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Abstract—In recent years, the use of modern numerical relays
for high and extra-high voltage transmission line protection has
greatly simplified the job of engineers and technicians involved in
the planning, development, design, implementation and commis-
sioning of power system installations.

The great number of features and applications available
within each numerical relay, as well as the flexibility of imple-
menting the settings with these devices make their use much eas-
ier compared to early electromechanical and static relays. Power
system engineers and technicians today have great flexibility in
how they apply various protection features. They can select from
various protection setting groups within digital protective relays
to match the operational philosophy of entire protection schemes.

Despite this apparent ease of application, transmission line
protection is still one of the more challenging areas in power sys-
tem engineering. Selecting the appropriate relays to apply and
determining how best to use all available relay features are cru-
cial for correct power system performance.

Some transmission lines have characteristics so distinct and
complex that they represent true challenges for even the most
advanced relays and most experienced protection professionals.
The Ouro Preto 2 — Vitoria 345 kV Transmission Line, which
runs about 382 km between the substations of two different Bra-
zilian utilities, is one of these challenges.

This paper shows the several challenges, from basic defini-
tions to final line tests, that protection personnel addressed in the
power system protection design for the Ouro Preto 2 - Vitoria
Transmission Line. The paper describes the technical difficulties
these personnel encountered when defining line protection sys-
tem requirements. These difficulties included low short-circuit
current level and high line loading operating conditions in the
line, a need for single-pole reclose, high terminal voltages during
low or no-load operating condition, a need for insertion of neu-
tral reactors, the required reliability level, and the availability of
communications schemes.

The paper also shows how relay choice positively influenced
the development of the system design and performance analysis
tests, which protection personnel performed through the use of a
real-time digital simulator (RTDS™).

I. INTRODUCTION

The Ouro Preto 2 — Vitdria 345 kV Transmission Line is
about 382 km long and interconnects the substations of two
different Brazilian utilities: the Ouro Preto 2 Substation,
owned by CEMIG, and the Vitéria Substation, owned by Fur-
nas.

Furnas Centrais Eletricas S.A. was responsible for building
and operating this transmission line. As Furnas personnel re-
solved construction, environmental, and legal challenges, they

began to face difficulties concerning definition of the trans-
mission line protection system.

Because this transmission line is unique in the basic net-
work of the national interconnected system, and because loss
of the line would require significant network rearrangement
and hugely impact the city of Vitoria in the state of Espirito
Santo, it was critical to have a reliable protection system.

Considering the length of the line and consequent associ-
ated shunt capacitance, studies showed that the line needed
reactors at both ends. These reactors, switched by circuit
breakers, would correspond to 60 MVAR of shunt reactive
compensation.

Associated with each reactor bank is a neutral reactor
whose function is to reduce the secondary arc during the open
phase interval after a single-pole trip.

Because of the importance of the line and associated char-
acteristics as a result of the line length, protection personnel
provided the protection system with features that surpass the
network procedure requirements of The Brazilian Electrical
Power System Agency (“Operador Nacional do Sistema
Elétrico” — ONS) and Furnas standards.

II. DESCRIPTION OF THE LINE PROTECTION SYSTEM

A. Backup Philosophy

Furnas, the utility responsible for the transmission line,
adopted a local backup philosophy for internal faults in its
transmission system. In other words, Furnas developed protec-
tion of the line to avoid dependence on transmission system
remote backup protection.

To better meet the requirements of this philosophy, project
protection personnel implemented the following measures:

e Each circuit breaker has two tripping coils supplied by
distinct dc sources.

e The transmission line is protected by two completely
independent and identical protection schemes, each of
which connects to a different dc circuit.

e Each protection scheme will trip both circuit breaker
coils.

e The voltage and current information for each protec-
tion scheme comes from different current transformer
cores and potential transformer secondary windings.

e A specific breaker failure scheme protects each circuit
breaker associated with the line. The breaker failure
protection scheme is initiated by protection functions
that issue the trip command to the circuit breakers.



B. Redundancy Level Adopted

In addition to employing the previously discussed local
backup protection philosophy for lines at this voltage, Furnas
uses total redundancy between the two protection schemes so
that there are dual primary protection systems. Thus, the line
protection system can support failures or loss of components
without degradation of performance.

To achieve this redundancy, each Ouro Preto 2 — Vitéria
Transmission Line terminal has two totally redundant, identi-
cal, and independent protection systems, referred to as Pri-
mary Protection (Main 1) and Alternate Protection (Main 2).
Each system is fully capable of selectively detecting and clear-
ing faults that occur in the transmission line without inten-
tional time delay.

C. Criteria for Choosing Relays

There is much current discussion about the adoption of
identical relays in local backup protection schemes. For
transmission lines at the voltages this paper discusses, Furnas
uses identical relays from the same manufacturer for both
primary and alternate protection schemes. This decision facili-
tated design, integration, maintenance, studies, operation, and
training.

As for the common argument that two identical relays
could have the same type of failure, thus eliminating the re-
dundancy effect, note that Furnas used RTDS™ equipment to
subject the chosen relays to specific performance tests for the
protected line. Furnas also required evidence of conformance
with international standards, thus minimizing the possibility of
failure as a result of some inherent relay problem.

In the Ouro Preto 2 — Vitoria 345 kV Transmission Line,
Furnas adopted relays with proven reliability and perform-
ance.

D. Line Terminal Bus Configurations

The terminals of the Ouro Preto 2 — Vitoéria Transmission
Line have the following bus arrangements:
e QOuro Preto 2: Breaker-and-a-half Configuration
e Vitoria: Ring-bus Configuration
These arrangements involve more than one circuit breaker
per line terminal, so current, voltage, and trip circuits for each
substation terminal become more elaborate.

