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ABSTRACT

In the United States, especially in metropolitan areas, transmission infra-
structure is congested due to a combination of increasing load demands, declining
investment, and aging facilities. It is anticipated that significant investments will
be required for new construction and upgrades in order to serve load demands.
This thesis explores higher phase order systems, specifically, six-phase, as a
means of increasing power transfer capability, and provides a comparison with
conventional three-phase double circuit transmission lines.

In this thesis, the line parameters, electric and magnetic fields, and right of
way are the criteria for comparing six-phase and three-phase double circuit lines.
The calculations of the criteria were achieved by a program developed using
MATLAB. This thesis also presents fault analysis and recommends suitable pro-
tection for six-phase transmission lines. This calculation was performed on 4-bus,
9-bus, and 118-bus systems from Powerworld® sample cases. The simulations
were performed using Powerworld® and PSCAD®.

Line parameters calculations performed in this thesis show that line imped-
ances in six-phase lines have a slight difference, compared to three-phase double
circuit line. The shunt capacitance of compacted six phase line is twice of the
value in the three-phase double circuit line. As a consequence, the compacted
six-phase line provides higher surge impedance loadings.

The electric and magnetic fields calculations show that, ground level electric
fields of the six-phase lines decline more rapidly as the distance from center of the
lines increase. The six-phase lines have a better performance on ground level



magnetic field. Based on the electric and magnetic field results, right of way re-
quirements for the six-phase lines and three-phase double circuit line were calcu-
lated. The calculation results of right of way show that six-phase lines provide
higher power transfer capability with a given right of way.

Results from transmission line fault analysis, and protection study show that,
fault types and protection system in six-phase lines are more complicated, com-
pared to three-phase double circuit line. To clarify the concern about six-phase
line protection, a six-phase line protection system was designed. Appropriate pro-

tection settings were determined for a six-phase line in the 4-bus system.
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CHAPTER 1

INTRODUCTION

1.1 Background description

In United States, some states and regions have high demand load growth,
due to the growth of the economy and the population. According to statistics from
Arizona Public Service (APS), by 2008, the annual load demand growth rate for
APS customers was approximately 5.3% in the last 20 years, and the estimated
annual load demand growth rate will be 5% in the next 20 years [1]. In Texas, the
estimated load demand of the ERCOT region will increase at an average rate of 2.5%
from 1997 to 2015 [6]. The projected load growth rates in these areas are higher
than the national average rate of 1.1 % [3]-[4]. The high load demand growth re-
quires more power transfer capability of the existing transmission infrastructure.
Considering the lengthy process of transmission line construction, investment on
transmission grid should be made for the long term [5]. Additionally, the areas
with high level load demands are suffering critical transmission grid congestion,
because of the limited capacity of transmission infrastructure [6]. Southern Cali-
fornia, Washington DC, Philadelphia, and New York are typical critical conges-
tion areas. The congestion areas also demand additional transmission capability to
deliver more power from neighboring areas [6].

In contrast to the continuing load demand growth and congestion, invest-
ments on new transmission facilities in the U.S. declined more than 44% over the
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past 25 years [7]-[8]. Meanwhile, most of the existing transmission infrastructures,
which were constructed in 1950s, are aging. According to the data from Depart-
ment of Energy (DOE), 70% of transmission lines and transformers are more than
25 years old and 60% of circuit breakers are more than 30 years old [8]. To meet
the challenges on the transmission grid and improve power transfer capability,
billions of dollars will be spent on new transmission infrastructure construction
and upgrades [8].

The most common approach to increase power transfer capability is in-
creasing system voltage. System voltage has been steadily increased from 115 kV
to 1000 kV for AC transmission lines; #2400 to #800 kV DC lines have been either
built or under construction worldwide [7]. However, in the U.S., constructing or
upgrading a transmission line today is more complicated, compared to decades ago.

Some factors responsible for this are listed below.

1. Social concerns about the impact of transmission lines.

Much more attention is paid to constructing and upgrading transmission
lines today [9]. Electric and magnetic fields (EMF) and impacts of transmission
lines on daily life have provoked intense criticism [10].

2.Laws and standards issued by governments and organizations.

