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A STUDY TO INVESTIGATE THE BASIC SWITCHING
IMPULSE INSULATION LEVEL REQUIREMENTS
FOR A 1200 kV CGIT CABLE SYSTEM

1. SUMMARY

A study was performed to determine the switching surge voltages

a prototype 1200 kV CGIT cable may be exposed to under service
conditions. The results of this study were used to establish

the system's basic switching impulse insulation level requirements.

An investigation was made of a suitable CGIT model to be

employed for use on the Westinghouse transient network

analyzer. The model chosen was applicable for the cable when its
sheaths are solidly grounded. This model was employed for each
of the four cable lengths investigated. Cable lengths of 600 ft,
2 miles, 10 miles and 50 miles were investigated in four general
system configurations, in all 47 systems were studied.

The overhead systems which the cables will be used in conjunction
with require the switching surge voltage to be limited to 1.5 p.u.
This is accomplished with the use of multiresistor insertion
circuit breakers. The reduction of breaker generated switching
surges reduced the overall importance of the normal switching
operations performed in the system as compared with those
generated by contingency switching and fault initiation. The
maximum overvoltages to which the cables were exposed to were
generated by reclosing into single line to ground faults and

by single line ground faults occurring on the adjacent overhead
system. :

The maximum normal switching surge overvoltage the cables were
subjected to was 1574 kV which resulted from high speed reclosing
operations. The maximum overvoltages resnlting from the
contingency switching operation was 2165 kV.

The recommended switching impulse insulation level was established
using the surge arrester protection characteristics. The
resulting insulation level requirements are 2031 kV based upon

the use of a conventional surge arrester and 1806 kV based upon
the use of a ceramic oxide arrester.

The inicial surge arrester diecharge currents appear to be
excessive for two conventional arrester designs. In addition,
the electrical characteristics and energy capabilities of the
"Gapless' arrester were not available. It was recommended
that the arrester manufacturers be contacted to verify the
adequacy of these surge arrester applications.



2. THE 1200 kV TRANSMISSION SYSTEM

The main objective of our analysis was to define the electrical
stresses to which the cable may be exposed as a result of switching
operations which occur in the system. In order to accurately
define these maximum cable transient overvoltages, however, the
specifications of the system to which the cable will interface

were first defined.

2.1 The Overhead System

The two specifications of the 1200 kV overhead system which were
important in guiding the study were the permissible transient
overvoltages which determined the overhead line insulation levels
and the overhead line Pnnfignration iteelf.

Although commercially operating UHV systems are not yet in
service, typical specifications for a 1200 kV system have been
established. (1) The characteristics of the 1200 kV overhcad
system were assumed to be similar to the BPA's prototype 1100 kV
three phase test line. The overhead design employs a triangular
configuration with each phase constructed of an eight conductor
(chukar) bundle. Figure one indicates the construction from which
the overhead line parameters were calculated for use throughout
the analysis. Insulation levels in UHV systems are largely
determined by the switching surge stresscs. Specifications
indicate economic insulation levels for the 1200 kV system are
realized with the switching surge overvoltages limited to 1.5 pu.
These relatively low switching overvoltages have been achieved in
the past with the use of multistep resistor insertion. (2)

The source from which the line was ewitched wus ehosen LO have
a short circuit capability of 40,000 MVA with the ratio of

positive to zero sequence source impedance equal to unity.

2.2 Cable Systems Studied

Four general cable-overhead configurations were considered in
the ptudy: These cuufligurations (Figure 2) werc chosen to
reflect typical applications of the cable in the system.

The first system was chogen to aimulate underwaler rlver
crossings or underground links through populated areas. Cable
lengths of 600 ft and 2 miles were simulated in conjunction with
overhead line lengths of 50, 100 and 150 miles.

The secnnd and third configurations were cliwseu to represent
"Get—aways'' from UHV substations. These configurations represent
the two typical switching operations to which a cable may be
subjected while applied to an overhead line terminal. Cable
lengths of 600 ft, 2 miles, 10 miles and 50 miles were each
simulated with overhead line lengths of 50, 100, and 150 miles.
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The fourth system was composed of two lengths of cable applied
at both overhead line terminals. Again, the overhead line
lengths of 50-100-150 miles were each simulated with cables

at each terminal. Cable lengths at the line sending terminal
of 10 and 50 miles were simulated in conjunctica with 600 ft,

10 miles and 50 miles of cable applied at the line receiving
terminal.

=



GENERAL SYSTEM CONFIGURATIONS
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FIGURE 2



3. SYSTEM MODELING

The Westinghouse Analog Computer (ANACOM) specifically designed

for use in the study of power svstem transient phenomena was
employed as our analytical tool throughout the study. The ANACOM

is primarily a passive element device. Models are comprised

of resistive, inductive and capacitive elements in a manner to
accurately represent various power system components. The following
sections will define the models which were utilized.

3.1 Overhead Transmission Line Model

As indicated in Figure 2 each of the systems studied werc composed
partly of averhead 1200 &V lines. Aunalog devices typically model
distribuled parameter elements such as overhead. transmission lines
and cables using "Pi" or "L'" sections. These sections when arranged
in a cascaded network closely approximate the transient performance
of the line. Figure 3-A depicts such a "Pi" section.

The specific model utilized to simulate the overhead has the added
capability of representing the frequency dependent nature of the
earth return impedance in addition to modeling electrostatic and
magnetic unbalances inherent in lines which are nontransposed.

Each of the "Pi" section's parameters were adjusted to represent

5 miles of overhead line. Thus, a minimum of 10 "Pi" sections
were used for the 50 mile line with a maximum of 30 being utilized
for the 150 mile 1line.

3.2 The 1200 kV Source

The source from which the overhead-cable lines were switched
was chosen to have a short circuit (3 phase) capability of
40,000 MVA with an X,/X] ratio of unity. The source was
represented with the lumped network elements as shown in
Figure 4.

3.3 1200 kV Circuit Breakers

In order to limit overvoltages to acceptablc magnitudes, a circuit
breaker design utilizing 2 step resistor insertion was modeled.
Tigure 5 shows schematically one pole of the breaker. The
resistive elements themselves were elements available on the ANACOM
with the breaker contacts simulated with mercury wetted relays.

The relays are countrolled electronically to precisely control

closing times and breaker pole spans.

Each resistor insertion time was chosen as 6 ms with the pole
span chosen to be 5 ms.
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ONE POLE OF MULTISTEP RESISTOR
INSERTION BREAKER

CONTACT, C3

CONTACT CLOSING SEQUENCE Cj-C2-C3

FIRST RESISTANCE INSERTION VALUE = Rp + Rg
SECOND RESISTANCE INSERTION VALUE = Rp
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3.4 Cable Model

Initial modeling efforts for the CGIT cable were aimed at developing
parameters for three isolated phase configurations. The three
proposed systems were the totally and partially buried system in
addition to a overhead cable system. Figure 6 indicates these
configurations.

The exact nature of the grounding scheme which will be utilized

was not uniquely defined. Our initial efforts were thus aimed

at developing an isolated phase model general enough for adaptation
to various sheath grounding schemes.

The grounding schemes of particular interest were the solidly
grounded systems which would be applicable for relatively short
rable lengths due to tha high sheath locscc and croco bonding
schemes which may be suited for longer cable systems due to the
inherent lower sheath lnsses. KEfforts were first directed at
determining the model parameters for the cross bonding system
due to the generaliry of the model.

In the cross bonding scheme, both the phase and sheath conductors
are treated separately necessitating the calculation of the self
and mutual inductance and capacitance parameters. In each of
these configurations, therefore, six conductors were situated with
respect to a conducting plane (earth). This rather formidable
geometry made the calculation of the interconductor parameters

a complex problem.

In an effort to accurately define these parameters, the first
technique which was applied was conformal mapping method. It
was hoped with the use of combinations ol mappings transformations,
the geometry of the gystem would be simplified Lo a puiul where
the system parameters could be readily determined. In concept
form, this approach can be applied to the simple geometry of a
cylinder located very close to the Earth's surface. Such a
Geometry would partly exist for example in the overhead cable
syslems. Applying the transformation indicated in Figure 7

the surge impedance of the coaxial system wa?rfirst calculated
and then transformed to the original System.iﬁ

The geometry of the above ground system contains six such cylinders
above a conducting plane:. It was hoped each of these conductiag
boundaries could be taken into consideration with a technique
similar to the one above. The underground system from a trans-
formation standpoint was comprised of exactly the same geometry
with merely the conductivities of the various regions interchanged.
Therefore, the same transformation would be utilized for these

two configurations. The partially buried system would then

require a second transformation. This technique was studied by
trying to apply several transformations in succession in efforts to
simplify the system's geometry. Although conceptually appealing,
our efforts failed in introducing a suitable '"Set of Transformations'
A second method was thus tested.
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APPLICATION OF
CONFORMAL MAPPING

COAXIAL SYSTEM CYLINDER LOCATED
ABOVE PLANE

\\ \\'

TRANSFORMATION l
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FOR COAXIAL SYSTEM: FOR CYLINDER ABOVE CONDUCTING PLANE:
SURGE IMPEDANCE SURGE IMPEDANCE K = h/r
Z =60 1n Ry — Z =60 1n K+ /K% -1
R

FIGURE 7
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The second method tested was the use of a Pseudo Finite element
technique which consisted of "Stranding' each of the phase and
sheath conductors. Figure 8 illustrates this technique for the
above ground configuration. This method essentially treats each
strand of the phase and sheath cylinders as separate conductors.
The interconductor parameters are then calculated and with
suitable assumptions reduced to an equivalent system of self

and mutual inductance and capacitance parameters.

It was originally felt the existing overhead line parameter programs
with minor revisions could be utilized to estimate these parameters.
A small routine was prepared to calculate the coordinates of the
strands comprising the conductors and adjustments were made to
accommodate a large number of strands. Unfortunately, the large
number of conductors became one of the limiting features of this
method of calculation. In addition, major programming changes

were necessary to properly reduce the large number of conductors
(strands) to an equivalent system of sheath and phase parameters.
For the underground system representations, changes were again
required to modify the Earth return correction factors. Due to

the amount of development required to estimate the cross bonding
parameters, it was decided model parameters for the solidly
grounded system would be calculated for use in the system

analysis portion of the study.

The solidly grounded cable system was modeled on a single phase
basis. Each of the phases were assumed to be electromagnetically
decoupled from the adjacent conductor system. This assumption
eliminated the mutual inductive and capacitive parameters between
adjacent sheaths and phases reducing each phase to a coaxial
conductor system. Figure 9 indicates the ANACOM '"Pi" section
representation for solidly grounded CGIT cable in addition to

the inductance and capacitance parameters.

Cable parameters are typically characterized by low surge
impedances or low inductance, high capacitance values. The

ANACOM has available '"'cable' models whose elements accurately
simulate their trends in parameters and were thus used for the

CGIT cable model. Cable lengths of 600 ft, 2 miles, 10 miles and
50 miles were considered. Since the parameters for the 600 ft
section were insignificant when composed to the overhead line
parameters, a separate model was not employed to simulate a

600 ft section. 1Instead; the overhead line was modeled and the
transient overvoltages measured at the locations of the 600 ft
cable. This was tantamount to assuming the cable being stressed
uniformly over its length. This is justified due to its short
length, high propagation velocity and the relatively long switching
surge fronts typically imposed by an overhead system. The remaining
lengths of cable were modeled with a minimum of ten Pi sections

to closely simulate the distributed parameter nature of the cables.
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APPROXIMATE REPRESENTATION

OF THE ABOVE GROUND CABLE SYSTEM
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FIGURE 8
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ANACOM REPRESENTATION
OF THE CGIT CABLE

AV
N

M
Al
AL
/
(%)
v

S
i

g

.in !