E. Total Fault Clearing Time

Furnas designed the protection schemes it applied in the
Ouro Preto 2 — Vitéria Transmission Line to individually and
independently detect and clear multiphase and single-line-to-
ground faults for the full length of the line, tripping almost
simultaneously at both line ends within the shortest possible
time.

The utility designed the protection system of the Ouro
Preto 2 — Vitdria 345 kV Transmission Line so that the total
fault clearing time did not exceed 100 milliseconds. This
clearing time included the circuit breaker opening time of all
transmission line terminals, which are specified for a maxi-
mum interruption time of two cycles at 60 Hz.

Obviously, this protection scheme design implies the need
for communications-assisted protection schemes (teleprotec-

tion) and consideration of the time between when one terminal
sends a signal and the opposite terminal receives the signal.

F. Use of Distance Protection Relays

Pilot protection schemes with directional comparison have
been in use for more than 50 years and are popular for line
teleprotection schemes. These systems use a channel to send
permission signals for tripping (permissive) or to block trip-
ping (blocking) based on determination of fault direction by
both terminals. Distance directional units and/or sensitive di-
rectional overcurrent units usually determine the fault direc-
tion.

Communications-assisted protection schemes (teleprotec-
tion) based on distance relays frequently use one of the fol-
lowing logic options [1] [2] [3]:

e Direct underreaching transfer trip (DUTT)

e Permissive underreaching transfer trip (PUTT)
e Permissive overreaching transfer trip (POTT)
e Directional comparison unblocking (DCUB)

e Directional comparison blocking (DCB)

Protection personnel can use the flexibility of modern nu-
meric relays to customize teleprotection schemes for specific
applications.

The main advantage of protection pilot schemes with direc-
tional comparison is minimum channel requirements. These
schemes require only the transmission of a logic signal, 0 or 1,
to produce a permissive signal or a blocking signal; a large
high-bandwidth channel is not necessary. The difference be-
tween a directional comparison scheme for single-pole trip-
ping and a directional comparison scheme for three-pole trip-
ping is the need for phase selection.

Traditional directional comparison schemes are based on a
local phase selection decision. Through use of other digital
communication techniques, such as relay-to-relay communica-
tion [4], one can create variants of traditional schemes where
phase selection is also intrinsically compared [5].

Phase selection is difficult during cross-country faults, and
such difficulty in performing phase selection is an important,
practical consideration when protection schemes use direc-
tional comparison systems with single-pole tripping.

G. Teleprotection Scheme Used

In 345 kV transmission lines that use pilot protection
schemes with directional comparison, Furnas uses the POTT
scheme as a standard scheme and the DCUB scheme when it
is known that an internal fault could affect communications
channel operation.

Furnas protection personnel designed both the primary and
backup protection schemes of the line to operate through the
use of a hybrid teleprotection system with simultanecous and
superposed operation of a DUTT scheme and a DCUB scheme
with weak source logic (weak infeed).

H. Reclosing Scheme

Both the primary and backup protection schemes of this
transmission line include automatic reclosing schemes. Given
that the majority of faults in overhead lines — about 80 percent
[6] — are temporary and can be cleared by tripping the trans-



mission line and maintaining the line in non-operational status
for a few cycles, successful reclosing for these faults is a
strong possibility.

Successful reclosing is beneficial to power system stability,
while unsuccessful reclosing can be disastrous. We therefore
want to increase chances for successful reclosing and block
reclosing any time it might be unsuccessful or unnecessary.
The Furnas transmission system implements only one-shot
reclosing.

Only high-speed protection should start reclosing schemes.
In overloaded electrical systems, high-speed automatic reclos-
ing of a transmission line can significantly improve power
system voltage conditions related to power quality.

For a transient fault, the success of three-pole automatic re-
closing and the total open time interval necessary for the line
reclosing scheme depend on synchronization conditions. Sin-
gle-pole tripping and reclosing help to increase power system
stability and inherently maintain synchronism between the two
terminals, because a metallic connection remains in place dur-
ing an open-pole condition. [5]

L Selection of Reclosing Type

Furnas protection personnel designed the protection
schemes of the Ouro Preto 2 — Vitéria Transmission Line to
allow selection of two reclose options: “THREE-POLE-
MODE” and “SINGLE-POLE-MODE.”

In the “THREE-POLE” mode, any tripping order that the
protection system issues opens all three poles (three-pole trip-
ping) and starts the three-pole reclose.

In the “SINGLE-POLE” mode, both single-pole and three-
pole tripping are possible. For single-line-to-ground faults
(SLGF), only the pole associated with the faulted phase opens
(single-pole tripping) and reclosing for that pole is independ-
ently implemented in both terminals; for faults that involve
more than one phase, three poles trip and three-pole reclosing
begins.

The programming of protection relays on the Ouro Preto 2
— Vitéria Transmission Line allows Furnas protection person-
nel to select reclosing only for SLGF either in “SINGLE-
POLE” mode or in “THREE-POLE” mode. Any evolving
fault will cause the reclosing logic to go to the lockout state,
because there is no three-pole reclose initiation.

Fig. 1 represents the reclosing initiation scheme imple-
mented in the Ouro Preto 2 — Vitéria Transmission Line.

J. Selection of the Circuit Breaker to be Reclosed

Given the line terminal configurations in both substations,
i.e., a ring-bus arrangement (Vitoria Substation) and breaker-
and-a-half arrangement (Ouro Preto 2 Substation), either of
the two circuit breakers associated with the transmission line
terminal can be enabled to reclose. Through local and remote
controls, protection personnel can select the circuit breakers
that should reclose automatically or disable the reclosing func-
tion.

SPRI

SPT
ESPR
67Q
67G

SLGF

22G
COMPRM
Z1G
ESPR
79CY1
3PT

M2P
COMPRM

M1P

Reclose 3PRI
Only for SLGF

E3PR

Fig. 1 Reclosing basic logic implemented in the Ouro Preto 2 — Vitoéria
Transmission Line.

