends to obtain the same
phase angle at each end. If one attempts to get too much test current from the phase voltage transformer
circuit, there may be avoltage collapse and the line relays may operate.

10.2 Testing and evaluation of misoperations
10.2.1 Routine maintenance

Routine maintenance is performed on a periodic basis to ensure that the PLC equipment is performing
properly and that tuning of the various components is optimum. Line traps are not usually checked on
routine maintenance. The need for testing may be indicated if signal levels have deteriorated and are not
restored by tuning adjustments.

110 Copyright © 2005 IEEE. All rights reserved.



IEEE

IEEE GUIDE FOR POWER-LINE CARRIER APPLICATIONS Std 643-2004

The following procedure is typical of athorough routine maintenance procedure. Specific items may need to
be adapted or added or deleted to suit the needs of specific installations or maintenance cycles:

a)

b)
c)
d)

€)

f)
9)
h)
i)
)

Isolate the carrier relay system, or if appropriate, isolate the carrier equipment from the relays with
the carrier cutoff switch.

Record levels asfound and as left for future reference.
Check all power supply voltages.

Receivers

1) Remove power

2) Observe electrostatic discharge (ESD) precautions, remove circuit cards, inspect components
and jumpers, blow out dust, and replace circuit cards

3) Repower unit, and make interna signa level, logic, and timing tests as appropriate for the
specific equipment being tested.

Transmitters

1) Remove power, remove circuit cards, check jumpers, and blow dust out
2) Repower unit, measure frequency, and adjust if necessary

3) Measure power output, and adjust if necessary

Measure reflected power at the line tuner or at the coax cable leaving the substation control building.
If multiple transmitters are used, test each separately by shutting down the other transmitters.

Adjust the line tuner for the lowest reflected power (average for al transmitters). (Some
manufacturers recommend using the GMF for determining reflected power levels.)

Recheck and adjust transmitter output levels.
Set receiver margins.
Perform end-to-end signal measurements. Perform end-to-end trip test if appropriate.

10.2.2 Troubleshooting

The following tests are intended to provide a genera troubleshooting guide for testing PLC systems
suspected of having contributed to an incorrect relay operation, e.g., pilot trip for an external fault or failure
of pilot tripping for an internal fault.

10.2.2.1 Equipment testing

Perform the following tests at each terminal of the communication system:

a)
b)
c)
d)

€)

f)

Make end-to-end carrier signal checks, including transmitted and received RF levels at both ends.
Check standing wave ratio (SWR) at both terminals, and check the receiver margins.
Check the line tuner for proper matching

Check protective gaps in the line tuner and CCV T. Clean the gaps, and set the proper gap spacing to
the manufacturer’s specification.

Test the shield-to-ground insulation for deterioration (also a good periodic test every 10 years or

less).

Perform line trap checks, as follows:

1) Isolatethelinetrap, and apply aground on the busside. Transmit carrier at the remote terminal,
and measure the received carrier signa at the local termina. Remove the ground, and perform

the test again. If the trap is performing properly, the signal measurements should be similar.
Repeat for traps at the other line terminal(s).

2) If theprevious tests indicate that there may be a problem with the line trap, then the trap should
be inspected and its tuning should be checked.
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10.2.2.2 Arcing disconnect tests

NOTE—Slow opening or extended arcing of a disconnect switch may cause damage to the line trap arresters and other
equipment.

Deenergizing a small capacitive load, such as a circuit breaker, by using the line voltage disconnect switch
generates severe broadband RF interference because of the restriking that occurs as the disconnect switch is
opened. This technique can check the susceptibility of a PLC system to interference from noise caused by
faults or by breakers opening. Such testing may be indicated when a PLC blocking system has incorrectly
blocked for an internal fault or an FSK system has failed to trip. Arcing disconnect tests may also be helpful
in observing the response of protective gaps in line tuners and CCV Ts to be sure that these devices are not
shorting out the PLC signal during faults or breaker operations. To perform an arcing disconnect test:

a) Connect instrumentation, e.g., an oscilloscope, to measure the receiver output. It may also be helpful
to monitor other available outputs from the receiver such as “loss-of-guard,” “squelch,” or “block”
as long as these do not have deliberate delaysin their operation. Alternatively, the relay system can
be setup to simulate a steady internal or external fault, as discussed in 10.2.2.3, and the response of
the relay during the arcing test can be evaluated directly. (A spectrum analyzer connected to the bus
voltage transformer secondariesis an option to capture a sample of the arcing noise.)