FOR THE ISOLATED PHASE - SOLIDLY GROUNDED SYSTEM

- R, = inner radius of sheath
Rl = outer radius of phase conductor
Cp = 2mEg = 0.09 pF/mile
In Rp/Ry
L, =40 In Ry = 0.322 mH/mile
27 R

FIGURE 9
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4. SYSTEM STUDIES

The specifications which were established for the overhead system
limited the switching surge overvoltages to 1.5 p.u. These levels
play a major role in determining the insulation levels of the
overhead system and are thus established with the normal circuit
breaker operations of energizing and reclosing. Since the cables
will be directly applied to the overhead system, these limited
switching surge magnitudes are also impressed across the CGIT cable.

The analysis was to establish typical overvoltage levels which the
cable will be exposed to under service conditions. The insulation
levels established for the overhead line have restricted the
energizing and reclosing overvoltages to 1.5 p.u. It was found,
however, the cable will be exposed to more severe overvoltage
magnitudes such as those associated with contingency switching
operations such as energizing and reclosing into single line to
ground faults and fault initiated overvoltages.

4.1 Study Procedure

The general procedure which was followed for each configuration
was to first establish the above switching levels that were
required to meet thé overhead line insulation requirements. It
was assumed some form of multistep resistor insertion would be
required to limit the overvoltages imposed by circuit breaker
operation. It was fouud, Lwo step resistor insertion limited
the overvoltages to the specified levels. This was accomplished
by adjusting the resistor values in the rircuit breaker for

the aenergisging and reclosing vperatlons, Sincée standard
resistor values do not yvet exist for the clars nf equipment,

the range of these values remained flexible throughout the
study. Once acceptable levels were found, these values were
then used for the contingency switching cases to establish

the "worst case'" cable overvoltages. Fault initiated overvoltages
were also investigated. Faults were placed at various points
throughout the system to generate the maximum cable overvoltage.
In most instances these levels were higher than the normal
switching magnitudes. - The data derived from the above analysis
served to define the environment in which the cable may be
required to operate.

4.2 Study Results

The study results summarizing the switching surge cases are
shown in Figure 10 through 13. These figures tabulate the
maximum transient overvoltages the cable may be exposed to
for each of the systems investigated.

The Appendix contains the documented results of each of cases
which were analyzed and the associated overvoltage curves. These
curves serve as a graphical summary of the overvoltages for each
system by indicating the maximum cable overvoltages .as a function
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of the circuit breaker resistor values. The fault initiated
overvoltages are included on these curves to serve as a comparison
with the breaker generated values.

In each of the systems studied, a great deal of control was
exercised over the transient overvoltage magnitudes with two
step resistor insertion. The 1.5 p.u. overvoltage specification
was achieved for each of the overhead systems resulting in' the
maximum cable overvoltages being generated in the contingency
switching and fault initiated cases.

4.2.1 River Crossing Application

The summary of the maximum transient overvoltages associated with
the system simulating the river crossing cable application is shown
in Figure 10. The cable length had virtually no effect on the
maximum overvoltage values. In the shorter overhead line lengths
considered, the fault initiated (F.I.) overvoltages proved to be the
worst situation. Two cases were studied for this configuration to
determine the worst fault initiated overvoltages. Faults were first
located at the end of the line with one source feeding the system
and was then located on the cable with two sources feeding the system.
In each of the cases involving the 50 mile overhead system, the case
of one source feeding the system proved to be the worst case
condition. The maximum overvoltages measured in this cable appli-
cation was 1715 kV (1.75 p.u.) which was produced by energizing

the line with a solid line to ground fault (E-SLG) located at the
receiving end of the 150 mile line. High speed reclosing with a
solid line to ground fault at the receiving end of the line (RC-SLG)
produced comparable results of 1666 kV (1.7 pu).

4,2.2 '"Getaway'" Application

The study results for the cable applied as ''Getaways' are summarized
in Figures 11 and 12. Although the cable transient overvoltages
generated by circuit breaker operation are higher when cable

is at the receiving end of the line, the fault initiated over=-
voltages remain relatively constant for each cable location.

In cases where the cable was switched at the line sending terminal,
all of the overvoltage levels were less than 1.5 p.u. Thus, a
detailed analysis was not required. The maximum overvoltages

for these cases is considered to the maximum levels imposed by

the overhead insulation levels of 1470 kV (1.5 p.u.).

The system configuration involving 150 miles of overhead line in
conjunction with 50 miles of cable required shunt compensation to
limit the ferranti rise along the line. 1In order to limit the line
rise to less than 10 percent, shunt reactors were applied which
effectively compensated 20 miles of the cable. The effect of the
shunt reactor was to slightly lower the fault initiated and
contingency switching overvoltages.

In addition to the cable-overhead systems, cable systems alone
were switched. 1In two of these cases considered, one step
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MAXIMUM CABLE TRANSIENT OVERVOLTAGES

OVERHEAD OVERHEAD |
CABLE
CABLE LENGTH
600 FT. 2 MILES

T 1470 kv 1470 kV
— (1.5 p.u.) (1.5 p.u.)
5 50
2 F.I. F.I.
w
|
w
=
J
o & 1568 kv 1568 kv

1.6 p.u. 1.6 p.u.
u<.|=' 100 ( p.u.) (1.6 p.u.)
rs E-SLG E-SLG
o
W
>
o
=
— 1666 kv 1715 kv
8 150 (1.7 p.u.) (1.75 p.u.)

E,RC-SLG E-SLG

V2

1 p.u. = — (1200 kV) = 980 kv
) /3

FIGURE 10
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MAXIMUM CABLE TRANSIENT OVERVOLTAGE

BREAKER |
J OVERHEAD LINE L
| <—
CABLE

CABLE LENGTH

600 FT 2 MILE 10 MILES 50 MILES
600 FT 2 MILES 10 MILES 50 MILES
50 1568 kV 1470 kV 1372 kv, 1470 kv| 1470 kv, 1568 kv
FI FI FI , RC-SLG FI ) RC-SL.G
1764 «V 1764 KV (1568 kV) 1666 kv, 2156 kV
100 FI FI , FI FI , RC-SLG
50 . 1960 KV . 1960 kV* 1764 &V 1470 kv, 1813 kV
E-SLG - E-SLG FI , RC-SLG ¥I , RC-SLG

* EXTRAPOLATED FROM 600 ft CABLE CASE

FIGURE 11
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MAXIMUM CABLE TRANSIENT OVERVOLTAGE

BREAKER
SOURCE . -
40 GVA ABLE ~ OVERHEAD LINE
CABLE LENGTH
600 FT.___ 2MILES 10 MILES 50 MILES
, T
o 1274 kV 1274 kV 1372 kV
n
ES E E E
=
2] _ ,
T 1470 kV 1274 kV 1274 kv 1274 kV
.5 50 FI FI E-SLG RC-SLG
‘ 4
; W
-
w
<
S o
o 1470 kv 1470 kV# 1274 kv, 1470 kV| 1176 kV, 1372 kV
I 100
W FI FI FI , KU FI , T
s o
' 4
w
>
O
150 1666 kV 1666 kv=* 1323 kv, 1470 kV| 1176 kV, 1470 kV
FI FI FI , RC FI , RC
L

* EXTRAPOLATED FROM 600 fe CABLE CASE

FIGURE 12
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resistor insertion served to limit the overvoltages to the point
where all of the resulting magnitudes were less than 1.5 p.u.

A detailed investigation was thus omitted, no resistor variations
were made since virtually any practical resistor sizes controlled
the transient voltages to ac¢ceptable levels. The maximum over-
voltages for these cases can again be considered to be 1.5 p.u.

The largest overvoltage recorded was 2156 kV (2.2 p.u.), which
resulted from reclosing into a single line to ground fault (RC-SLG).
In the majority of these cases, however, the fault initiated
overvoltages were dominant.

4,2.3 Cables Applied At Both Erds of An Overhead Line

Figure 13 summarizes the application of cables at both the sending
and receiving terminals of the line. The results for the various
length cables generally follow similar trends as the previous cases.
The cables applied at the receiving terminal experienced the

larger overvoltages then those applied at the sending terminal.

In addition, the fault initiated overvoltages were again dominant
in most of the cases with the remaining cases influenced by the
contingency switching operations.

The cases involving longer cable lengths located at the line
sending terminal required lower resistor sizes to limit the

overvoltage to the required levels specified by the overhead
insulation. This is attributed to the lower surge impedance
presented by the cable which was being switched into.

The cases involving the 50 mile cables in conjunction with the
150 mile line again require shunt compensation to limit the
Ferranti rise and again 20 miles of the cable was compensated to
limit this rise to below 10%.

The maximum transient overvoltages recorded for this application
was 1764 kV (1.8 p.u.) and was again produced by fault initiation
and energizing into a single line to ground fault.

4.2.4 Summary of Results

In each of the systems studied, the maximum transient overvoltages
fell within a range from 1470 kV to 2156 kV. These maximum
values were generated from either fault initiation or contingency
switching operations.

Although the overvultage levels were within this narrow range,
several trends are evident in the results. Cables which are
located at the line receiving terminals were subjected to higher
overvoltages than those applied at either the midpoint or sending
terminal of the line. In general, the longer overhead systems
produced the larger cable overvoltages.
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MAXIMUM CABLE TRANSIENT OVERVOLTAGE

-________>- —— ~ - o
OVERHEAD
CABLE A CABLE B
CABLE LENGTHS
10 MILES 10 MILES SOMILES - 60 MILES
600FT 10 MILES 600 FT 50 MILES
< 1470 kV 1421 kV < 1470 kv 1274 kV
E - RC FI E - RC FI
1470 kv 1519 kV 1470 kV 1470 kV, 1666 kV
RC-SLG FI E - RC FI , E-SLG
< 1470 kv 1274 kV < 1470 kV 1176 kV
E - RC RC E - RC R
—L - S—— g el GEEE) GEEED T G
1470 kV 1568 kV 1666 kv 1568 kv
FI , RC-SLG FI FI RC-SLC
< 1470 kV 1323 kV < 1470 kv 1470 kV
E - RC E-SLG E = RC RC
1764 kV 1666 kV, 1764 kV 1666 kV 1764 kV
FI FI , E-SLG FI RC-SLG

FIGURE 13
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The requirements imposed by the overhead line insulation levels
necessitated modification of the circuit breaker design. In
addition to multistep resistor insertion which may be utilized,
controlled contact closure may be included in the breaker control
mechanism to further reduce the breaker generated overvoltages.

Cases B-23 and B-24 located in the Appendix illustrate the

effects of such additional breaker modifications. In general,

the introduction of these additional breaker controls reduces the
resulting overvoltages below the fault initiated levels. The
fault initiated levels thus serve as a lower bound for the
maximum cable transient overvoltages and further reduction in

the breaker generated transients merely accentuates the importance
of the fault initiated levels.