Where:

SPT — Single-Pole Trip

3PT — Three-Pole Trip

ESPR — Single-Pole Reclose Enable

E3PR — Three-Pole Reclose Enable

79CY1 — Relay in Single-Pole Reclose Cycle State
SLGF — Single-Line-to-Ground Fault

SPRI — Single-Pole Reclose Initiation

3PRI — Three-Pole Reclose Initiation

67Q — Sensitive Negative-Sequence Directional Overcur-
rent

67G — Sensitive Zero-Sequence Directional Overcurrent
Z1G — Zone 1 Ground Distance Element

Z2G — Zone 2 Ground Distance Element

MIP — Zone 1 Phase Distance Element

M2P — Zone 2 Phase Distance Element

COMPRM — Communications-Assisted Trip Permission

The primary and backup protection relays on the Ouro
Preto 2 — Vitdria Transmission Line include tools by which
protection personnel can configure reclosing features for the
two circuit breakers. The reclosing function includes inde-
pendent timers for setting the open time interval for single-
pole and three-pole reclosing cycles.

K. Single-pole Tripping

Modern numerical line distance relays incorporate single-
pole tripping schemes [5]. The inherent benefit of tripping
only one pole of the transmission line circuit breakers is that
the two substations remain connected by the two other phases,
allowing power transfer and reducing the possibility that two
line ends lose synchronism.

The use of single-pole tripping followed by single-pole re-
closing provides undeniable benefits to system performance.
Among the benefits of using single-pole tripping followed by
single-pole reclosing are the following:

e Improvement of the stability margin between systems
interconnected by the faulted transmission line.

e Minimization of switching surges in the unfaulted
phases.



e Improvement of power transmission system reliability
and availability during and after a single-line-to-
ground fault.

Among the issues one should analyze carefully before
choosing the single-pole reclosing option are a relatively long
open time interval, with only one circuit breaker pole open;
the effect of this open-pole condition on adjacent transmission
line protection schemes; and the contribution of unfaulted
phases toward maintenance of a secondary arc.

L. Main Requirements for Single-Pole Tripping

Obviously, single-pole tripping only makes sense if you in-
tend to initiate single-pole reclosing after the occurrence of a
single-line-to-ground fault. In this case, your system must
meet such design requirements as the following:

o Circuit breakers should have individual control for
each pole.

e The faulted phase selection algorithms should only
trip the faulted phase.

o Circuit-breaker pole discrepancy with adjustable time-
delays should be coordinated with the single-pole re-
closing open time interval.

o Breaker failure schemes should be appropriate for sin-
gle-pole tripping.

An additional consideration is whether your system needs
the addition of neutral reactors to extinguish the secondary arc
and allow reduction of the single-pole reclosing open time
interval.

III. TESTS USING RTDS

Analysis of the performance of extra-high voltage (EHV)
transmission line protection schemes has become frequent in
Brazil. Furnas has adopted a protection system analysis meth-
odology that analyzes each protected item. With this method-
ology, for example, a company determines if a given relay is
effective by taking into account the location in the system
where the relay will be applied. To this end, Furnas uses a
real-time digital simulator, RTDS, which allows protection
personnel to perform a model test with a closed “loop”, illus-
trated in Fig. 2. To effectively perform fault simulations
through use of RTDS, one must follow some steps to validate
the model and make the system representation as close as pos-
sible to reality.

The first step consists of defining the study area. This
study, for example, encompassed the Ouro Preto — Vitoria 345
kV Transmission Line, all adjacent lines, the transfer imped-
ances (Zr) between terminals, and the system equivalent
sources. Fig. 3 shows the study area.

After defining the study area, we obtained the physical pa-
rameters representing the line to be studied and used the elec-
tromagnetic transient program ATPDraw to model and calcu-
late line impedances.

After modeling the Ouro Preto 2 - Vitoria Transmission
Line, we compared the line impedance the program calculated
to values the Furnas planning team had calculated previously
and found differences in these values. These differences re-
sulted from our use of a correction factor that takes into ac-

count line parameter distortion as a result of line length. A
detailed discussion of this factor appears later in this paper.

Breaker Trip and Reclose Signals
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Fig. 2 Test system.
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Fig. 3 Ouro Preto 2 - Vitoria system study area.

Despite an initial indication regarding two load configura-
tions (light loading and heavy loading), we determined that
little variation existed and chose to test only the heavy load
condition. For this case, the relays were connected to the
RTDS through a digital and analog interface. The relays re-
ceived current and voltage signals from the simulation. The
RTDS received relay digital output signals, including trip sig-
nals, and used these signals to control modeled circuit break-
ers.

Tests consisted of simulated faults at several system loca-
tions. Simulations included single-line-to-ground, phase-to-
phase, phase-to-phase-to-ground, and three-phase faults.
These simulations included faults with and without resistance
and with an incidence angle of 0 and 90 electrical degrees
(referenced to the faulted phase voltage). The tests also in-
cluded simulations of evolving faults, reclosing onto fault, and



simulations with and without switching line reactors. Fig. 4
shows the fault locations in the model. P1 and P9 were exter-
nal, P2 and P8 were in front of the breaker, P3, P4, P5, P6 and
P7 were located 10 km, 62 km, 190 km, 320 km, and 372 km
from the Ouro Preto terminal.

Ouro

Preto Vitéria

Fault Locations

Fig. 4 Fault point locations.

The simulations occurred automatically according to previ-
ous programming of the RTDS. Disturbances appeared on the
system, and the relays received signals in real time, interacting
with the simulation. In the simulation, relay operation issued
tripping signals to circuit breakers, dynamically changing sys-
tem behavior to exactly represent true performance of the
evaluated systems.