b) Isolate, by disconnects, the bus side of a circuit breaker connected to the line whose PLC system is
under test. In double-breaker positions, the other breaker can remain closed to energize the line.
When only a single-breaker line termination is present, the line must be energized from the remote
terminal.

c) Open the disconnects to deenergize the isolated breaker. Observe the response of the receiver or
relay system during the arcing period. The optimum result is no change in the output of the receiver
or relay system during the test. When analyzing the response of the relay system, the effect of any
seal-in, trip-hold, current-reversal, or transient-blocking circuits should be taken into account. It
may be necessary to disable such circuits to get accurate measurements.

d) If results are unsatisfactory, the following areas should be investigated:
1) Receiver margins, on blocking systems, may be too great.
2) Received signal levels may be too low.

3) Line traps, particularly their surge arresters, may not be working properly to isolate the PLC
channel.

4) Protective gapsin line tuners or CCV Ts may be flashing over and shorting out the PLC signal.
The gaps could even be continuously shorted out.

10.2.2.3 Noise injection tests

In 10.1.1, security and dependability testing should be discussed. In these tests, noise of a controlled
duration, frequency content, and level is injected into the receiver. The security of the receiver is a
measurement of the probability of the receiver producing a misoperation when receiving both noise and its
normal received signal. The dependability of the receiver is ameasurement of the probability of the receiver
operating, when intended, when receiving both noise and a transition from its normal received signal to the
command signal. PLC and noise go together because the PLC signal transmission medium and the fault
often have a direct connection or a connection via coupling that cannot be avoided. Fortunately, a properly
working PL C system will tolerate large amounts of noise before being affected.

Security and dependability curves can be devel oped displaying the noise level vs. probability that noise will
cause an undesired operation. By observing any changes in the baseline data either supplied by the
manufacturer or created during the observational laboratory testing, the current level of performance of a
given system and configuration can be evaluated. Observation of any changes in security and dependability
curves can assist in troubleshooting a system that has not operated correctly.
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Some points to consider when comparing baseline to measured security and dependability curves are as
follows.

Tests are always done with the equipment removed from the power system. The transmitter or one of a
similar typeis colocated with the receiver under test. The transmitter under noise injection tests has no effect
on either security or dependability. Equipment can be located in the substation but must be disconnected
from the coax, line tuner, and so on. However, if the noise generator can produce radiated noise, such as a
spark generator, other equipment in the substation may be affected. Noise sources producing radiated levels
of 10 V/M or less should be located more than 3 m from any substation equipment. If the level ishigher, itis
best to keep the noise source out of the substation. It is preferred to perform the testsin a laboratory situation
remote from the power system. Figure 76 shows a suggested assessment method.

Notse Generator 100 Watt +5¢ dBm High Impedance

Approx. de to 1 MHz Amp / 50 Ohms Gated Switch.

White noise (@ 50 Ohms Input and Cutput ‘_‘ Unbalanced =10 k chms output
o Gated ON/Off Noise

Power Line Carnier Attenuator, 10 dB Power-Line Carrier

Transmutter 50 Ohm Input and Recerver
JL 1 Watt - 10 Wartt Output Impedance Contact or Solid
+30 to +40 dBm State Output
3
~— Keying Input
For Dependability Tests
Adjustable Keying Generator High Impedance Level
MNominal 50 mson / 50 ms to 1 Meter, Scope or
sec off. Spectrum Analyzer
Count of Noise bursts o~
and Trps Sent
b H 1
Dal Channel Pulse Counter Output Load,/Vde
{or two counters) Count of ! L/R=0.04
Received Trips or Actual Trip Relay

Figure 76—Suggested noise injection test method

Results will vary with different noise generators. It is best to use the same setup as the manufacturer or have
a company standard that is used in both the initial laboratory observational testing and field testing. As a
result, comparison with benchmarked data will be more practical and comparison will other manufacturers
curves will be possible.