In many states, the maximum values of transmission line electric and mag-
netic fields are regulated [11]. Organizations in power industry, such as Institute of
Electrical and Electronics Engineers (IEEE), and Electric Power Research Institute

(EPRI), also published standards to define acceptable transmission electric and



magnetic fields criteria. The difficulty of constructing or upgrading higher voltage
level transmission lines with limited right of way (ROW) increases because of
those criteria.

3. Cost of the transmission line corridor.

The cost of obtaining the transmission line corridor is expensive in those
metropolitan areas and regions. Some residential communities have been built
around existing transmission lines, and it is difficult to extend the right of way [9].

Line compaction, higher phase order systems, and high temperature low
sag (HTLS) conductors, can be used to increase the power transfer capability of
transmission lines with limited right of way [12]. The high phase order (HPO)
transmission line technique was selected as the research topic of this thesis, due to
the promise it holds for relieving the congestion. In this chapter, previous research
and relevant technologies of high phase order transmission lines will be presented.
1.2 High phase order technology and research reviews
1.2.1 High phase order transmission introduction and history

The idea of high phase order transmission was first introduced in 1973, by H.
C. Barnes and L. O. Barthold [13]. The purpose of high phase order system was to
convert the original three-phase power into six, nine, and twelve phase power. For
the same phase-to-ground voltage, high phase order systems have lower
phase-to-phase voltages, compared to a three-phase system. The phasors of

three-phase and high phase order systems are shown in Fig. 1.1.



A
F 60° B
N
120°
E C
/ N
C B D
Three-phase Six-phase
A
¢ 8
K 30° c
J D
N
| E
e IS
G

Twelve-phase

Fig. 1.1 Three-phase and high phase order phasors.

As shown in Fig. 1.1, the electrical angles between phases decrease as the
phase order increases. Phase-to-phase voltage and phase-to-ground voltage of
three-phase and high phase order systems can be expressed as follows,

VlgS(p :\/Ig(i(p :V|912(p (1-1)

V||3(o = \/§V||6¢ = &/HlZ(p (1-2)
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where

V,gs(p, V,W, and V|912¢, are the phase-to-ground voltage of

three-phase system, six-phase, and twelve-phase order respectively,

vV, d v are the phase-to-phase voltage of three-phase

V||3¢; g’ Viee g’ an 1129

system, six-phase, and twelve-phase order respectively.
The power delivered by a three-phase transmission line and higher phase order

transmission lines can be expressed as,

P?:(/; = 3VI93(/;| phase (15)
PGgO = 6\/|96¢7| phase (16)
P].Z(p :1ZV|912¢| phase (1-7)

It is assumed that phase-to-phase voltages and total currents in three-phase and
high phase order transmission lines are equal. The power transfer capability of
three-phase, six-phase, and twelve-phase order transmission lines can be expressed

as,

P,, =</3R,, =3P, (1.8)

3p .
The equations above also indicate that if the same amount of power is to be

delivered by high phase order transmission lines, phase-to-phase voltages in the

high phase order system are lower, compared to the three-phase transmission line.



It suggests that less separation space between phases and smaller right of way are
required in high phase order transmission lines [14].

In the 1970s, many researchers investigated high phase order transmission line
design, analysis, and protection [14]. Symmetrical component theory was used to
analyze high phase order fault in 1977 [15]. High phase order transmission line
steady operation, overvoltage, and insulation issues were studied and discussed in J.
R. Stewart’s research [16]-[17]. The feasibility of upgrading a 138 kV double
circuit three-phase transmission line to a six-phase transmission line was analyzed
[18]. However, the idea of high phase order transmission lines was neglected at
that time. The research on high phase order transmission lines was halted at the
preliminary stage due to insufficient funding and support from utilities [14].