IV. CHALLENGES AND SOLUTIONS FOR PROTECTING
A LONG LINE

A. The Effect of Fault Resistance

1) The Effect of Fault Resistance in a Radial Line
The effect of fault resistance is to reduce the sensitivity of
protection schemes in detecting faults. Fault resistance reduces
fault current magnitude and voltage sag in the faulted phase.
For single-line-to-ground-faults, fault resistance includes the
following components [6]:
e Arc resistance
e Tower resistance
e Tower footing resistance
e Ground return path
Ground faults can also involve such objects as trees, in
which case ground fault resistance can reach hundreds of
ohms.
Reference [6] indicates that Equation 1 can express arc re-
sistance:

4401

7 (1

RArc =

Where:

| — Arc length in feet

I— Arc current in Amps

Arc resistance is only one component of total fault resis-
tance and is often not the main factor. From Equation 1, one
can see that as current decreases, arc resistance (and, there-
fore, total fault resistance) increases. Fault resistance, there-
fore, can become large for faults at the remote end of long
radial lines because the fault current can fall to very low val-
ues.

Fig. 5 shows the effect fault resistance has on distance ele-
ment measurements in a radial line. For a fault located at a

distance m (in per unit of transmission line length), Equation 2
provides the impedance. For simplicity, we disregarded the
ground return path.

\ I |: mZ, :l
] |

- o
1

Fig. 5 Fault resistance in a radial line.

Z:¥:m2L+RF (2)
In this case, the effect of fault resistance is to add a con-
stant (Rr) to the impedance value between the substation and
the fault location point (mZ;). Addition of this constant in-
creases the impedance the distance element measures and can
cause the distance element to underreach, as Fig. 6 illustrates.

X
XG2
 MG2
ZL \\
\\ RF
mZL | ZAP
. R

Fig. 6 Effect of fault resistance on the measurement of the distance element.

The positive-sequence memory-polarized mho element ex-
pands according to the source impedance (shown by the
dashed-line circle in Fig. 6), but distance elements with quad-
rilateral characteristics can provide greater coverage for Rg
than the mho-type element [7] of Fig. 6, because the resistive
reach can be set independently of the reactive reach. It is ac-
cepted, however, that the quadrilateral distance element is not
a definitive solution for detecting high-impedance faults in
transmission lines. Directional sensitive overcurrent elements
provide the most sensitive detection of ground faults with high
resistance.

2) The Effect of Fault Resistance in a Looped Line

Infeed from the remote source reduces coverage of fault re-
sistance for quadrilateral or mho distance elements. Fig. 7
illustrates the remote source infeed effect. For a fault at a dis-
tance m (in per unit of transmission line length), Equation 3
provides the measured voltage at the relay location. If we di-
vide Equation 3 by Equation 4, we obtain the measured im-
pedance expressed in Equation 5.
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Fig. 7 Fault resistance in a looped line.

The difference between equations 2 and 5 is the (Iz/I) ¢ Rg
term, which is the term related to the remote source infeed. In
Fig. 8, we can see that increases in the I/l ratio increase the
measured impedance, which causes the distance element to
not detect the fault. The Iz/I ratio increases as the distance
from the substation to the fault increases, i.e., the larger the
factor m, the larger the Ig/I ratio. In long lines, this increased
ratio can be very serious because the current, I, will tend to be
much lower than Iy for faults close to the remote terminal. As
a consequence, the apparent impedance will assume high val-
ues, and the local terminal will only detect the fault when the
remote terminal opens and the infeed current has been re-
moved.

Fig. 8 Effect of fault resistance on distance element measurement, looped
line.

Fig. 8, however, is not a good representation of the real in-
feed effect. The (Iz/1) * R term causes not only an increase in
the measured fault resistance magnitude, it also causes a dis-
placement of the measured fault resistance angle [8] [9]. This
displacement can be positive or negative, depending on the I
and I angles, and is affected by load flow that causes the
measured fault resistance to suffer an angular displacement
such as that shown in Fig. 9. For an incoming load condition,
the angular displacement is positive (angle shifts upward), and
the distance element can underreach. For an outgoing load
condition, the angular displacement is negative (angle shifts
downward). For inaction in this case, the distance element can
overreach.

mZ,
R
X A
mZ,
R

Fig. 9 Effect of fault resistance on distance element measurement, looped
line.

3) The Effect of Fault Resistance in a Looped Long Line
Furnas uses a sensitive negative-sequence directional over-
current element in the directional comparison pilot protection
scheme.
As Fig. 10 illustrates, the RTDS provided simulation of a
close-in AG fault with a fault resistance of 100 ) primary at
the Ouro Preto 2 terminal.

Vitéria

Ouro Preto 2

—>
Relay

Iyt Re=100 p
Fig. 10 Close-in fault at Ouro Preto 2, Rp=100 () primary.

lop

The impedance, Z;, is approximately 140 () primary; the
adopted value of Rr = 100 () primary is compatible with val-
ues we would expect for EHV transmission lines [6].

In this simulation for heavy load condition real power flow
is from the Ouro Preto 2 Substation to the Vitdria Substation.
Fig. 11 shows an oscillograph we obtained from the Vitdria
terminal relay that shows the faulted phase current (Iyr,) and
the voltage (Vyra) the relay measured during the simulation.
In this figure, one can observe that the phase current the
Vitoéria Substation relay measured does not invert direction
during fault inception (indicated by the number 1), and the
current magnitude decreases, indicating a reduction in power
flow and a fault current that is less than load current.
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Fig. 11 Faulted phase current and voltage measured by the Vitoria Substa-
tion relay.