Equipment is generally secure and dependable. Developing a complete set of curves can take several months
of automated testing. Although this length of time may be acceptable for equipment benchmarking, it is not
acceptable for troubleshooting. When troubleshooting, it is best to look at a few noise conditions and
concentrate on either security or dependability tests depending on the misoperation so that testing can be
done in areasonable amount of time. Try to estimate or measure the noise level that caused the misoperation
if theincident can be determined. As aresult, the testing will be allowed to concentrate on certain SNRs and
speed up the testing process greatly.

Noise Injection Testing Philosophy:

a) All equipment should be set up with the same levels, options, and input/output loading to which the
operating equipment was exposed.
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b) For dependability testing, the counter measures the number of noise bursts, transmitter keying
attempts, and received outputs. Ideally, the number of keying attempts and the number of received
outputs should be equal; however, as the noise increases, some output signals will not be received.
Asthe noiseincreases even higher, the receiver will not produce any outpuit.

c) For security testing, the counter measures the number of noise bursts and the number of received
outputs. Ideally, there should be no received outputs because the transmitter will not be keyed. As
the noise level is increased, the number of false outputs will increase. As the noise increases even
higher, the number of false outputs will decrease until the receiver shuts down on each noise burst.

d) Thenoise level should be adjusted to levels from approximately 10 dB below the nominal received
signal to 10 dB above the nominal receive signal unless the actual SNR of the misoperation can be
determined.

10.2.3 Fault simulations

Although they are not strictly PL C tests, fault simulations can be a useful tool for investigating the problems
of PLC-based relay systems, especially those, like phase comparison, which have close interaction between
the relay system and the PLC channel. Several different types of tests can be made, with increasing
sophistication obtained by more elaborate test equipment.

10.2.3.1 Load-current tests

On phase-comparison systems, it is generally possible, by transposing secondary currents to the relay or
bypassing certain phases around the relay, to cause the relay to interpret load current as fault current. If the
same changes are made to both ends, the relay will see the through load current as an external fault. If
polarities are reversed at one end, the relay will see an internal fault. The same techniques can be used with
directional -comparison systems, but they are generally more difficult to implement because of the influence
of voltage and phase angle on the relay response.

A useful simulation of a suddenly applied fault can be obtained by rearranging the secondary currents as
described in the previous paragraph and then by closing the breakers to cause load current to flow through
the line. Thistype of test is useful to prove that blocking carriers operate rapidly enough to prevent tripping
on externa faults.

If line load current is not enough to alow such tests, test current sources can be used if derived from, or
synchronized to, power sources that are known to be in phase. It is difficult to simulate suddenly applied
faults when using test current sources unless a means of test-set synchronization is available.

10.2.3.2 Synchronized test sources

If test current sources synchronized to a common time source (such as GPS) are available, suddenly applied
internal and external faults can readily be applied to test the relay system and its interaction with the carrier
channel. Current-reversal tests and evolving external-to-internal faults can also be simulated, which provide
realistic simulations of actual conditions and prove the proper performance of the various timers that
coordinate the relay operation with the delays of the PLC channel. The only defect in the realism of such
tests is the lack of fault-caused noise in the PLC channel. This defect might be overcome by combining an
arcing disconnect test with a simulated fault test.

10.2.3.3 Applied fault tests
Applied fault tests, in which a real fault is applied to the system to check relay operation, represent the
ultimate in fault simulation because all of the fault effects, including those on the PLC system, are

represented. However, such tests are expensive to make and have the potential to disturb customers.
Therefore, they are not often used for troubleshooting purposes.
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10.3 Checkback testing philosophies

The type of channel integrity test used on a PLC-based relay communications channel depends mostly on
the type of relay scheme being used. The most common types of PLC relay channels are frequency shift and
ON—OFF. The frequency shift channel continuously sends a guard signal so that integrity can be measured by
monitoring the level of the guard signal. The oN—OFF channel is normally off and only sends a blocking
signal when aremote fault occurs and the remote end must be blocked from tripping. To verify the integrity
of an ON—OFF channel, a carrier checkback system istypically used.

10.3.1 Testing intervals for carrier channels

Theidea channel test is continuous signal level monitoring for FSK. If the signal level drops below a preset
value, an alarm is initiated so appropriate corrective action can be taken. The ON—OFF scheme has no
continuous signal so asigna must be initiated for test and the level of that signal must be compared with a
normal indication at the remote end. The oN—OFF channel should be checked at |east weekly and preferably
daily. Thetesting frequency may depend greatly on the type of testing scheme applied, whether it is manual
or automatic.