The above maximum stresses are considered typical for an UHV
system and, in general, these values will vary with variations
in the system parameters. If the specific system in which a
CGIT cable may be applied has a lower short circuit capability
than 40 GVA for instance, one would expect slightly higher
overvoltages when the line is energized or reclosed with the
converse also being true. The fault initiated overvoltages are
dependent upon not only the ratio of positive and zero sequence
surge impedances of the line in which the fault occurs, but also
the impedances of the line terminations. In larger systems
employing several UHV lines, faults occurring on neighboring
lines located electrically close to the cable may, in addition,
influence these overvoltage levels. Other investigations

have shown fault initiated overvoltages to occur with magnitudes
as high as 2.0 p.u. under proper system conditions.
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5. CABLE SWITCHING IMPULSE INSULATION LEVEL REQUIREMENTS

A summary of the maximum switching surge overvoltages for the
four lengths of cable considered in the analysis is indicated
in Table 1. The "normal" levels indicate the maximum stresses
imposed by energizing and high speed reclosing operations. The
contingency overvoltages are those produced by energizing or
reclosing into single line to ground faults.

TABLE 1

MAXIMUM SWITCHING SURGE QVERVULTAGES

Maximum Overvoltages

Cable Length Normal Contingency
600 ft 1574 kv 1968 kv
2 Miles 1574 kV 1968 kV
10 Miles 1574 kV 1764 kV
50 Miles 1574 kv 2165 kV

5.1 Criteria Used in Establishing Insulation Requirements

Two general philosophies may be used to establish the switching
insulation level for non-self-restoring insulation. The first
philosophy establishes the insulation levels on the basis

the cable will be designed to withstand the maximum overvoltage
levels the system will impose. The cable in this sense is
self-protected with the insulation level set at some margin above
the maximum switching surge overvoltages. The second philosophy
sets the insulatinn level nsing the surge arrsester to reduce the
system imposed stresses. The insulation level in this case is
established at some margin above the arrester proftective
characteristics.

Applying the philosophy that the cable will be self-protected
sets the switching surge insulation requirements as indicated
on Table 2. These requirements were established by setting
the insulation levels 157 above the maximum overvoltage which
the cable may experience.
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TABLE 2

CABLE INSULATION REQUIREMENTS: SELF-PROTECTION

Cable Length Maximum Overvoltage Switching Insulation Level
600 FT 1968 kV 2263 kV
2 Miles 1968 kV 2263 kV

10 Miles 1764 kV 2029 kv

50 Miles 2165 kV 2490 kV

The surge arrester characteristics used to define the insulation
requirements with the second philosophy are indicated in Table 3.

The arrester rating considered was 864 kV, or 72% on a 1200 kV
system. Two arrester designs, the conventional active gap, and

the "Gapless'" ceramic oxide arrester were considered. The maximum
cable overvoltages were recorded at the cable terminals since
switching surge wavefronts are typically much longer than that of a
surge produced by a lightning stroke. The overvoltages at both

the cable terminals in addition were approximately equal in magnitude.
The cable length, therefore, does not dictate the location and

number of arresters as may be the case for a lightning surge. The
arrester protective characteristics therefore specify the insulation
levels for each of the cable lengths considered. The resulting cable
insulation requirements are shown on Table 4. These insulation
levels resulted from adding a 15% margin to the arrester maximum
switching impulse sparkover levels.

TABLE 3

~ SURGE ARRESTER CHARACTERISTICS -

Conventional Ceramic Oxide

Arrester Rating : 864 kV 864 kV

Switching Impulse Sparkover 1766 kV (1.45 pu)* 1570 kv
Voltage

Switching Impulse Discharge 1766 kV (1.45 pu) 1570 kv
Voltage :

*(1 pu = 864kV x v2)
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TABLE 4

— CABLE INSULATION REQUIREMENTS: SURGE ARRESTER PROTECTED -

864 kV Arrester
Conventional Ceramic Oxide

Cable Switching Impulse 2031 kv 1806 kV
Insulation level

5.2 Recommendations

The maximum cahle overwoltages werc generated by eillier energizing
or reclosing into single line to ground faults. Forty-seven
systems were considered in the analysis. Of the overvoltages
resulting from these systems, only nine produced magnitudes

great enough to sparkover the conventional arrcester. In additioun,
approx1mate1y twenty-four of the systems produced levels great
enough to '"'sparkover' the zinc oxide arrester. .

The contingency switching operations represent events which should
occur rarely in the system. In addition, these maximum overvoltages
were produced with optimum circuit breaker closing times and
resistor insertion times. These closing times in practice occur
randomly which further reduces the probability of these maximum
switching levels to be reached. In view of the relatively small
probability that these overvoltages will be attained in practice,
adequate protection should be achieved by establishing the cables
basle swlicching ifpulse insulation level with surge arrester
protection. The rahle insulation level established 1n this manner
has the added advantage of being insensitive -to system parameter
changes as discussed in the previous section.

5:3 Surge Arrester Application Considerations

The available energy stored in a cable prior to arrester sparkover
and the resultlung discharge currents following sparkover may limit
an arrester application.

The amount of energy the conventiouwal arrester 18 fequired tu
dissipate is dependent not only upon its value block elements

but also the performance of the active gaps. The gap performance
is in turn sensitive to the initial discharge currents. These
initial arrester discharge currents may become rather severe when
discharging systems with inlierently low surge impedances. These
initial currents are limited primarily by the arrester valve block
elements as well as the system equivalent surge impedance.
Application guidelines established for the Westinghouse conventional
arrester suggests’'that when this initial discharge current exceeds
3400 amperes, the active gap is prohibited from '"valving off and
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resealing' according to specifications. This condition may lead to
overstressing thermally the valve block elements and increase the
probability of subsequent arrester sparkovers at lower than specified
levels. Application guidelines have not been published for the
General Electric or Ohio Brass station class drresters, however,

it is believed this "critical current" is somewhat lower,
approximately 2000 amperes.

Figure 14 shows the valve block characteristics for these
manufacturers. These characteristics which apply to the conventional
arresters only were used to calculate the initial discharge current
following sparkover in addition to establishing the crest valve

of the current discharge neglecting gap activity. The method used
was to graphically find the intersection of the block V-I curve
with the system V-I curve ("load line"). Using the equivalent
system surge impedance, the arrester sparkover voltage and the
maximum overvoltage without the arrester applied at the cable
terminal the initial and maximum discharge currents were found.
Table 5 indicates these initial and maximum discharge current
levels. This tabulation indicates both the Ohio Brass and General
Electric arrester may be overdutied. The manufacturers should be
consulted as to the adequacy of this arrester application for

each of the cable lengths under consideration.

The "Gapless' arrester will in addition be required to discharge
energy from the system. The electrical characteristics and
application guidelines were not available for the ceramic oxide
arrester. Manufacturers again should be required to verify this
arrester application.

TABLE 5

DISCHARGE CURRENTS - CONVENTIONAL ARRESTER

Initial Maximum
Arrester Critical Discharge Discharge

Manufacturer Rating Current Current Current
Ohio Brass 864 kV 2 kA 2.81 kA 3.67 kA
Westinghouse 864 LV 3.4 kA 1.89 ka 2.5 kA

General Electric 864 kV 2 kA 3.26 kA 4.64 kA
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6. COMPARISON OF RECOMMENDATIONS WITH PRELIMINARY REPORT

Insulation levels were established in the first quarterly report
(October 15, 1975) associated with ERDA Contract E(49-18)-2061.
These levels are indicated in Table 6.

TABLE 6

INSULATION LEVELS ESTABLISHED IN THE
FIRST QUARTERLY REPORT

Switching Impulse Level Ceramic Oxide Conventional Arrester
BSL Arrester 864 kv 960 kV
Arrester Protected -1805 kV 2360 KV 2623 kV
Maximum Surge 1577 kv 1577 kv 1577 kv

The insulation levels baséd on the maximum surge are lower than
the values indicated in this report. This is due to the fact

that the maximum switching surge overvoltage was assumed to

be 1372 kV (1.4 p.u.) which would be generated by normal

reclosing operations. A 15% margin was added for safety. The
insulation levels-established in the arrester protected case

using the conventional arrester are higher than those established
in this report. This is primarily due to two aspects of the
assumed arrester characteristics. Table 7 indicates the arrester
characteristics used for the previous analysis. Although the
arrester rating is the same, the protective levels expressed in
per unit of crest arrester rating are higher than was assumed in
this analysis (see Table 3). 1In addition, these characteristics
assume the maximum switching impulse discharge voltage to be above
the sparkover levels. This assumption required the use of the
discharge voltage characteristics rather than the sparkover levels.
For example, a 157 margin was applied to the 2052 kV discharge
voltage to attain the 2360 kV insulation level. It is recommended
that the manufacturers be asked to specify the maximum discharge
voltage levels of this rating arrester to insure proper coordi-
nation with the arrester protective characteristics.

TABLE 7

ARRESTER PROTECTIVE CIIARACTERISTICS USED IN THE
FIRST QUARTERLY REPORT

864 kV Arrester

Maximum Switching Impulse Sparkover 1894 kV (1.55 pu)*
Maximum Switching Impulse Discharge Voltage 2052 kV (1.68 pu)*
*(1 pu = 864 kV x v2)
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7. AREAS FOR FURTHER INVESTIGATIONS

These investigations have concerned themselves with typical
stresses which a CGIT cable will be expected to withstand. These
stresses naturally being impressed across the phase conductor and
the grounded sheath.

Cable systems employing such grounding schemes as cross bonding
are in addition susceptible to voltages which may be developed
across the joints which segregate the sheaths into each bonding
segment. These overvoltages may be in the form of power frequency
voltages which may result from line-to-ground faulets both internal
or external to the cable system or surge voltages developad acrogs
the Jeints as 4 result ot faults, owitching vperations or lightning
phenomena associated with the adjacent overhead system. Various
techniques for protection of these systems have been suggested and
include bot? ghe use of lightning arresters and bonding trans-
formers.(S) 6

If the cross bonded grounding system is being considered for longer
cable applications, consideration should be given to acquiring
knowledge of the nature and magnitudeo of these sheath overvoltages.
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9. APPENDIX

This section of the report contains the individual cases comprising
the analysis which was performed for the study. These cases are
divided in four sections with each section containing the work
which was performed for each of the four systems considered in

the analysis. Each section begins with curves summarizing the
maximum cable overvoltages followed by the oscillograms of the
voltages measured in each case.

The following abbreviations are utilized on the curves summarizing
the work for each system,

ABBREVIATIONS
E — Energize Line
E-SLG - Energize line with single line-to-ground fault
E-SLG-CC - Energize line with single line-to-ground fault

and controlled breaker contacts

RC - High speed reclosihg
RC-SLG - High speed reclosing with single line-to-ground fault
RC-SLG-CC - High speed reclosing with single line-to-ground fault

and controlled breaker contacts

FI - Fault initiated overvoltages
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CASE NO. 21 . ENERGIZE LINE

BREAKER
40GVA @_l_ | OVERHEAD LINE FCABLE k.

X0 |

W A |'0 V| Vz 50 MILES v3 600 FT
BREAKER RESISTORS Ry= 2500 Ry = 200
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.