Some milliseconds after fault inception, the sensitive nega-
tive-sequence directional overcurrent element (67Q2) asserted,
but the distance unit (Z2G) did not assert. Zone 2 operated
only after the remote terminal (Ouro Preto 2) opened (number
2 in Fig. 11). As Fig. 11 shows, direction of the faulted phase
current changed after the remote terminal opened, indicating
that the outfeed phenomenon existed before this terminal
opened. Even under this condition, the 67Q2 element oper-
ated; the quadrilateral distance element would not operate
under this condition even if the resistive reach were set to
maximum.

Sensitive directional elements are much more effective for
detecting high-impedance faults than are quadrilateral distance
elements. It is a good practice to apply sensitive directional
element in pilot protection schemes.

Fig. 12 shows the current phasors of the faulted phase at
the Ouro Preto 2 Substation (Ipps) and the Vitdria Substation
(Iyra), as well as the bus voltage at the Vitéria Substation
(Vyra) for the pre-fault condition. Fig. 13 shows the fault
condition with both terminals closed, and one can see in the
figure an increase in current magnitude at the Ouro Preto 2
Substation. Fig. 14 shows the fault condition with the Ouro
Preto 2 terminal open, and one can see in the figure that the
Vitoria terminal current inverts its direction under this condi-
tions.

The simulation demonstrates that it is extremely important
that a sensitive negative-sequence directional overcurrent ele-
ment be used with pilot protection schemes, even for long
lines.

Furnas designed Ouro Preto 2 — Vitéria Transmission Line
protection schemes to allow for selection of one of two modes
of operation for reclosing: “THREE-POLE-MODE” and
“SINGLE-POLE-MODE.” The protective relaying system that
this project used allowed single-pole tripping even when the
sensitive negative-sequence directional element operated on
its own; the fault selection algorithm is not based on distance
elements.

Fig. 13 Current and voltage phasors with both terminals closed.

Fig. 14 Current and voltage phasors with the Ouro Preto 2 terminal open.

B. Heavy Load Condition

Under normal operating conditions, the impedance the
phase distance elements measure is the load impedance. The
phase distance element measures a low-impedance value for
the permanent steady-state condition in lines with high power
flow. The measured impedance angle depends on the ratio of
reactive power (Q) to real power (P). The lower the Q/P ratio,
the lower the measured impedance angle.

SZo=VIZo=P+ jO (6)
14 y?

Zipyp =—L@=—1 7

LOAD 7 ¢ S P @)

During normal heavy load operating conditions, the Q/P ra-
tio remains within certain limits to optimize line power flow.

1)
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=

Fig. 15 Power flow in the transmission line.

P.Q




We can represent the load region in an R-X diagram, as
Fig. 16 illustrates.

X Maximum Load,

Minimum Z .

Load OUT Load IN

Fig. 16 Load region.

Heavy power flow can cause a problem in long line-
distance relay applications, because phase distance elements
require long reaches. This requirement could cause the meas-
ured phase impedance for the heavy load condition to plot
inside the operating region of the distance unit.

Past distance relay implementations used combinations of
traditional characteristics to create more appropriate phase
distance element operating characteristics for long lines. As an
example, Fig. 17 shows two of these characteristics.

X
.
(A)
X
.
(B)

Fig. 17 Traditional distance element operation characteristics used in long
lines (A) Lens (B) Peanut.

To prevent phase distance element problems of this kind,
one can take advantage of numerical relay features to overlap
load and phase distance element characteristics and block
phase distance element operation in load regions (load-
encroachment characteristic) [9], as Fig. 18 illustrates.

LOAD LOAD

Fig. 18 Load-encroachment characteristic to avoid trip of phase distance
element under heavy load.
C. Ouro Preto 2 — Vitoria Transmission Line Parameters

As the Appendix demonstrates, we can use the equivalent
[T circuit to represent long lines in a permanent steady-state
condition. This representation is possible because the imped-
ance Z and the admittance Y are corrected by the factors

dohyg tah
ly and T respectively, to provide Z’ and Y’ values
¥ N
2

according to Equation 8 and Equation 9. These values, that
consider long-line characteristics, can then be used in the
equivalent /7 circuit of the transmission line, as Fig. 19 illus-
trates.

z
AN
[ wr x )
|s IR
T L A"
VSI /I.\ Y'/2 Y'/2 /l.\ Vr
Fig. 19 Long line represented by equivalent /7 circuit.
vl
Y Y tanh 5 ®
2 2yl
2
7. sinh y/ ©)
vl

Where:

v — Propagation constant = \/; (1/km)

[ — Total line length (km)

Z — Total line impedance = R +jX =z'/ ({))

Y — Total line admittance = G + jB = y-/ (S)

Z’ — Corrected line impedance = R’ +jX’ (Q)

Y’ — Corrected line admittance = G’ + jB’ (S)

z — Line series impedance per unit of length = (7+jx) ((¥/km)
vy — Line shunt admittance per unit of length = (g+jb) (S/km)

Usually, calculations (rather than measurements) provide
EHV transmission line impedance. Considerable data are nec-



essary for the calculation of transmission line parameters.
Some values such as cable heights, span lengths, cable sags,
and ground resistivity, for example, change for each line span
and suggest the use of average values. This ambiguity in line
parameter values negatively impacts protection scheme reli-
ability and fault location function, because it introduces un-
wanted errors.

The parameter values per km of the Ouro Preto 2 — Vitoria
Transmission Line are as follows:

7=0.034 Q/km
x=0.375 Q/km
g=0S/km

b=4.42-10" S/km
z=0.034+0.375 Q/km
y=j4.42:10° S/km

y=yz-y =5.828107 + 1.288-10° (1/km)

Where:

r — Line series resistance per unit of length ({)/km)

x — Line series reactance per unit of length ({2/km)

g — Line shunt conductance per unit of length (S/km)
b — Line shunt susceptance per unit of length (S/km)

We can use these values to plot the curves in Fig. 20 and
visualize the ratios between corrected values of impedance
(Z=R’ + jX’, as per Equation 9) and uncorrected values
(Z =R +jX).