10.3.2 Manual system testing

The manua testing method requires a signal level indicating meter be installed at both ends of the channel.
A transmitter at one end must be keyed manually, and the signal level at the other end must be observed and
reported. This process must be performed at both ends. Signal levels are typically recorded and compared
with previous reports. The manual level tests are typically performed aong with the regular substation visits.
With this method, a transmitter failure will go unnoticed until the station is revisited or an overtrip occurs.

10.3.3 Manual checkback testing

To reduce the manpower requirements and increase the testing frequency, a checkback unit can be installed
at each end. When the operator initiates the test at the local end, the remote end playback unit picks up and
sends a signal back. The levels can only be recorded at the loca end, but the fact that the remote unit sent
back a signal proves the integrity of the system. When the operator at the remote end initiates a test, the
signal levels for the other direction will be recorded. This test should be performed at least weekly with a
test two to three times aweek preferred.

Two separate checkback methods are used for checkback schemes over PLC. One method is a timed
sequence checkback, and the other isa digital code checkback.

10.3.3.1 Timed sequence checkback

The timed sequence checkback uses a series of timed oN and OFF signals to determine channel continuity.
When the test isinitiated, the local transmitter keys for a predetermined period of time. A typical time may
be 12 seconds. When the remote receiver picks up solidly for a predetermined period of time, such as
10 seconds, the remote checkback scheme initiates and returns a sequence of timed full and reduced power
signals, typically 5 seconds each. These signal levels can be recorded manually and compared with previous
results to determine the integrity of the channel.

10.3.3.2 Digital code checkback

The digital code checkback uses transmitted digital codes between remote and local transmitter/receivers.
When atest isinitiated with the digital code type of checkback system, a series of ON—OFF codes are sent to
the remote end(s). These codes are typically 8 to 16 pulses per second, such as 8 pulses at full power and
4 pulses at reduced power. When the remote end recognizes its predetermined code, it returns a full and
reduced power code to thelocal terminal. This processisvery useful with athree terminal line because both
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remote ends will have different codes programmed and the master can determine which terminal and which
power level passed or failed the test sequence.

No power levels are recorded with this type of test. Only a pass/fall is recorded. Some digital code
checkback units have a code stored so that upon receipt of this code, the transmitter will turn on full power
for apreset time. This process allows afield technician to measure and record power levels without sending
someone to the remote end to key the transmitter.

10.3.4 Automatic checkback testing

Automatic checkback testing is very similar to the manua system testing except that it is initiated and
reported automatically. Automatic systems can consist of both types, timed sequence and digital code
checkbacks. Automatic checkbacks typically test each day. The reporting will only be a pass/fail because
thereis no convenient way to check the levels. If atest fails, a station alarm can be initiated and recorded on
the station sequence of events recorder, or a SCADA alarm can be sent. Some automatic checkback systems
can be initiated from SCADA so that afailed test can be repeated.

10.4 Testing intervals for components

The various components of a PLC system work in a coordinated manner providing a complete protection
system communications medium. Experience has shown that there is no industry consensus of how often
each component within a PL C system should be tested. Refer Hohn et al. [B145] for more information. Each
user should review their component failure history to optimize system performance. Below are some factors
to consider in establishing an appropriate maintenance period. Not all of these items should carry equal
weight in making this determination:

a) Incorrect operation of the PLC system
b) Age of each component

c) Line operation records

d) PLC equipment repair records

€) Physica environment (indoor/outdoor, dirt/dust, temperature range, corrosive atmosphere,
frequency of lightning, icing, high fault/load current, etc.)

f)  Importance of transmission line or of customer load on that line
g) Skill level of technicians performing routine maintenance work
h) Complexity of the PLC system

i)  Budget constraints

11. Future trends

11.1 Introduction
The trend of the future in PLC will see improvements in the areas of equipment design, transmission

efficiency, and applications. It is anticipated that these improvements will tend to be of an evolutionary
nature rather than of arevolutionary one.