MAX. PU_OVERVOLTAGE

LOCATION

==




CASE NO. B2 E-ZGH SPEED RECLOSING OF LINE

BREAKER
) 40GVA @_I_ |  OVERHEAD LINE i‘ CABLE
X0 |
_XT 3 I'O V| VZ 50 MILES v3 600 FT
BREAKER RESISTORS Ry= 2500 Rp= 200
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE PR
“MAX. PU OVERVOLTAGE o T o L

=




CASE NO B=3 ENERGIZE INTO SINGLE LINE TO GROUND FAULT
" BREAKER »
40GVA l OVERHEAD LINE CABLE
X0 I - 4
i 1.0 V| ) 50 MILES Vg 600 F1 ;
BREAKER RESISTORS Ri= 2500 R2 = 200
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.
'MAX. PU_OVERVOLTAGE 50T, xSy TR,
LOCATION V| =2 V2 V3 Va




CASE NO. _B-4 HIGH SPEED RECLOSE INTO SINGLE LINE TO GROUND FAULT

BREAKER
40GVA @_}_ |  OVERHEAD LINE %CABLE
)w ~~~~~
Xl =10 Vi 7] 50 MILES Vs 600 FI ==
BREAKER RESISTORS R = 2500 Ry = 200
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.
“MAX. PU_ OVERVOLTAGE 1.5 p.u. SANE S Vs
LOCATION V2 V3 Va
SAME AS




CASE NO. B2

FAULT INITIATED OVERVOLTAGES

-x—lﬂl.O

BREAKER
40GVA @_I_ |  OVERHEAD LINE I‘ CABLE
X0 |
Vi VZ 50 MILES V3 600 FT
BREAKER RESISTORS R, R, -

RESISTOR INSERTION TIMES
MAXIMUM POLE SPAN
PRE-SWITCHED VOLTAGE

MAX. PU_OVERVOLTAGE

LOCATION




CASE NO.=Z

6 ENERGIZE LINE

BREAKER

40GVA @_I_ |  OVERHEAD LINE + CABLE
X0 |

~*1.0

X! Vi ') 100 MILES V3 600 FT
BREAKER RESISTORS R = 1000 Rp= 200
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE- SWITCHED VOLTAGE N o0s..
"MAX. PU OVERVOLTAGE| g an e Tl

LOCATION




CASE NO. 2

HIGH SPEED RECLOSING LINE

BREAKER
40GVA @I_ |  OVERHEAD LINE {( CABLE
) :
W =1.0 Vi Vo 100 MILES V3 600 FT

BREAKER RESISTORS R;= 1000 Ro = 200
RESISTOR INSERTION TIMES 6_MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE- SWITCHED VOLTAGE 1.0 p.u.

MAX. PU_OVERVOLTAGE 2o e W T,

LOCATION

s

V4




CASE NO. _B-8 FAULT INITIATED OVERVCLTAGES

BREAKER V-
40GVA —_| OVERHEAD ,LINE CABLE
X0 I l‘—__.i/&\
_)(T"'o Vi ') 100 MILES - cp V3 _600 FT
BREAKER RESISTCRS Ry= - Ry= -

RESISTOR INSERTION TIMES = =
MAXIMUM POLE SPAN 1
PRE-SWITCHED VOLTAGE 1.0 p.u.

'MAX. PU_OVERVOLTAGE 1.8 p.u. 1.8 p.u. 155 p.u.
LOCATION ", Vi Vi s

==




CASE NO. B=9

ENERGIZE LINE INTO SINGLE LINE TO GROUND FAULT

BREAKER
40GVA @_}_ |  OVERHEAD LINE CABLE
X0 | | Ly
T .0 Vi \7) 100 MILES V3 600 5T =

BREAKER RESISTORS Ry= 2500 Ry = 200

RESISTOR INSERTION TIMES 6 MSEC 6 MSEC

MAXIMUM POLE SPAN 5 MSEC

PRE-SWITCHED VOLTAGE 1.0 p.u.
'MAX. PU_ OVERVOLTAGE Wi WS SRS
’ LOCATION Vi —2 V2 V3 V4




o - I
CASE NO. B-10 HIGH SPEED RECLCSING INTO SINGLE LINE TO GROUND FAULT

BREAKER

40GVA | | OVERHEAD LINE CABLE
X0 | el

W =10 V| v 100 MILES V3 600 FT
BREAKER RESISTORS Ry = 2000 Ro = 200
RESISTOR INSERTION TIMES 6_MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 10 oy
MAX. PU OVERVOLTAGE 23005 4. 1.8 p.u. SePC Sy

LOCATION




CASE NO. B-11 ENERGIZE LINE

BREAKER '
40GVA @_I_ | OVERHEAD LINE | %CABLE E
X0 |
X1 =10 Vi \'7.) 150 MILES V3 600 FT
BEREAKER RESISTORS Ry= 1000 Ro = 200
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.

MAX. PU_ OVERVOLTAGE

LOCATION




- HIGH SPEED RECLOSING
CASE NO. 212

BREAKER
406VA (~ 4 { OVERHEAD LINE | I‘ CABLE
W =10 Vi \'7.) 150 MILES V3 600 FT ;
BREAKER RESISTORS R = 1000 R> = 200
RESISTCR INSERTION TIMES _6 MSEC_ 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.
MAX. PU_OVERVOLTAGE 2.0 p.u. 1.4 p.u. 1.6 p.u.

LOCATION




CASE NO. B=13 HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40GVA @_I_ | OVERHEAD LINE I‘ CABLE
X0 l LAY

i 1.0 V| o 150 MILES V3 600 FT

BREAKER RESISTORS Ry = 500 Ry = 200
RESISTOR INSERTION TIMES GREe 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.

MAX. PU_ OVERVOLTAGE POl

SAME AS V

3
LOCATION Va

S




CASE NO. B-14 ENERGIZING INTO SINGLE LZNE TO GROUND FAULT

BREAKER
40GVA @_I_ | OVERHEAD LINE CABLE

X0 I 1‘ W LAr

x " 1.0 V| o 150 MILES V3 600 FT i
BREAKER RESISTORS Ry= 500 Ry = 200
RESISTOR INSERTION TIMES 0 MSEC St nes
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE SO0

'MAX. PU_OVERVOLTAGE

SAME AS V

LOCATION

3
V4

SAME AS
\'




CASE NO. B-15 FAULT INITIATED OVERVOLTAGES

BREAKER Ve

40GVA @_I_ |  OVERHEAD LINE + CABLE
x° | _Ref

ﬁ =1.0 Vi 7. 150 MILES V3 600 FI

BREAKER RESISTORS Ry= - Ry = -
RESISTOR INSERTION TIMES & S
MAXIMUM POLE SPAN i
PRE-SWITCHED VOLTAGE LB DI

MAX. PU_OVERVOLTAGE o , Lo a. X
LOCATION Vi =2 73 V3 Va




- 1 ~
CASE NO. B-16 FAULT INITIATED OVERVOLTAGE

BREAKER

40GVA @_}_ |  OVERHEAD LINE CABLE

X0 I

W =1.0 V| V2 50 MILES cd ﬁ V3 10 MILES
BREAKER RESISTORS R - Ry - -
RESISTOR INSERTION TIMES : e
MAXIMUM POLE SPAN -
PRE- SWITCHED VOLTAGE 1.0 p.u.

MAX. PU OVERVOLTAGE L 2y, R W

LOCATION V| —2 ' V2 V3 V4




CASE NO. B-17 HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40GVA | OVERHEAD LINE CABLE
X0 I e

<" 1.0 /] ') o0 MLt Vg _10 MILES =

BREAKER RESISTORS Ri= 500 Ro = 100
RESISTOR INSERTION TIMES b MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.

MAX. PU_OVERVOLTAGE
LOCATION

it I pias




- S
CASE NO. B-18 ENERGIZING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40GVA @_'_ |  OVERHWEAD LINE 1( CABLE

X0 | =1 A

>l 1.0 V| ") 50 MILES V3 10 MILES "
BREAKER RESISTORS Ri= 500 Ro = 100
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0.p.u,

MAX. PU_OVERVOLTAGE ¥ 0, o A% 10 gl

LOCATION




CASE NO. B-19 ENERGIZING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40GVA OVERHEAD LINE CABLE
X0 @ { P AF
W =1.0 V| \Q 100 MILES V3 10 MILES
BREAKER RESISTORS Ry= 500 Ry = 100
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.
'MAX. PU_OVERVOLTAGE 80 5.

=

LOCATION =2




CASE NO. B-20 HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

BREAKER

40GVA | OVERHEAD LINE CABLE
X0 ._T_] A 5

- a0 I L.ES 3
xl Vl VE. 190 MILES V3 EOEMIELEES

BREAKER RESISTORS R = 500 Ro = 100
RESISTOR INSERTION TIMES _6 MSEC_ L
MAXIMUM POLE SPAN __5 MSEC
PRE-SWITCHED VOLTAGE o e

MAX. PU OVERVOLTAGE| 2.0 p.u. e gk T g0
LOCATION




- FAULT INITIATED OVERVOLTAGES
CASE NO. 372 _

BREAKER
40GVA @_I_ |  OVERHEAD LINE CABLE
X0 i r‘;l
—x—ll g l'o V| Vz 100 MILES B¢< t V3 10 MILES
BREAKER RESISTORS R Ry = -
RESISTOR INSERTION TIMES L
MAXIMUM POLE SPAN :
PRE-SWITCHED VOLTAGE 1.0 p.u.
MAX. PU_OVERVOLTAGE 1. 20, i S e,
LOCATION V-2 V2 V3 Va




X L ED OVERVOLTAGES
CASE NO. 522 FAULT INITIAT \

BREAKER Ve
40GVA @_}_ |  OVERHEAD LINE CABLE
_XXSI)‘LO 7 V|2 150 MILES (Kc?é vy L0 MILES
BREAKER RESISTORS R = - AR

RESISTOR INSERTION TIMES £ -
MAXIMUM POLE SPAN 5
PRE-SWITCHED VOLTAGE 1.0 p.u.

“MAX. PU OVERVOLTAGE
LOCATION




. -9
CASE NO. B-23 ENERGIZING INTO SINGLE LINWE TO GROUND FAULT

BREAKER
40GVA @_I_ | OVERHEAD LINE  CABLE

20 | Sauil

~i =10 Vi W | 150 MILES Vg 10 MILES 3
BREAKER RESISTORS R = 500 Ry = 100
RESISTOR INSERTION TIMES &€ HSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.

'MAX. PU_OVERVOLTAGE W Pita. WL W

LOCATION




CASE NO. B-24 HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40GVA | OVERHEAD LINE CABLE

X0 I i

k| i 1.0 Vj Vo 150 MILES V3 _ 10 MILES &
BREAKER RESISTORS Ry= 500 Ry = 100
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SFAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.

MAX. PU_OVERVOLTAGE T T € ¢ .

LOCATION




CASE NO. Bz25 ENERGIZING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40GVA | OVERHEAD LINE + CABLE |
X0 | & {a¢
g 19 Vi V2 50 MILES V3 50 MILES e
BREAKER RESISTORS Ry= 200 Ro = 50
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.