Note that the distortion is noticeable for line lengths greater
than 100 km. There can be a great difference between Z and
7’ values for long transmission lines.
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Fig. 20 Ratio between corrected values (R’ and X’) and uncorrected values.

In the case of the 382 km-long Ouro Preto 2 — Vitdria
Transmission Line, values of Z and Z’ are as follows:

Z=z1=(0.034 +j0.375)-382

Z=12.99 +j143.25 Q)

In polar coordinates, the result is as follows:

Z=143.84/84.82°

From Equation 9, we obtain the following:
sinh[(5.828-107 +j1.288-107)-382]

(5.828-107° +j1.288-107%)-382
Z’=11.96+j137.59 Q)
In polar coordinates, the result is as follows:
Z’=138.11£85.00° Q)

Z'=(12.99 + j143.25)-

There is a difference of about 4.2 percent between the val-
ues of these impedances. This difference can significantly
influence fault location and protective relay settings.

Many sources of error, such as a lack of accurate line pa-
rameters [10], can influence fault location. In the case of the
Ouro Preto 2 — Vitdria Transmission Line, a difference of 4.2
percent represents a length of about 17 km. Line impedance
measurements can help us determine which impedance values
are most correct.

a) Measuring the Line Impedance

As the paper mentioned previously, EHV transmission line
impedance values are obtained from calculations instead of
measurements. The Appendix demonstrates that Equations 8
and 9 correct the impedance of a long line. It would be of
great value if we could validate these calculated values.

Modern numerical relays incorporate metering functions
that can use to measure impedances of the lines these relays
we protect. The relays Furnas used in the Ouro Preto 2 —
Vitéria Transmission Line incorporate synchronized phasor
measurement. Reference [11] provides details about this relay
feature that we can use to measure current and voltage phasors
of both line ends with the same time reference.

After we powered up the Ouro Preto 2 — Vitéria Transmis-
sion Line, we measured the line impedance through use of
protective relays that provided synchronized phasor measure-
ments. The protective relays of both substations, Ouro Preto 2
and Vitoria, connected to the Furnas Engineering Center in
Rio de Janeiro through a remote access network such as that
illustrated in Fig. 21.
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Fig. 21 Remote engineering access.

We had programmed the Ouro Preto 2 and Vitéria relays
through a remote access network to provide synchronized
phasor measurement at a given time. Fig. 22 and Fig. 23, re-
spectively, show the synchronized phasor measurements we
obtained from the Ouro Preto 2 and Vitoria relays.



The Vitéria terminal reactor was connected during the
measurement period; so the equivalent circuit is shown in Fig.
24. Let us call the line impedance and admittance we measure
through the use of synchronized phasors Z,,, and Y,,., respec-
tively.

B OURO PRETO 2 - Notepad

EEX
Fle Edt Format Wew Help

=>METER PM 9:45:00 ~
synchronized Phasor Measurement Data will be Displayed at 9:45:00.000

|
==
21A - LT VITORIA 345 KV Date: 07/08/200 ime: 09:45:00.000

SE QURO PRETO 2 serial Wumber: 2003170176

Time quality  mMaximum time synchronization errar: =1

synchrophasors
Phase voltages
Nz VB
MAG Ckw) 206.306 206,907 2045,
ANG (DEG) 52.576 -27.768 -147.737 52,35 s/
Iw Phase currents Iw POS. Sequence Current
Ih 1B Ic T1w
MAG (A) 111.785 118.126 103,583 111.123
ANG (DEG) 138.704 21.710 -97.448 140. 964
Ix Phase Currents Ix POS. SEQUEHCE current
Ih 1B Ic T1xX
MAG 209.475 207.830 224,660

(A) . . G20
ANG (DEG) 107.760 -15.403 -132.961 106.484
I5 Phase Currents IS POs. Seguence Current
IA IE IC Ils
MAG (A) 310.723 310.326 314.779 240
ANG (DEG) 118.422 -2.125 -121.941 I

FREQ (Hz) 59.0901
Rate-of-change of FREQ (Hz/s) Q.00

Digitals

PSW40  PSW3D PSWV3IB  PSVIY  PSV36  PSW3S  PSVI4 PSV3EZ

PSWAB  PSWAT  PSW4E  PSVAS PSVE4 PSWE3 PSv4Z? PSVEL

PSWSE  PSWSS  PSWE4 PSVE3I PSVSZ2 PSWESL PSVE0 PSVAG

PSWE4  PSWGE3 PSWVEZ  PSVEL  PSVED  PSWSS PSVEB PSVSY
Q Q Q Q Q Q Q Q

Aanalogs

PMVST
PMVEL

0. 000
0. 000

PMY5E
PMVE2

0.000
0.000

PMV33 0.000
PMWE3 0.000

PMYE0
PMVES

0.000
0.000

v

Fig. 22 Synchronized phasor measurement from the relay installed in the
Ouro Preto 2 Substation.
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Fig. 23  Synchronized phasor measurement from the relay installed in the
Vitoéria Substation.
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According to Fig. 24, the equations that relate the currents
and voltages of the Ouro Preto 2 and Vitdria terminals with
line impedance and admittance are as follows [12]:

Ve VsV,

Ig=Vg e 4 25 R 10

N N 2 Zme ( )
Ve =V, Y,

I, = N R_V . _me 11

n=m e, (1)

Where:

Vr — Voltage at the receiving end (Vitoria) of the line (V)

I — Current at the receiving end (Vitoria) of the line (A)

Vs — Voltage at the sending end (Ouro Preto 2) of the line (V)
Is — Current at the sending end (Ouro Preto 2) of the line (A)
Zne — Measured total line impedance (€2)

Y. — Measured total line admittance (S)

Zme
Ouro Preto 2 N Vitéria
IS Rme Xme | I‘R
o N >
Vs|[Relay| Y mel2 Yomel2 Vr

/l\ /|\ Ireactor

Fig. 24 Equivalent /7 circuit of the Ouro Preto 2 — Vitdria Transmission
Line.