11.2 Electronic equipment

In the area of electronic equipment, improved equipment designs using more sophisticated circuits and
techniques made possible by integrated circuits can be expected. Thiswill enable the production of smaller,
less costly, more reliable and more versatile equipment.
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In the area of transmission equipment it is expected that transmitters and amplifiers with greater power
outputs will become available for use in areas requiring greater signal strength. It is anticipated that some
improvement in transmitter frequency stability and reliability will also be attained.

In the area of receiving equipment, it is anticipated that circuits with more sophisticated techniques will be
used in separating desired signals from incoming noise, and more effective noise monitoring means will be
extensively used. Although it is also anticipated that receivers of greater sensitivity will be available, this
will not materially increase the effective range of carrier equipment, unless improvements are also made in
reducing line noise, because the current receivers are usually noise limited and not signal limited. It is
anticipated that the overall selectivity of receivers will be improved with new filter techniques. The circuits
available in integrated form should enable new types of signal discriminators and demodulators to be used.
In addition, the availability of large-scale digital integrated circuits will increase the use of logic in the
receivers to improve their overall security and dependability as well as to reduce the cost of receiver and
transmitter designs.

11.3 System improvements

At thistime, limitationsin the range of PLC channels are caused by insufficient SNR at the carrier receivers.
To increase the range, increased levels of signal must be coupled to the line. Although this coupling can be
accomplished with increased transmitter power levels, the improvements along this line are limited, because
it would be costly to increase power significantly above the 100 W level now available.

It is anticipated that the increase in signal level will be accomplished with improvements in coupling
efficiency, such as greater utilization of mode 1 coupling. A development that is being considered is the
intrabundle channel, which uses insulated wires in one line phase for the transmission of carrier signals.
Another promising possibility is a separately suspended coaxia cable for the exclusive use of carrier
communications. Other improvements to be expected are the development and use of more efficient
shielded signal cables such asimproved coaxial cable, triaxia cable, and video cable pairs.

11.4 Applications

In the area of application, it is expected that PLCs will see increased use in their current applications. They
may make more widespread use of frequencies above 300 kHz. More sophisticated protective relaying
systems will use PLCsto a greater extent than before.

Greater use will be made of the transmission of digitally encoded information for data and control purposes.
PLC applications are expanding from HV transmission lines to low-voltage power distribution networks,
where they will be used for automated meter reading, revenue hilling, selective load shedding, and control of
distribution system operations.

New areas of application not even thought of at thistime will probably occur. In summary, it can be said that

the explosive use of communications affecting al areas of the frequency spectrum will naturally extend to
the PLC communications field.

11.5 Digital PLC

Since the inception of PLC in the 1930s, the modulation technique has been analog. First, using double
sideband (AM) and then in the late 1940s, single sideband.

With the evolution of digital technology, solutions became available to address the two most significant

limitations of analog PLC—the limitation of channels through limited available bandwidth and service
congestion, and the ever present noise. DPLC can fundamentally provide more channels in a given
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frequency bandwidth, and it can repeat frequencies at much closer line spacings than for previous
technologies. Stable operation can also be achieved at SNR levels substantially better than for analog
systems. However, there are no standards or long established practices, and therefore, it is not surprising that
development houses have conceived a variety of different products with different methodologies. Indeed,
the term digital PLC can have a variety of meanings, including a PLC carrying digital service information
through to afully digitally modulated transmission. Until the market for these products settles, the variety of
offerings can be expected to continue.

Current systems use the following techniques:
a) Sophisticated speech coding techniques
b) The same frequency band for go and return paths with echo canceling and signal processing
c) Techniques to separate the paths
d) Anaog modulation for the command signa for teleprotection

Fundamental differences with existing equipment are as follows:

— Onetechnique limits the design to an 8 kHz bandwidth (a direct replacement for a4 + 4 kHz analog
channel) and packs in as many speech-equivalent channels as possible.

— The other technique assumes acompatibility with ISDN as a hecessity and uses the bandwidth neces-
sary to accommodate aB + D channel (in fact, a 16 kHz slot).