"MAX. PU_OVERVOLTAGE

o955 p. .U,

LOCATION




- P " :‘
CASE NO. B-26 : HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

BREAKER

40GVA @_*_ |  OVERHEAD LINE i‘ CABLE
X0, | | " _lad
XI "~ -0 Vi \7) 50 MILES V3 50 MILES =

BREAKER RESISTORS R = 200 Ry = 50

RESISTOR INSERTION TIMES 6 MSEC 6 MSEC

MAXIMUM POLE SPAN 5 MsEC

PRE-SWITCHED VOLTAGE 1.0 pou:

MAX. PU_OVERVOLTAGE
LOCATION

' 15, S Ipleus 5. Pl TS 5upsus

Ve : V3 V4




CASE NO. B=27 FAULT INITIATED OVERVOLTAGES

BREAKER V.

&
40GVA @+ |  OVERHEAD LINE l‘ CABLE
X0 I ST

BREAKER RESISTORS R= - Rp* -

RESISTOR INSERTION TIMES X = o
MAXIMUM POLE SPAN %
PRE-SWITCHED VOLTAGE 1.0 p.u.

“MAX. PU_ OVERVOLTAGE Wi o B We oon, TEre
LOCATION % V2 V3 V4




- FAULT INITIATED OVERVOLTAGES
CASE NO. _B:28 AL

BREAKER
40GVA @_I_ | OVERHEAD LINE 1{ CABLE
o o Vi V2 100 MZLES ( V3 _50 MILES
BREAKER RESISTORS Ri= - Row -

RESISTOR INSERTION TIMES 3 E
MAXIMUM POLE SPAN =
PRE-SWITCHED VOLTAGE 1.0 p.u.

MAX. PU_ OVERVOLTAGE
LOCATION Vi =2

=




CASE NO. B-29 HIGH SPEED RECLOSING IN SINGLE LINE TO GROUND FAULT

BREAKER
OVERHEAD LINE CABLE
:: oy @ {‘ AN
W =1.0 V| VZ 100 MILES V3 50 MILES =
BREAKER RESISTORS R= 200 Ry = 50
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.
"MAX. PU_ OVERVOLTAGE R0 T Tobares Bk .t 22 Dot
LOCATION




HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

CASE NO. _B-30 WITH CONTROLLED BREAKER CLCSING
BREAKER
40GVA @_}_ |  OVERHEAD LINE *CABLE‘
m l ““‘:.".’z.::f (#
xi 1.0 Vi ) 100 MILES V3 _50 MILES
BREAKER RESISTORS R = 200 Ry = 50
RESISTOR INSERTION TIMES 6 MSEC 6 HSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.
'MAX. PU_ OVERVOLTAGE TS I eamy, 1 i, LT
LOCATION V2 V3 Va




ENERGIZING INTO SINGLE LINE TO GROUND FAULT

CASE NO. Be=31 WITH CONTROLLED BREAKER CLOSING
BREAKER
40GVA @_{_ |  OVERHEAD LINE {( CABLE
X0 | |44
x| " 1.O V| W 100 MILES V3 50 MILES e
BREI:\KER RESISTORS Ry = 200 Rp = 50
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0°p. 5.
_MAX. PU OVERVOLTAGE 10 p-w. Tirw. e m—
LOCATION

Ve V3 Va




CASE NO. _B-3- HIGH SPEED RECLOSING LINE
{19 Hz DEAD TIME)

BREAKER
40GVA | OVERHEAD LINE 1[ CABLE %
X0 I
XI =10 Vl Vz 150 MILES V3 50 MILES
BREAKER RESISTORS Ry= 200 R = 50
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.

'MAX. PU_OVERVOLTAGE
LOCATION

1.6,

=




- INITIATED OVERVOLTAGES
CASE NO. B-33 FAULT IN

BREAKER

40GVA @_I_ |  OVERHEAD LINE l‘ CABLE

X0 | o ,.

-)-(_l =10 Vi 7. 150 MILES ((C?’ V3 _50 MILES
BREAKER RESISTORS R|= - T

RESISTOR INSERTION TIMES £ s
MAXIMUM POLE SPAN =
PRE-SWITCHED VOLTAGE 1.0 p.u.

_MAX. PU OVERVOLTAGE

1.2 5piit. L5 pelle Ie5RpeusT

LOCATION




CASE NO. B34 ENERGIZING LINE

BREAKER
40GVA @+ |  OVERHEAD LINE |‘ CABLE

X0 I

W =10 V| VZ 150 MILES V3 50 MILES
BREAKER RESISTORS Ry= 200 Ra =150
RESISTOR INSERTION TIMES 6 MSEC  © 6 MSEC
MAXIMUM POLE SPAN 5 MsEC
PRE-SWITCHED VOLTAGE 1.0 peu.

"MAX. PU OVERVOLTAGE 26 p.%; 1.3% 5. W i

—

LOCATION




w~SE NO. B=35 ENERGIZING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40GVA | OVERHEAD LINE CABLE
X - 1.0 V| v 50 MILES V3 2 MILES 5

BREAKER RESISTORS R = 1500 Rp= 200

RESISTOR INSERTION TIMES 6 MSEC 6 MSEC

MAXIMUM POLE SPAN 5 MSEC g
PRE-SWITCHED VOLTAGE 1.0 p.u.

MAX. PU_OVERVOLTAGE 1.0 p.u. 1.1 p.u,

LOCATION




B35 I PEED 0SING INGLE LINE TO GROUND FAULT
CASE NO. 3¢ HIGH SPEED RECLOSING INTO SIN LINE OUN

BREAKER

40GVA |  OVERHEAD LINE 1{ CABLE _ |
X0 @'I_ I > A

xI " 1.0 V| ") 50 MILES Vg _2 MILES E

BREAKER RESISTORS Ry = 1500 Ro = 200
RESISTOR INSERTION TIMES B 0. B0
MAXIMUM POLE SPAN g HSEC)
PRE-SWITCHED VOLTAGE b LT

MAX. PU OVERVOLTAGE
LOCATION

Tshsp. .

e




CASE NO. B3/ FAULT INITIATED OVERVOLTAGES

BREAKER
40GVA @ OVERHEAD LINE I CABLE
X0
i .0 V| W 50 MILES o i V3 _2 miLes
BREAKER RESISTORS R|= = Rz-.- =

RESISTOR INSERTION TIMES a e
MAXIMUM POLE SPAN 7
PRE-SWITCHED VOLTAGE 1.0 p.u.

'MAX. PU OVERVOLTAGE
LOCATION Vi=2

s onpsa.

B




CASE NO. _B-3¢ ENERGIZE LINE
BREAKER

40GVA @_I_ |  OVERHEAD LINE + CABLE
X0 :

X 1.0 Vi Vo 50 MILES V3 _2 MILES

BREAKER RESISTORS R = 2500 Rp= 200
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.

'MAX. PU_OVERVOLTAGE
LOCATION

Iodupaas

V4




o CABLE I00 MILES
. e O MILES OVERHEAD

20} R} =100
(11 ]
@ w
<
Oglﬁ— T
7 P
=20
32z 13 = L
xl.l.l __//
<I>
20
1.0 } foseadl T - =
500 1000 K00 2000 2500 3000 3500
Ro

e



CABLE
oG o | SABEE 150 MILES
|0 MILE OVERHEAD
20} Ry = 200
(1]
B w
<t
OF |5t o -
3 e e
§g 135 i 2
=
x4 Y
<o \~
=
1.0 e e e -
500 1000 500 2000 2500 3000 3500
R2
I



% CABLE
[ U 'z‘
50 MILES

MAXIMUM CABLE
OVERVOLTAGE

| 50 MILES
I OVERHEAD
20 R} =100
1.5 |-
\,—::’“::
1o F.1.
1.0 } IR R T T >
500 1000 500 2000 2500 3000 3500

e
————— RC— SLGF



@ o | CABLE | 100 MILES
. )
SOMILES ' OVERHEAD

20} R =50§)

\

£

£l

MAXIMUM CABLE
OVERVOLTAGE

.O 1 1 ! 4 >

500 1000 BOO 2000 2500 3000 3500
nR2

- E
® RC-SLGF




VA) p | SABLE 150 MILES
' 50 MILES OYERIEER

20 R} =50
w
@ w
< —
o3 5l e
- -
s ~
(@) N T
s ot \ 7
= e
xg 1.2
25
=
1.0 2 - { ¥ i i i &
500 1000 BOO 2000 2500 3000 3500
Ro

——— E



CASE NO. _c-1 FAULT INITIATED OVERVOLTAGES

BREAKER
40 GVA @_I__E_I__(CABLE sl OVERHEAD LINE
X0 . |0 % & | &l
' Vi Vp s _so s s
XI g V3 Vg adb
BREAKER RESISTORS Ri= - Ro= -
RESISTOR INSERTION TIMES £k ~
MAXIMUM POLE SPAN z
PRE - SWITCHED VOLTAGE 1 g.c;
W o AR o 1.3 p.u. 14 p.u-
LOCATION Vi-2 Vo V3 . Va4




CASE NO. _c-2 ENERGIZING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA @_l_g_’_(czxaua ‘| OVERHEAD LINE
)’:Io = 1.0 v Vo 2 MILES IJB 50 MILES Va r:l A ¢
BREAKER RESISTORS Ri= 1000 R2= 200
RESISTOR INSERTION TIMES _6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 p.u.
M_X_W 1.0 p.u. Ly 3spati . 1230 piatns 14 pLu.
LOCATION Vi-2 . V2 V3 o




VASE NO.

Xi

€=3 HIGH SPEED RECLOSING OF LINE

BREAKER

40 GVA @_{_E_I_CCABLE OVERHEAD LINE
X0 .10

Vi V2 -2 MILES _ V3 50 MILES

BREAKER RESISTORS Baion T
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 wsEC

PRE - SWITCHED VOLTAGE 1.0 p.u.

T

~LOCATION




CASE NO. C-4 ENERGIZING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA @_I_g_l__(czxa_s ‘| OVERHEAD LINE |
X | ..
-ﬁ-: 1.0 Vi Vo 10 MILES ’VI3 50 MILES A Wi A ¢
BREAKER RESISTORS Ry* 1500 Ro= 200
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5> MSEC
PRE - SWITCHED VOLTAGE 1.0 p.u.
MAX. PU. OVERVOLTAGE ‘ M i s, T
. LOCATION V-2 Vo V3 Va




CASE NO. G=5 HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA @_I_E_I_(CABLE 2 OVERHEAD LINE
X0 . A
X| 1.0 V| Vo 10 MILES J3 50 MILES Vs ___Z?__ﬁ ¢
BREAKER RESISTORS Ry= 1500 Ro 200
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 by

MAX. PU. OVERVOLTAGE

“LOCATION




ASE NO C-6 ENERGIZING INTG SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA @_{_&_l_(CABLE 5 OVERHEAD LINE
X0 .
£ 1.O Vi Vp  _S0MILES ’VI.’: 50 MILES Va X
BREAKER RESISTORS R= 500 Ras 1og
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 p.u.
MAX. PU. QVERVOLTAGE L3 pou 6 o
LOCATION v

e




- =F FAULT INITIATED JVERVCLTAGES
CASE NO. &’

BREAKER

40 GVA @‘I‘@"—‘CABLE ‘| OVERHEAD LINE

X

X:) =1.0 Vi Vo 50 MILES ’VI3 50 MILES Va 'f e
BREAKER RESISTORS Rj= - Ro= -
RESISTOR INSERTION TIMES T ¥
MAXIMUM POLE SPAN ?
PRE - SWITCHED VOLTAGE 136 P

X. PU. VOL : : 1.15 p.u. 1.15 p.u 1.3 p.u
LOCATION ' Vi-2 Vo V3 Va




CASE NO. C-8 HIGE SPEED RECLOSING INTO SINGLE LINE TO GROUND FAJLT

BREAKER '

40 GVA CABLE __ | OVERHEAD LINE

xO g et

T 1.O V) Vo 50 MILES ’VI3 50 MILES __J A 7/
BREAKER RESISTORS Ri= 500 Ro= 100
RESISTOR INSERTION TIMES 6 _MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSES
PRE - SWITCHED VOLTAGE 1.0 p.u.