When we solve Equation 10 and Equation 11 to find Z,,.
and Y, in terms of voltages and currents, we obtain Equation
12 and Equation 13 [12]:

2 12
Zye =i VR (12)
Ig Vi +1,-Vs
Ymezz.ﬂ (13)
Vi +Vy

To obtain positive-sequence impedance values, we need
only to insert the positive-sequence current and voltage values
we obtain from synchronized phasor measurement into Equa-
tions 12 and 13.

As we can see in Fig. 24, the measured value was the /'
current value, not the Iy value, because the reactor was con-
nected to the Vitoria terminal. However, the reactor imped-
ance value is known and we have a measured V; voltage, so
we can calculate the reactor current, ..., €asily at the instant
of measurement:

oo Ve

reactor

(14)

reactor

The Iy current is according to Equation 15:

T

ITp=Ip+1 =1, + (15)

reactor
reactor

Where:

Vr — Positive-sequence voltage measured at the Vitoria
terminal

Vs — Positive-sequence voltage measured at the Ouro Preto
2 terminal



Is— Positive-sequence current measured at the Ouro Preto 2

terminal

I’y — Positive-sequence current measured at the Vitoria

terminal

Z,eacior — Reactor impedance = j1,983.79 ()

The current the Vitéria terminal relay measures is in phase
opposition to I’z (Fig. 24), so the measured current was —/ ;.
To obtain /', we must displace by 180° the positive-sequence
current the Vitdria terminal measured.

By substituting Equation 15 in Equation 12 and solving for
values, we obtain the following:

Vs=206,265,92.357°V

Is=311.940£118.118° A

Vr=1201,268280.904° V

', =286.878£70.347° A

The measured positive-sequence current is as follows:

Ze = 144.69.£85.3° Q)

Observe that the measured impedance value, Z,,, is much
closer to the impedance Z = z-/ than to the corrected imped-
ance Z’, which is typically used for protection relay settings
and short-circuit studies. We repeated the measurement sev-
eral times and for different load conditions, but the calculated
impedance always was similar to the previous calculated
value. The measured impedance is the positive-sequence im-
pedance, which equals negative-sequence impedance for a
transmission line.

This measured impedance determined the overreaching
zones used in the pilot protection.

With the synchronized phasor measurement feature incor-
porated in some protective relays, we can obtain transmission
line impedance measurements quickly and securely. With
measured impedance, we can validate calculated line parame-
ter values.

D. Reclosing of a Long-Line Application

A transmission line operating under a no-load condition, as
shown in Fig. 25, will have an increasing voltage profile from
local terminal (S) to remote terminal (R). For EHV transmis-
sion lines, the voltage at the open terminal could become ex-
cessively high [13].

S R
— — |
Is Ir=0
——  ——]

Fig. 25 Line operating with one terminal open.
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The equations that relate the currents and voltages of the
transmission line terminals for permanent steady-state condi-
tion are as follows [13]:

Vg =Vg -coshyl+ Z. - I -sinhyl (16)

Ig =Y, -Vg-sinhyl + 1, -coshyl a7

Where:

Zc— Line characteristic impedance = \/z Q)
y

Yc— Line characteristic admittance = \/Z (S)
z

If we assume the R terminal (Vitoria) of the transmission
line to be open, current Iz will be zero and Equation 16 be-
comes the following:

Vs =V -coshyl (18)

Given a voltage magnitude of 1 p.u. at terminal S (V5), we
can determine the R terminal voltage (V%) in terms of the line
length if we know the parameters of this line. Fig. 26 shows
the line voltage profile with the remote R terminal open and
the S terminal voltage equal to 1 p.u. Fig. 26 uses the parame-
ters of the Ouro Preto 2 — Vitdria Transmission Line.

In the case of the nearly 400 km-long Ouro Preto 2 —
Vitdria line, the R terminal voltage would reach values of 1.15
p.u. for permanent steady-state conditions. This voltage value
is not allowable for permanent steady-state conditions.
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Fig. 26  Voltage profile for no-load condition.

This no-load operating condition occurs after energization
or de-energization of the line from one of the terminals. To
prevent the overvoltage problem that can occur after de-
energization of the line from one terminal, we implemented a
direct transfer trip scheme to trip the remote terminal if the
local terminal trips (manual or forced trip).

By installing reactors at line ends, we prevented the over-
voltage problem that occurs after line energization from one of
the terminals. Through this solution, we could limit to allowed
values any overvoltages resulting from line energization with-
out load. Dedicated circuit breakers are used to switch the
reactors.

During the RTDS simulation tests, we modeled the case of
a single-pole trip followed by a single-pole reclose sequence



of the Ouro Preto 2 terminal, with the reactor of the Vitéria
terminal disconnected. This is a case of energizing the line at a
no-load condition in only one phase. Fig. 27 shows the event
report the Vitoria terminal relay provided for this case. In this
figure, the overvoltage resulting from line energization is visi-
ble and should be avoided. The simple test illustrates the type
of overvoltages possible for an unloaded line and a reclosing
sequence.

We implemented custom logic in the protection relay to
avoid reclosing with the remote terminal reactor disconnected.
This logic, as Fig. 28 illustrates, ensures that the status of the
remote terminal ractor breaker supervises the local reclosing
scheme.