It can be expected that DPLC will become more dominant in the future as its advantages are more widely

known and as technology improves. For more information, see Jordan and Olsen [B105], [B106], and
[B107]; Castro et al. [B48]; and CIGRE WG 35.09 [B151].
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Annex A

(informative)

Relative values conversion for decibels

A decibel is a logarithmic ratio of powers that expresses “gain” or “loss” (dB = 10 log,g (Po/Pin) OF
dB =20 logig (Vout/Vin) only if Ry, = Ryy) (Table A.1). It is used in PLC systems to express bypass,
coupling, shunt, and system losses. It also demonstrates path attenuation and reflected power (mismatch)
and evauates overal PLC system performance.

Table A.1—Table of decibel references

@ o | RMSvolage | giogen | OB
50 Q or 600 Q) 50 Q

50 100 244.95 70.71 39.2
40 10 77.46 22.36 29.2
30 1 24.49 7.07 19.2
20 0.1 7.75 224 9.2
10 0.01 245 0.707 0.8
6 3.98E-03 155 0.446 —4.8
3 2.00E-03 1.09 0.316 —7.8
2 1.58E-03 0.975 0.282 -8.8

1 1.26E-03 0.869 0.251 938
0 1.00E-03 0.775 0.224 -10.8
-1 7.94E-04 0.69 0.199 -11.8
-2 6.31E-04 0.615 0.178 -12.8
-3 5.01E-04 0.548 0.158 -13.8
—4 3.98E-04 0.489 0.141 -14.8
-5 3.16E-04 0.436 0.126 -15.8
—6 2.51E-04 0.388 0.112 -16.8
-7 2.00E-04 0.346 0.1 -17.8
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Table A.1—Table of decibel references (continued)

(@ Power | RMSVOOGE | ey | BT
50 Q or 600 Q) 50 Q

-8 1.58E-04 0.308 0.089 -18.8

-9 1.26E-04 0.275 0.079 -19.8
-10 1.00E-04 0.245 0.071 -20.8
-15 3.16E-05 0.138 0.04 -25.8
-20 1.00E-05 0.077 0.022 -30.9
-25 3.16E-06 0.044 0.013 -35.6
-30 1.00E-06 0.024 0.0071 —40.6
-35 3.16E-07 0.014 0.004 —45.9
—40 1.00E-07 0.0077 0.0022 -50.9

4n the case shown, thisis the dBm when measuring voltage across 50 Q and the instrument used is
calibrated to read dBm for voltages across 600 Q. dBsr refersto the term dB scale reading.

Solving for decibel using Watts
W,

dB = 10l0g,,| —=

glO(Win)

Solving for decibel using voltsor current (only if Ry, = Ryy)

20log;, (\T//cﬂ)

n

dB

20Iog10(1|31“)

n

dB

Correction factor other than 600 Q:

dB = 10Iog10(gp—3)
Ol

Solving for E
V= JWxR

Examplefor 50 Q: 1 and 10 W:

V = .J/1x50 = 707V
V = J10x50 = 22.36 V

(54)

(55)

(56)

(57)

(58)
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Example for 600 Q: 1 and 10 W:

V = J1x600 = 24.49V

V = J10x600 = 77.45V
Solving for W

2
_V

W= = (59)

Solving for R:
2
_V

R= (60)
A word about dBsr (Table A.2):

— dBsrisaunit of voltage.

— Définition:

_ V

dBsr = 20log 0_775) (61)

0dBsr =0.775V

— dBsrisread directly on the decibel scale of an instrument calibrated to read 0 dBm when measured

across 600 Q.
— To convert dBsr to dBm, the circuit impedance must be known.
_ 600

dBm = dBsr + 10|og(—R-) 62)
Definitions:

dBm: Decibels above or below 1 mW.

dBw: Decibels above or below 1 W.

dBv: Decibels above or below areference voltage of 1 V.

dBc: Decibels above or below areference voltage of 0.775V RMS.

dBa: Decibels above reference noise adjusted (0 dBa= -85 dBm at 1 kHz).

dBsr: Decibels as read on an instrument scale (decibel scale reading). This term comes about from

measuring voltage in a50 Q circuit with an instrument calibrated to read dBm when used in a
600 Q circuit.
dBrn: Decibels above reference noise (0 dBrn = —90 dBm; 1 pW).
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Table A.2—dBSR to dBm correction factors

R 10 log (600/R)
Q) (dB)
1000 22
600 0.0
150 +6.0
75 +9.0
50 +10.8
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Annex B

(informative)
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