MAX. PU. OVERVOLTAGE 2.0 p.u 192, Batis 1:2 pap 3
LOCATION |—2 Vo V3 Va




CASE NO. G=9 HIGH SPEZD RECLOSING INTO SINGLE LINE TO GROUND FAULTS

BREAKER

40 GVA CABLE | OVERHEAD LINE |

X0 . | ’

X| 1.0 V| Vo 50 MILES ’V|3 100 MILES Vg A 55
BREAKER RESISTORS Ri= 200 Ro= 5
RESISTOR INSERTION TIMES P IREC 6 MSEC
MAXIMUM POLE SPAN e
PRE - SWITCHED VOLTAGE 1.0 p.u.

. PU. VOLT, 2.0 psa 143 D0 153 pais 1.5 p.u.
LOCATION Vi-2 V2 V3 /7




CASE NoO. ¢10 ENEEGIZING INTO SINGLE LINE TO GROUND FAULT

BREAKER ,

40 GVA @_'_&_i_(cmaus 4 OVERHEAD LINE

%a 1.0 Vi Vo 50 MILES 1 100 MILES Va l N
BREAKER RESISTORS Rjr 200 Ro= 50
RESISTOR INSERTION TIMES 5 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE Ll B4

. PU. VOLT, 1.0 van. Ya2opaus p I e O 1.4 p.u.
LOCATION Vi-2 V2 V3 Va




CASE NO. S

FAULT INITIATED OVERXVOLTAGES

BREAKER n
40 GVA CABLE OVERHEAD LINE
%0 I N E_ < o
——=1.0 . 50 MILES 100 MILES c..74
XI i V2 —— V3 B e
BREAKER RESISTORS Ri= - Rpe
RESISTOR INSERTION TIMES i3 =
MAXIMUM POLE SPAN s B
PRE - SWITCHED VOLTAGE U
. PU. VOLT, 1.4 p.u. 12 peu 1.2 p.u 10078 ptit
LOCATION Vs V2 V3 V4




CASE NO. €~-12 ENEEGIZING INTC SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA @_l_g_l_(cm_s ‘| OVERHEAD LINE
%Q-c 1.O Vi Vo 50 MZLES ’Vl_v, 150 MILES Va ] /i 5{
BREAKER RESISTORS ~ Ry= 200 Ro= 5o
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 p.u.
MAX. PU. OVERVOLTAGE 1.0 p.u. 19 pue 1.2 peu. Yl Dsit s
LOCATION - Vi—2 Vo V3 Va




JASE NO c=13 HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA CABLE | ~ OVERHEAD LINE
X0 & )
22:10 ]
XI V| Vo 50 MILES J3 150 MILES Va ._?_Z_/_‘) nf
BREAKER RESISTORS  Ry= 200 Ros 50
RESISTOR INSERTION. TIMES v i
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 p.u.
. PU. 1§ 2.0 p.u. 1.3 pants 1+3.potts : 1.7 p-u.
LOCATION -2 Vo V3 Va




CASE NO. G~14 FAULT INITIATED OVERVOLTAGES

BREAKER Vi
40 GVA @-{-&—|—<CABLE 3 OVERHEAD LINE |
X0 .10 1 | |
x| Vi Vo 50 MILES Vs 150 MILES ?{y\gfp Vg
BREAKER RESISTORS Ri= - Ros -
RESISTOR INSERTION TIMES R 57 e
MAXIMUM POLE SPAN s
PRE - SWITCHED VOLTAGE 1.0 p.u.
. PU. VOLT: 1.4 p.u. 4 Ys2-pus La2 . pau, 1.7 p.u.
LOCATION A Vo V3 Va




CASE NO. ¢-15 HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA @'}‘@'l—(CABLE ‘| OVERHEAD LINE
.%: i Vi Vo . 10 MILES ’V|5 10C MILES V:W__;__Lﬂ 4,
BREAKER RESISTORS Ri= 250 Ro= 100
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1:0 piu.

o

P VOLT.
LOCATION




CASE NO. C-16 ENERGIZING INTO SINGLE LINE TO GROUND FAJLT

BREAKER
40 GVA @_l_g_!_(u\auz e OVERHEAD LINE
o 0T wms | - u vg 157
BREAKER RESISTORS Ry= 250 R2= 100
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 p.u.

MAX. PU. OVERVOLTAGE
LOCATION




- FAULT INITIATED OVERVOLTAGES
CASE No. &V

BREAKER

40 GVA CI ) l CABLE | OVERHEAD LINE |

&: ’l z,’ I

X| 1.0 VI VZ 10 MILES V3 100 MILES —fc‘?g V4
BREAKER RESISTORS Ri= - Ro= -

RESISTOR INSERTION TIMES z

MAXIMUM POLE SPAN ¥
PRE - SWITCHED VOLTAGE 1.0 p.u.

'MAX. PU. OVERVOLTAGE
LOCATION Vi—s




CASE NO. £-18 HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

BREAKER

40 GVA @'l"@_""‘CABLE e OVERHEAD LINE

;((Io = .0 Vi Vy 10 MILES ’VI3 150 MILES Va _;Lﬂ &
BREAKER RESISTORS Rye. so8 Mor
RESISTOR INSERTION TIMES G ore 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 p.u.

MAX. PU. OVERVOLTAGE L4 P

“LOCATION




JASE NO. C=1.9: ENEEGIZING INTO SINGLE LINE TO GROUND FAULT

BREAKER

40 GVA @_*’_E_{__(CABLE | OVERHEAD LINE

;? =|.0 v|ﬁ Vo 10 MILES ’J3 150 MILES
BREAKER RESISTORS Ry= 500 Haation
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE W

v;j;f’ ¢

MAX. PU.

LOCATION

=

RVOLT.




CASE NO. ¢-20 FAULT INITIATED OVERVOLTAGES

BREAKER Ve
40 GVA C l ) l CABLE | OVERHEAD LINE |
X S
')fr' 1.0 Vi Vo 1C MILES ’V|3 150 MILES 7/<«¢# V|4
BREAKER RESISTORS Ri= - Ro= -
RESISTOR INSERTION TIMES PN p e
MAXIMUM POLE SPAN 3
PRE - SWITCHED VOLTAGE 323 iy
MAX PU. OVERVOLTAGE 15 paity .35 paiis 148 paeu.
LOCATION V-2 v, V3 Va




CASE NO. c-21 HIGH SPEED RECLOSING

BREAKER
40 GVA @_I_g_l_gcn.m.s 4 OVERHEAD LINE |
X0 .
X e V| Vo ~0 MILES ’V|3 0.0 MILES V|4
BREAKER RESISTORS Ry= 1500 Ros 200
RESISTOR INSERTION TIMES il 2 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 p.u.
_MAX. PU. OVERVOLTAGE
LOCATION

T v




CASE NO. &%

ENERGIZATION - WITH NO OVERHEAD SYSTEM

BREAKER

40 GVA CABLE | OVERHEAD LINE |

X

X? =10 v Vo 10 MILES IVL 0.0 MILES V|4
BREAKER RES'STORS th 1500 Rzg 200
RESISTOR INSERTION TIMES _b MSEC 6 _MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 f.u.

_MAX. PU. OVERVOLT.
LOCATION




CASE NOC. -2

ENERGIZATION

- NO BREAKEEX RESISTORS

NO OVERHEAD LINE

BREAKER
CABLE OVERHEAD LINE
40 GVA 3 |
20Nii0 | l
X j V| Vo 2 MILES Vi 0.0 MILES Va
BREAKER RESISTORS Ri= 0.0 Ro= .9
RESISTOR INSERTION TIMES = =
MAXIMUM POLE SPAN TRt
PRE - SWITCHED VOLTAGE 1.0p.u.
MAX. PU. OVERVOLTAGE 2.2 2 TN
_____LocaATioN Vi-2 Vo V3 Va4




CASE NO. ct-2

ENEEGIZATION - ONE STEP RESISTOR - NO OVERHEAD

BREAKER
40 GVA @_ & CABLE OVERHEAD LINE
-—(—' >

-)’-:TO-J 1.O Vi Vo 2 MILES Vg 0.0 MILES Va
BREAKER RES'STORS R’S 10009 Rzg 0.0
RESISTOR INSERTION TIMES 6 MSEC i
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 p.u.

_MAX. PU. OVERVOLTAGE
LOCATION

e




CASE NO. €-25 EFEXGIZATION INTO SINGLE LINE TC GROUND FAULT

BREAKER

40 GVA @l_&l__(mal_s OVERHEAD LINE

- =1.0 50 MILES ’I 0.0 MILES

XI \J S i, - Va
BREAKER RESISTORS Ry= 1500 Roe 100
RESISTOR INSERTION TIMES 6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 p.u.

MAX. PU. OVERVOLT

LOCATION

—




CASE NO. t225

40 GVA
X0« .0

X1

( )l E I CABLE

HIGH SPEED RECLOSING INTO SINGLE _INE TO GROUND FAULT

BREAKER

=

OVERHEAD LINE

>

VI VZ 50 MILES V3 0.0 MILES
BREAKER RESISTORS Ry= 1500 R2= 100
RESISTOR INSERTION TIMES 6 _MSEC 6_MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE - SWITCHED VOLTAGE 1.0 pitis

_MAX. PU. OVERVOLTAGE

=

LOCATION

T
VUL

AR




MAXIMUM OVERVOLTAGE

MAXIMUM OVERVOLTAGE

CABLE A

CABLE B

| 10 MlLE; 50 MILES IOMILES

| OVERHEAD CABLE B

CABLE A
20 Ro = 10002
E —SLG
————— RC-SLG
1.5
145 = =
"‘f/’:—:
\\_/
1.0 —+— t —+ —t . ~ - >
500 1000 1500 000 2500 3000
R| (OHMS)
2.0 E- SLG
—————— RC-SLG
—
"
- _
P
\.//
'.o % 1 L 1 i N ' pey

500 1000 1500 2000 2500 3000
R, (OHMS)



MAXIMUM OVERVOLTAGE

MAXIMUM OVERVOLTAGE

IO MILES 100 MILES OMILES
CABLE A - VERHEAD  caBLEB

CABLE A

B

71

CABL

20 + R> =100 1
- E-SLG
————— RC-SLG
.5 _—__—__’/
e
/
<
1.0 + +-- } $- - p———p—————
500 000 1500 2000 2500 3000
R; (OHMS)
R |
20 E-SLG
----- RC-SLG
- /;‘:,—-
==
1.6 -
15+ =
.O t t t— } +——t —

T |  § e R
500 1000 1500 2000 2500 3000
R; (OHMS)



MAXIMUM OVERVOLTAGE

- MAXIMUM OVERVOLTAGE

X]