We used relay-to-relay logic communication [4] to send the
status of the reactor circuit breaker to the remote terminal. To
accomplish this, the circuit-breaker auxiliary contact is an
input to one of the line protection relays. We can then transmit
the circuit breaker status through the communications channel
to the remote terminal, as Fig. 29 illustrates. Remote terminal
reclose supervision logic should include the remote reactor
circuit breaker status condition in the close command circuit.
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Fig. 27 Overvoltage after reclosing of the remote terminal.
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Fig. 28 Circuit breaker reclose supervision.

Relay S Relay R
E TMB1 = IN201 TMB1 = IN201 'FF{
A TMB2 TMB2 A
N " - N
S : H S
M TMBS TMBS M
T T
E RMB1 RMB1 E
C RMB2 RMB2 C
i = = i
\ v
E RMB8 RMB8 E

Fig. 29 Relay-to-relay logic communication.

V. CONCLUSIONS

Modern numerical relays simplify transmission line protec-
tion and control and contribute to the customization of
schemes for special needs.

The decision to adopt two totally redundant, identical
(same manufacturer), and independent protection systems pro-
vides superior results, increases dependability, and facilitates
design, integration, maintenance, studies, operation, and train-
ing.

Single-pole tripping schemes are advantageous in maintain-
ing line-end substations connected by two other unfaulted
phases, allowing power transfer, and reducing the possibility
that the two line ends lose synchronism.

The use of the sensitive negative-sequence directional
overcurrent element together with pilot protection schemes is
extremely important for long lines, for which this practice
increases protection system dependability.

A load-encroachment element increases the security of
stepped phase distance backup protection and allows setting of
the distance element to reach properly for a long transmission
line.

Modern numerical relays that incorporate synchrophasor
measurements allow validation of calculated impedance and
line models.

A real-time digital simulator provides a comprehensive
testing system to determine protection performance regarding
unique protective relay applications and to validate proposed
settings and logic schemes.

VI. APPENDIX

A. The Impedance of a Long Line

We can use Equations 19 and 20 to calculate current and
voltage of a transmission line such as that shown in Fig. 30
[13]:

S R
z, Y
— — ()
Is Ir
[e— s —
f— 1

Fig. 30 Generic line.
19)
(20)

To obtain the voltage and current values at the S terminal,
assume s = /. We can then express voltage and current as in
Equations 21 and 22:

V({l)=Vy=Vg-coshyl+Z -1 -sinhy/
I(l)y=13 =Y. -V, -sinhyl + I -coshy/

V(s)=Vg-coshys+Z. - I -sinhys
I(s) =Y -V -sinhys + I, - coshys

2D
(22)
1) Short lines

The diagram in Fig. 31 typically represents a short line
[14]. For this case the line equations are the following:



Ve=Ve+Z-1,
Is=1,

(23)
24

Reference [14] provides information on how to determine
if a transmission line is short, i.e., the transmission line can be
considered short when maximum length of the line is:

e 60 to 80 km for lines with voltages as high as 150 kV;
e 40 km for lines from 150 kV to 400 kV;
e 20 km for lines with voltages greater than 400 kV.

Vs VR

Fig. 31 Short line.

2) Medium Lines
Typically, the nominal /7 circuit shown in Fig. 32 repre-
sents a medium line [14].

Z
r & A
R X
|3 |R
Fm /e
Vs T Y/2 Y/2 VR
Fig. 32 Medium line.
For this case, the line equations are as follows:
VS:VR-(1+%)+1R-Z (25)
IS:IR-(1+%)+VR-Y-(I+%) (26)

Line conductance is typically neglected, g = 0.

Reference [14] provides information on how to determine
if a transmission line is medium, i.e., a transmission line can
be considered medium when maximum line length is:

e 200 km for lines from 150 kV to 400 kV;
e 100 km for lines with voltages greater than 400 kV.

3) Long Lines

Long lines are those for which the calculation methods this
paper presented for previous items are considered inaccurate.
For long lines, we should use exact line equations (equations
21 and 22).

Considering that the equivalent /7 circuit can represent a
long line, we must determine the equivalent, appropriately
corrected parameters (Z’ and Y”) to gauge the effect of distrib-
uted parameters of the long transmission line.

Assuming that we can use the equivalent model shown in
Fig. 33 to represent the long line, Equations 27 and 28 repre-
sent the equivalent model.

[ r .
/\/ YA J_—»

I

Y'I2 Vr
T
Fig. 33 Long line.
VS:VR-(1+¥)+IR-Z' 27)
Iy =1, ~(1+¥)+VR ~Y’-(l+¥ (28)

Comparing equations 21 and 27, we obtain equations 29
and 30:

coshyl =1+=— (29)

Z-sinhyl=Z2" (30)

After substituting Equation 30 in Equation 29, we obtain
the following:

E_L.coshyl—l

31
2 Z, sinhyl G1
Written another way, we can obtain the following:
X:L-tanhy—l (32)
2 Z 2

From previous equations, however, we can obtain the fol-
lowing:

1 1 /-

r (33)
Y

zy

Ze \zly Nzy-l-yzoy |

After substituting Equation 33 in Equation 32, we obtain
the following:

vl
Yoy tanhz )
2 2 v
2
From Equation 30, we can then obtain the following:
Z'=4/z/y -sinhyl (35)

Multiplying and dividing Equation 35 by 1-4/z-y , yields
the following:

P sinh y/ (36)
l-\z-y
Or:
-7, sinh y/ (37)
vl

From equations 34 and 37, we can conclude that we can
use the equivalent /7 circuit to represent permanent steady-
state long lines. We can arrive at this conclusion because the
impedance Z and the admittance Y (calculated as the product



of the values per km by the total line length) are corrected by

oy tanh®
the factors ly and o respectively, to obtain Z’ and
Y Rid
2

Y’, which we can then use in the /7transmission line model.
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