The milestone event of high phase order development was the testing of a
six-phase line constructed in a testing facility in New York by the U.S. Depart-
ment of Energy (DOE), and the New York State Energy Research and Develop-
ment Authority (NYSERDA) in 1982. The final report of the test six-phase
transmission line showed that "a six-phase transmission line can provide the same
power transfer capability as three-phase with significantly less right of way for the
same electric field and audible noise criteria, smaller transmission structures, and
reduced overall cost” [19]. Due to the success of the six-phase line testing, the
research of high phase order transmission lines made great progress. A
twelve-phase transmission line study was conducted by Power Technologies In-

ternational (PTI) in 1983 and an 115kV three-phase double circuit between



Goudey and Oakdale, New York, was reconfigured into a 93 kV six-phase single
circuit line for demonstration purpose [20]. Based on the high phase order test
lines and the six-phase demonstration project, research on high phase order
transmission line power transfer capability, electric field, magnetic field, corona,
fault analysis, reliability, economy, and stability aspects were conducted and pub-
lished [21]-[27].
1.2.2 High phase order and three-phase conversion

As described above, higher phase order transmission lines are used to con-
vert three-phase power to higher phase order power for delivery. It does not re-
quire high phase order generators to provide high phase power. It suggests that the
high phase order transmission lines must be interconnected with the existing
three-phase system. The interconnection between the high phase order transmis-

sion line and conventional three-phase system is shown in Fig. 1.2.

Three-phase bus HPO bus HPO bus Three-phase bus

hree-phase system SO S HPO transmission line SO hree-phase system
converter converter

Fig. 1.2 Three-phase system and high phase order transmission line connection

diagram.

The function of three/HPO phase converter block in Fig. 1.2 is to achieve
correct phase-shifting between the three-phase and the high phase order system.

Present techniques for phase-shifting from three-phase to higher phase can be
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classified into two categories [28]-[31]: (1) Transformer; (2) Power electronic de-
vice.

(1). Transformer based phase-shifting

Phase-shifting transformer techniques are based on electromagnetic cou-
pling between transformer windings. Phase-shifting from three-phase to N phase
order voltage, is achieved by different wiring connection of transformer windings.
This technique has been studied and implemented for many years and different
wiring connection methods were proposed and designed [28]. Some wiring

methods for three-phase to N-phase transformers are shown from Figs. 1.3 to 1.6.
ly
»+
A
! {
-« Ta # la
C B ¢ Va

Fig. 1.3 Three-phase to split-phase transformer connection [28].

Fig. 1.4 Three-phase to four-phase transformer connection [28].



Fig. 1.5 Three-phase to six-phase transformer connection [29].
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Fig. 1.6 Three-phase to twelve-phase transformer connection [30].
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Many wiring connections required that transformer manufacturers abandon
the conventional three-phase transformer structures and design new transformer
structures for the three-phase to N-phase transformers. This requirement not only
increased the cost of transformers, but also made the transformers difficult to be
modeled in the existing commercial power area analysis and simulation software.
Thus, many proposed transformer connections were not widely accepted by the
industry.

One economical and feasible method of the three-phase to six-phase trans-
former was proposed in J. R. Stewart’s paper [29]. In this method, two conven-
tional three-phase delta-Y transformers were connected in parallel to achieve a
three-phase to six-phase transformer. The delta side of one transformer was in-
versely connected, as shown in Fig. 1.5. This connection method did not require
any additional modification on the conventional three-phase transformer structure.
Additionally, this transformers type can be modeled in power system analysis
software, e.g., PSCAD/EMTP. This transformer connection will be employed in
this thesis.

(2). Power electronic devices

The power electronic devices can be used to achieve phase-shifting for
high phase order transmission line. AC-AC converter with IGBT, thyristor, and
symmetrically phase shifted carriers has been designed and presented [31]. Alt-
hough the AC-AC converter is not originally designed for high phase order appli-

cation, it does have the ability to achieve the phase-shifting for three-phase and
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high phase order voltage conversion. Compared to the transformer based phase
shift techniques, power electronic devices are more expensive and complicated.
1.2.3 High phase order tower configuration

The benefits of high phase order systems arise from the smaller phase angles be-
tween phases [29]. As phase-to-phase voltage decreases, high phase order trans-
mission lines generate lower conductor surface gradients and noise levels. This
results in smaller space between phases. Some compact tower configurations were
designed for high phase order transmission lines. Additionally, some three-phase
double circuit line towers can also be employed in six-phase order transmission
lines [29]. Some typical high phase order tower configurations, can be found in
references [17] and [27], and are shown in Figs. 1.7, 1.8. Some important dimen-

sion date is listed in Table 1.1.