150 MILES I0 MILES

A

N\ 10 MILES
b ~  CABLE A

OVERHEAD  GABLE B

20
Ry =100}
E
: ______ RC
= 1.5 |-
S
113
1.0 -+ } — 1 - —
500 I000 1500 2000 2500 3000
R| (OHMS)
4 E
200~ — RC
///’
m .7 —— —
Lj' \_/’
o 15t
<
(3
LO } 5 & A 1 4 1

500 1000

1500

2000 2500 3000

'R, (OHMS) -



MAXIMUM OVERVOLTAGE

MAXIMUM OVERVOLTAGE

VA 52 SOMILES SOMILES SOMILES
CABLE A OVERHEAD  CGaABlESB

CABLE A

CABLE B

? Ro= 5082
20 |- E
® RC-SLG
@ —— RC -SLG-CC
5+ @
' ®
1.0 $ } + —4 + % —
250 500 750 I000 1250 1500
R; (OHMS)
A
20 | : | E
® — RC—SLG
Q® «—— RC=-SLG=CC
@ B
15 7//

LO

T

260 500 750 1000 1250 1500
R, (OHMS)



MAXIMUM OVERVOLTAGE

MAXIMUM OVERVOLTAGE

2 sn  OMLES  oommes < OMLES
A\ > |
- CABLE A } OVERHEAD ECABLE B

CABLE A

CABLE B-

20

Rp=50§2

———E-SLG
———— RC-SLG

.5 -
////
13 b SN <
1.O —+ } + t + + —
250 500 750 1000 1250 1500 -
. R| (OHMS)
[ 3
_—
2.0 ///
~
- . E—SLG
S RC— SLG
'.o b | L L 1 L "L o

250 500 750 . 1000 . 1250 1500
R,%OHMS)



MAXIMUM OVERVOLTAGE

MAXIMUM OVERVOLTAGE

‘ 50 MILES
\ 52 -
- CABLE A

CABLE A

CABLE B

150 MILES

50 MILES

 —

E OVERHEAD } CABLE B

1)

A
R =50
20 | ©
| E -SLG
————— — RC-SLG
o
-
1.5 |~ / .
13 S
1.0 : i f +— - >
250 500 750 1000 1250 1500
R) (OHMS)
A //' E -SLG
20} 7 ————E
o T -—————~RC—SLG
®/ - ® RC-SLG CC
! e
15 ¢ ’
LO } s : } } 1 -
250 500 750 1000 1250 1500

R, (OHMS)



MAXIMUM OVERVOLTAGE

MAXIMUM OVERVOLTAGE

10 MILES 150 MILES 600FT
L <>
CABLE A  OVERHEAD CABLE B
4 Ro> =100
20 }
E
————-—RC
Jg
L
215 - -
< ==
O |35 —
~
TRIRSCETE 1 | 4
L.O = i i — —+ >
. 500 1000 1500 2000 2500 3000
R R| (OHMS) |
m
w
. | -
(14
<
O
5.0 % ) 2 2 N 1 2 >

500

1000 500 2000 2500 3000

R, (OHMS)-



MAXIMUM OVERVOLTAGE

MAXIMUM OVERVOLTAGE

CABLE A

CABLE 3

10 CABLE

agova j0OMILES BOOFT
VA 4
CABLE A OVERHEAD  caglEB
‘ Rp =100
20
E
1.5. -
== .‘ |
1.3 — = . F .
P I
| 9’3@ ? )
}
1.0 : } ! - : >
500 1000 1500 2000 2500 3000
R; (OHMS)
2.0
//// o
-~
Vv
5 - — F.1.
\/‘\/
1O } t —— | i -
500 1000 1500 2000 2500 3000

R, (OHMS)



MAXIMUM OVERVOLTAGE

MAXiMUM OVERVOLTAGE

N\ " BOMILES
\ 53
- _CABLE A

CABLE A

CABLE B

20 F¢

100 MILES ,f_o'%_T_->___
- OVERHEAD CABLE B
NE
R2= 50

1.0

20

¥

250

500 750 1000 1250

R| (OHMS)

ey
ISOO0 1750

.7 =

15+

1 3

.0

- 250

500

i A
750 1000

'R} (OHMS)

L 1 d ’,

¥ ¥
1260 1500 1750



MAXIMUM OVERVOLTAGE

MAXIMUM OVERVOLTAGE

2 g NS somies  orT
- CABLE A OVERHEAD  CcaBE B

CABLE A

CABLE B

20

o

N

5

n
O

~

o

LO*

Rp =5082
E .
— —— —RC-SLG

:’ [ § Ll F;.-:j.r'?w. - = ) ’
500 750 1000 1250 1500
R| (OHMS)
el -
/ -
3 4 —+ } 1 Py

L . T ¥
500 750 1000 1250 1500 ~=
R) (OHMS)



= 3 ZE LI .
CASE NO. 21 NERGIZE LINE

BREAKER
40 GVA
WCABLE ‘[ OVERHEAD LINE CABLE
] g
o VM " 50 MILES 4| 10w VD

X0/Xl= 1.0
BREAKER RESISTORS Rj= s00o = R = 100
RESISTOR INSERTION TIMES £ i 6 MSEC
MAXIMUM POLE SPAN 5 _MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.

Io358p.u 1:858 p.u.
Vg4 Vs




CASE NO. D=2 HIGH SPE=ZD RECLOSING OF LINE

BREAKER
GVA
@_ CABLE OVERHEAD LINE CABLE
—{Z—'C >
V| V2 10 MILES V3 50 MILES Vg 10 miLes VS
X0/Xl= 1.0

BREAKER RESISTORS Ry = 500 R2 = 100
RESISTOR INSERTION TIMES ~ _&!MSEC P
MAXIMUM POLE SPAN e

PRE-SWITCHED VOLTAGE 1t Pl

220 o




CASE NO. _23 FAULT INITIATED OVERVOLTAGES

BREAKER
40 GVA W |
CABLE OVERHEAD LINE CABLE
- >
Vi V2 icvmes IV3 50 MILES —,_-,é L g 10 uLes Y9
X0/Xl= 1.0
BREAKER RESISTORS Rj= - R2 = -
RESISTOR INSERTION TIMES ______
MAXIMUM POLE SPAN %
PRE-SWITCHED VOLTAGE i LA
1.25.pf 1 s Gl ee. U 1 e YRR I 5 g, 1.5 P
v




D- GH SP ISIN
CASE NO. 4 HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA
CABLE OVERHEAD LINE CABLE
; A
“ V2 10 mes 1V3 5) MILES E 10 MILES TI;;L ?
X0/ Xl= 1.0
BREAKER RESISTORS Ry = 500 R2 = 100
RESISTOR INSERTION TIMES el LJote
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 290 g0 "
EoE P 1.2 p.u. 1.2 s 4. 1.3 p.u 1+3, p.u




CASE QQ D-5 ENERGIZING INTO SINGLE LINE TO GROUND FAULT ‘

BREAKER

40 GVA
C I l CABLE ’I "OVERHEAD LINE CABLE
Vi IV2 V3

A

10 MILES 50 MILES q 10 MILES )v_;:f ?é

X0/ %l= 1.0
BREAKER RESISTORS Ry = 500 R2 = 1%
RESISTOR INSERTION TIMES 6 _MSEC 6 M3=C
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0\ p.u.

1.0 p.u. 1.25 p.u. 1.25 p.u. 1. 65 511 1.45 p.u

WiEiE
\[\

V|




1

CASE NO. D-6 EIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

BREAKER 4 |
CABLE OVERHEAD LINE CABLE
\{ V2 5o wres 1V3 100 MILES : Vg 50 MILES V5 = 7&
X0/Xi= 1.0
BREAKER RESISTORS R| = 200 R2 = 50
RESISTOR INSERTION TIMES  _6 MSEC 6 _MSEC
MAXIMUM POLE SPAN 5 _MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.
1.% p.a. F=lwprus 156 petrs 1s6p.u
Vite ve Vi Va




= NEX NG A 0 DUND F.
CASE NO. D=1 EXEXGIZING INTO SINGLE ILINE TO GROUND FAULT

BREAKER
40 GVA
CABLE )l OVERHEAD LINE CABLE
. B ]
=
Vi V2 sommes V3 100 MILES Vq L e NS
X0/Xi= 1.0
BREAKER RESISTORS R * 200 Hoes o
RESISTOR INSERTION TIMES o MSEC 6 _MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.
I B s 185 p.u. 14 pen 145 Bl




CASE NO.

D-8

ENERGIZE LINE

BREAK ER

CABLE

[

X0/Xli= 1.0

2 10 MILEsﬁ|V3

OVERHEAD LINE CABLE
D
100 MILES g 10 MILES V5
BREAKER RESISTORS.  Rj= 500 Rz = 100
RESISTOR INSERTION TIMES ~ _6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u,

LuD=piti.




CASE NO. _° FAULT INITZATED CVERVILTAGES

BREAKER | |
40 GVA Yoo
C l l CABLE + OVERHEAD LINE ‘KCABLE
>
- Irethemeey
Vi V2 10wmes IV3 100 I{ILES._ﬁB?g q 10 s VO

X0/Xl= 1.0 ‘
BREAKER RESISTORS Rj= - Ro = o=
RESISTOR INSERTION TIMES 2 S
MAXIMUM POLE SPAN .
PRE-SWITCHED VOLTAGE e

52 Hpiia 1.255p.u 1.255p.w. I.6:p.u I.6Mp.u
v




CASE NO. _D-10 HIGH SPEED RECLOSING OF LINE

40 GVA
7 CABLE OVERHEAD LINE CABLE
Y - >
V]| V2 10 wmies 1V3 100 MILES V| e VO
X0/Xli= 1.0
BREAKER RESISTORS Ry = 500 R2 = 100
RESISTOR INSERTION TIMES B oEL 6 MSEC
MAXIMUM POLE SPAN e

PRE-SWITCHED VOLTAGE 1.0 p.u.




CASE NO. D=l 4IGH SPEED RECLOSING INTO SZNGLE LINE TG GROUND FAULT

BREAKER
40 GvA
C ‘ l CABLE + OVERHEAD LINE CABLE
Vi 2 10 MILES V3 100 MILES g 10 uries Y9 ~rA ¢

XO0/Xi= 1.0
BREAKER RESISTORS Rj = s00 R2 = 10C
RESISTOR INSERTION TIMES O HBEL 6 MSEC
MAXIMUM POLE SPAN 2 EHEC

PRE-SWITCHED VOLTAGE S




CASE NO. _D-12 ENEZGIZING INTO SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA
@-I—E+ CABLE ’} OVERHEAD LINE CABLE
[ A
Vi V2 o e 1V3 ~ 100 MILES NG| (2 e = P

X0/Xi= 1.0
BREAKER RESISTORS Ry = 500 W T,
RESISTOR INSERTION TIMES  _&MSEC 6 MSEC
MAXIMUM POLE SPAN . 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.

L0 peou. 1230 u ¥<3-pau 1.5 p.u. 5P




CASE nNO. 213 ENERGIZE LINE

BREAKER
40 GVA
C | CABLE )l OVERHEAD LINE CABLE
~ o
\{i V2 10 wmes 1V3 150 MILES Vg 10 uizgs V9

X0/Xi= 1.0
BREAKER RESISTORS Ry = 500 R2 = 100
RESISTOR INSERTION TIMES 6 MokG 6 _MSEC
MAXIMUM POLE SPAN E o el
PRE-SWITCHED VOLTAGE o ke

i 1.0 p.u. 1.25 p.u% Y258 p 1 Fe b5 pents l.gSupaas.
Vi-2 V2 V3 V4 V5




CASE NO. _D-14 FAULT INITIATED OVERYOLTAGES

BREAKER
40 GVA .
C l I CABLE )' OVERHEAD LINE CABLE
Py . -~
Vi V2 15umes  1V3 150 MILES ~_ﬁ ap Vq4| 1owres VB

X0/ Xi= 1.0
BREAKER RESISTORS Rj= - R2 = -
RESISTOR INSERTION TIMES - :

MAXIMUM POLE SPAN L N
PRE-SWITCHED VOLTAGE 1.0 p.u.




CAS NO. 21> HIGH SPEED RECLOSTNG OF LINZ

BREAKER
40 GVA
®_|_®+CABLE OVERHEAD LINE CABLE
>
vl 10 MILES v 150 MILES w 10 MILES V5
X0/Xl= .0
BREAKER RESISTORS  Rj = s00 R2 = 100
RESISTOR INSERTION TIMES ~ _6 4SEC 6 MSEC
MAXIMUM POLE SPAN = MSEC
PRE-SWITCHED VOLTAGE L8 p.u
2N
V|—2




CASE NO. _D-16 HIGH SPEED RECLOSING IN SINGLE LINE TO GROUND FAULT
ABREAKER
CABLE OVERHEAD LINE CABLE
/A
Vi V2 10 mmes IV3 150 MILES V| 10wmes VB - "L ¢
X0/XI= 1.0
BREAKER RESISTORS R = s00 R2 = 100
RESISTOR INSERTION TIMES  _& MSEC il
MAXIMUM POLE SPAN . o
PRE-SWITCHED VOLTAGE e v
200 palls 153 Pl 15 3¥psun i 758 petd 157 5 peu
Y=k V2 v Va Vs




CAS NO. _D-17 ENERGIZE INTO SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA
CABLE 1} OVERHEAD LINE CABLE
=5 e
Vi Ve 10 MILES V3 150 MILES \Q 10 MILZS V5 o=

X0/XlI= 1.0
BREAKER RESISTORS R) = 500 Rp = 100
RESISTOR INSERTION TIMES  _6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC

PRE-SWITCHED VOLTAGE 1.0 p.u.




CASE NO. D-18 ENERGIZATION INTO SINGLE LINE TO GROUND FAULT

ABREAKER (CONTROLLED BREAKER CLOSING)
CABLE OVERHEAD LINE CABLE
\ gk
V| Vz 10 MILES V3 150 MILES W‘ 10 MILES e
X0/Xl= 1.0

BREAKER RESISTORS R| = 500 R2 = 100

RESISTOR INSERTION TIMES 6 _MSEC 6 MS=C

MAXIMUM POLE SPAN 5 MSEC

PRE-SWITCHED VOLTAGE 1.0 p.u.

1.0 paus. Tl e piia. L iphaiis 1 B TR 1ol
V2




CAS| NO. b=19 HIGH SPEED RECLOSING INKTO .SINGLE LINE TO GROUND FAULT

(CONTROLLED BREAKER CLOSING)
BREAKER
40 GVA
CABLE OVERHEAD LINE CABLE
A
Vl V2 10 MILES v3 150 MILES w 10 MILES )\/—5_;—1,-:‘ dﬁ
X0/ XlI= 1.0
BREAKER RESISTORS R) = 500 Rz = 100
RESISTOR INSERTION TIMES  _&MSEC & MSEC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE L1.0p.u.
20 et 12, Petls
V=2 V2




CASE NO. D-20 FAULT INITIATED OVERVOLTAGES

BREAKER
40 GVA
CABLE jl OVERHEAD LINE I‘ CABLE
o >
Vi V2 soumes V3 =0 IVZILES‘:.—-{C¢ 4 50 MILES V5
XO/XIi= 1.0
BREAKER RESISTORS Ry = - R2 = -

RESISTOR INSERTION T!MES - G

MAXIMUM POLE SPAN 3
PRE-SWITCHED VOLTAGE 1.0 p.u.




CASE NO. _Et-2L

HIGH SPEED RECLOSING INTC A SINGLE LINE TO GRCUND FAULT
BREAKER
40 GVA
@_&FABLE ‘l OVERHEAD LINE : CABLE
[ A
vl Vz 50 MILES ]VB 50 MILES W 50 MILES V5 =" 7§

X0/ XlI= 1.0
BREAKER RESISTORS Ry = 200 R2 = s0
RESISTOR INSERTION TIMES  _6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC

PRE-SWITCHED VOLTAGE 1.0 p.u.




CASE NO. _D-22 ENZRGIZATION INIO A SINGLE LINE TO GROUND FAULT

— BREAKER
CABLE + OVERHEAD LINE CABLE
A
V| V2 50 MILES v3 50 MILES w 50 MILES )v;:l?'¢
X0/Xl= 1.0

BREAKER RESISTORS R) = 200 R2 = 50

RESISTOR INSERTION TIMES i g

MAXIMUM POLE SPAN 5 MSEC

PRE-SWITCHED VOLTAGE 1.0 p.u.

’ 0 P,




CASE % D=-23 ENZRGIZATION INTO A SINGLE LINE TO GROUND FAULT

(CONTROLLED BREAKZR CLOSING)
BREAKER
40 GVA
@_l_ﬂ_kcmal.s + OVERHEAD LINE CABLE
A
Vi ve 50 MILES V3 50 MILES q 50 MILES ?\l__;—» :P
X0/ Xli= 1.0
BREAKER RESISTORS Ry = 200 R2 = 50
RESISTOR INSERTION TIMES 6 MSZC 5 MSEC
MAXIMUM POLE SPAN 5 MSEC_
PRE-SWITCHED VOLTAGE L1.0p.u.
L 0¥piu, 1. 15pa,
V2




CASE NO. _D-24 HIGH SPEED RECLOSING INTO SINGLE LINE TO GROUND FAULT

(CONTROLLED BREAKER CLOSING)
BREAKER
40 GVA
CABLE )l OVERHEAD LINE l( CABLE
A Ve 50 MILES V3 5C MILES g 50 MILES V5.,¢_ ?S

X0/ Xl= 1.0
BREAKER RESISTORS Ry = 200 R2 = 5o
RESISTOR INSERTION TIMES b MSEC 5 MSEC
MAXIMUM POLE SPAN -2 MSEC__
PRE-SWITCHED VOLTAGE 1.0 p.u.

1. 0-pau.




CAL. NO. _D-25 ENERGIZE LINE

BREAKER
40 GVA
CABLE % OVERHEAD LINE CABLE
>
Vi V2 sommes 1V3 100 MILES V4|  5oumes VS
X0/ XlI= 1.0
BREAKER RESISTORS Ry = 200 R2 = s0
RESISTOR INSERTION TIMES GRREL 6 MSZC
MAXIMUM POLE SPAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.




CASE NO. D-26 HIGH SPEED RECLOSING OF LINE

ABREAKER
CABLE OVERHEAD LINE CABLE
N >
I vz 50 MILES V3 10C MILES V4 5C MILES V5
X0/XlI= 1.0

BREAKER RESISTORS RI = 200 R2 = 5o
RESISTOR INSERTION TIMES  _6 MSEC _6 MSEC
MAXIMUM POLE SPAN o5 MSEC _
PRE-SWITCHED VOLTAGE £ BT




CAS. NO. D=27 FAULT INITIATED OVERVOLTAGES

BREAKER
40 GVA
C l l CABLE + OVERHEAD LIKNE |(CABLE
oy . -
Vi V2 5o ummes 1V3 100 MILES ,_f‘ B Va|  5ouies VO
X0/ XI= 1.0 |
BREAKER RESISTORS R = - R2 = -

RESISTOR INSERTION TIMES - ;
MAXIMUM POLE SPAN »
PRE-SWITCHED VOLTAGE 1.0 p.u.




CASE NO. _D-28 ENERGIZATION INTO SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA
CABLE ’l OVERHEAD LINE CABLE :
& el
VI V2 5o vries V3 150 MILES 4 50 MILZS V5 =
X0/Xli= 1.0
BREAKER RESISTORS Ry = 125 R2 =50
RESISTOR INSERTION TIMES = 5.MSic b MSEC
MAXIMUM POLE SPAN 3 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.
150 pau. 1.2 p.u
Vi—2 V2




CAS. NO. _Dn-29 HIGH SPEED RECLOSING SINGLE LINE TO GROUND FAULT

BREAKER
40 GVA
CABLE OVERHEAD LINE CABLE |
= AP
Vi Vz 50 MILES V3 150 MILES V4 50 MIZES V5 =
XO0/Xl= 1.0
BREAKER RESISTORS Rp= 125 Rp = 50
RESISTOR INSERTION TIMES  _6 MSEC 6 MSEC
MAXIMUM POLE SPAN 5 MSEC

PRE-SWITCHED VOLTAGE 1.0 p.u.




CASE NO. _230 HIGE SFEED RECLOSING OF LINE

BREAKER
40 GVA
@_l_m_FABLE ”I OVERHEAD LINE ’( CABLE
s
bl ve 50 MILES V3 150 MILES a 50 MILES V5
X0/ XI= 1.0
BREAKER RESISTORS Ry = 125 R2 = 50
RESISTOR INSERTION TIMES ~ _6¥SEC 6 MSEC
MAXIMUM POLE SFAN 5 MSEC
PRE-SWITCHED VOLTAGE 1.0 p.u.




CASL NO. _Dp-31 ENERGIZE LINE

BREAKER
40 GVA
CABLE 1[ OVERHEAD LINE |( CABLE
f\J =S
VI Vz 50 MILES V3 150 MILES w’ 50 MILES v5

X0/XlI= 1.0
BREAKER RESISTORS Ri= 125 R2 = 50
RESISTOR INSERTION TIMES  _6 MSEC _6 MSEC
MAXIMUM POLE SPAN 5 MSEC

PRE-SWITCHED VOLTAGE L1.0p.u.




CASE NO. _232 FAULT INITIATED OVERVOLTAGES

BREAKER
40 GVA A
C | CABLE % OVERHEAD LINE CABLE
D>
Vi V2 55 ymes 1V3 150 MILES—L/ ¥ @l e VO
X0/ Xli= 1.0
BREAKER RESISTORS R = - R2 = -

RESISTOR INSERTION TIMES E -

‘MAXIMUM POLE SPAN -
PRE-SWITCHED VOLTAGE




CASc NO. _D-33 HIGH SPEED RECLOSING INTO SINSLE LINE TO GROUND FAULT

(CONTROLLED BRIAKER CLOSING)
BREAKER
40 GVA
CABLE OVERHEAD LINE CABLE
i ' R
V| vz 50 MILES v3 150 MILES W 50 MILES vs
X0/Xli= 1.0

BREAKER RESISTORS Ry = 125 R2 = 50

RESISTOR INSERTION TIMES  _6ISEC b MSEC

MAXIMUM POLE SPAN Mt o

PRE-SWITCHED VOLTAGE 1.0 p.u.

150 P 60D, 1556, psu