7.9 m———p
0.9m
f A
4m — e
L | v
° . f
2.4 m
: : T v
‘$—° " * 11
4m £ =
¢ = = 229m N
143m || 09m
*+—3.6 m—»
A A
Conventional three-phase Compact six-phase tower

double circuit tower

Fig. 1.7 80 kV phase-to-ground tower configurations [17].
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N4 "/

199 kV twelve-phase tower 133 kV twelve-phase tower

Fig. 1.8 Twelve-phase compact tower configuration [27].

TABLE 1.1
TWELVE-PHASE COMPACT TOWER DATA [27]
Tower case Phase-to-ground | Phase-to-phase | Minimum ground
Voltage (kV) distance (m) clearance (m)
199 kV 133 15 11.4
twelve-phase tower
133 kV 199 23 11.4
twelve-phase tower

1.3 Objective and proposed study
1.3.1 Objective
Research on high phase transmission has been conducted for many years.

Several projects and simulations demonstrated the feasibility of higher phase

12




transmission lines [16]-[29]. It should be noted that most of the previous research
focused on comparing a three-phase single circuit line with a six-phase transmis-
sion line. The research on electric field, magnetic field, and fault analysis, was
based on the assumption that the same amount of power was delivered by a
three-phase single circuit line and a six-phase transmission line [29]. The impacts
of different tower configurations and conductor numbers have not been investi-
gated.

Six-phase transmission line is an optimum between the proportional in-
crease in loading, and the proportional increase in surge impedance, which is ob-
tained by increasing the number of phases with the increase in power transfer ca-
pability [2]. Thus, six-phase transmission line was selected in high phase order
transmission line study. In this thesis, the main objective is to study the ad-
vantages of six-phase transmission lines, and to compare with the conventional
three-phase double circuit line. The results will be helpful for identifying the bet-
ter solution of transmission line upgrades and construction. The research includes
line parameters, power transfer capability, electric field, magnetic field, right of
way calculation, and fault analysis. To clarify the doubt about six-phase protec-
tion in reference [32], six-phase fault analysis and protection design, have also be
studied in this thesis.

1.3.2 Cases studied and methodologies
To consider the impact of tower configurations, four cases were designed

for three-phase double circuit line and six-phase transmission line comparison.
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(1). 138 kV (80 kV phase-to-ground voltage level) three-phase double cir-
cuit transmission line with the conventional tower configuration.

(2). 80 kV six-phase transmission line with the conventional tower config-
uration.

(3). 80 kV six-phase transmission line with compact tower configuration.

(4). 138 kV six-phase transmission line with the conventional tower con-
figuration.

A 138 kV three-phase double circuit tower and an 80 kV six-phase com-
pact tower configuration can be found in reference [17]. The tower configuration

and phase arrangements of the four cases above are shown in Fig. 1.9.

14
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Fig. 1.9 Three-phase and six-phase tower configuration and phase arrangements.
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Based on the cases above, the following calculations and simulations will be
conducted and the results will be calculated by a program developed using
MATLAB.

(1). Power transfer capability calculations and comparisons.

In this section, it is assumed that the transmission line length is equal. The
transmission line parameters of the four cases will be calculated. Based on line
parameters results, the surge impedance and surge impedance loading (SIL) of the
four cases will be calculated.

(2). Electric and magnetic fields calculations and comparisons.

In this section, electric and magnetic fields distributions at ground level of
the four cases will be calculated.

(3). Right of way calculations and comparisons.

Based on electric and magnetic fields calculation results, right of way of the
four cases will be calculated. Conductor sag and wind force will be included in the
calculations.

(4). Fault current analysis.

In this section, three-phase double circuit line and six-phase transmission
line faults will be calculated and analyzed. Powerworld® and PSCAD® will be
used in this section.

(5). Six-phase protection system design.

In this section, a six-phase transmission line protection system will be de-

signed based on the recommendation in reference [33]. Based on reference [34], an
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external tripping logic will be designed to coordinate the fault trip operation in two

protection groups.
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CHAPTER 2
TRANSMISSION LINE PARAMETERS

The power transfer capability of transmission lines can be evaluated by
surge impedance loading, steady-state stability limit, thermal limit, and maximum
power flow [35]. The thermal limit depends on environmental factors, such as solid
condition, wind speed, and temperature. Additionally, surge impedance loading,
steady-state stability limit, and maximum power flow are all dependent on surge
impedance, and system operation status. Only surge impedance loading is used to
evaluate and compare the power transfer capability of three-phase double circuit
and six-phase transmission line in this thesis. To calculate surge impedance load-
ing, the following line parameters will be calculated in this chapter: (1) Self and
mutual impedance; (2) Capacitance; (3) Surge impedance. The transmission lines
will be assumed to be completely transposed.
2.1 Transmission lines impedance

Transmission line impedance depends on many factors, such as, transmis-
sion line conductors, solid condition, temperature, and frequency (“skin effect”)
[35]. It is assumed that all these factors are equal in the calculations. For example,
all the four cases analyzed in this thesis will be considered to be constructed on
average damp earth and operated at 60 Hz frequency. The impedance calculation
process for a three-phase single circuit line with horizontal configuration will be
introduced in this section, and the same process will be extended to calculate the

four cases proposed in Chapter 1.
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The configuration of three-phase single circuit horizontal transmission line

is shown in Fig 2.1.

Shield Shield
line line
@ )

+«——D2—»

A B C

4 K) Conductors

«—Dl————p¢—DI——>

Fig. 2.1 Three-phase single circuit horizontal transmission line configuration.

To consider the effect of return current caused by earth, the earth return ef-
fects can be replaced by sets of earth return (image) conductors located under the
transmission line conductors [36]-[38], as shown in Fig. 2.2.

As shown in Fig. 2.2, the conductors and earth return conductors have been re-
numbered. The currents of the earth return conductors are the negative values of
their overhead currents. The distances of the earth return conductors from their

overhead conductors are calculated by,
H, =658.5p/ f (2.1)

where p s the earth resistivity and f is the frequency in Hz.
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Fig. 2.2 Three-phase single circuit transmission line with earth return conductor.

Based on the Fig. 2.2, the conductors flux linkages can be calculated by,
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. !10 [:kV
o, = | —In(— 2.2
kI :E:: con 27 ( D | ) ( )

1=1 Kk

where

lcon IS the current going through each conductor
Ly =47rx107" H/m
D, and D, are the distances between conductors

m is the number of overhead and image conductors
k,1=1,2,3,....10.

The reactance can be calculated by,

@
X, =2rf % (2.3)

k

The resistance can be calculated by,

i =

ground

(2.4)

hew =T, r (2.5)

ground + con

Where

r is the mutual resistance due to earth return conductors

ground

r,, 1S the resistance of conductors, which depends on conductor types.

on
The impedance of the three-phase single circuit line, considering earth re-

turn conductors, can be presented as a matrix,
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le ZlZ ZlS t Zl(3+n)
ZZl Zzz Z23 Z... 22(3+n)
Zmatrix = ZSl 232 ZSS Z3(3+n) (26)
_Z(3+n)l Z(3+n)2 Z(3+n)3 Z(3+n)(3+n) i

Equation (2.6) can be simplified by Gauss elimination as below,

Z, L, Z;
Z'matrix = Z21 Zzz Zzs (2-7)
Zy 1Ly Zy

Since the transmission line is assumed to be completely transposed, then
L= Z2yp=133

All the non-diagonal elements are equal. More details of impedance calcu-
lation procedure can be found in reference [35].

The impedance calculation process can be extended to the three-phase
double circuit line and six-phase transmission line. The calculation results are
completely transposed 6>6 matrices, and the data of each transmission line are
listed in Table 2.1.

The results show that transmission line impedance is determined by spacing
between the conductors and conductor positions. The impedance of 80 kV
six-phase compact tower transmission line is lower than other cases. This is due to
low spacing in compact transmission line tower. However, the impact of trans-
mission line tower size is small. As shown in Table 2.1, mutual impedance of 80
kV six-phase compact tower transmission line only increases by 10%, while the

tower size decreases by 38%.
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TABLE 2.1
IMPEDANCE OF THREE-PHASE AND SIX-PHASE TRANSMISSION LINES

Self impedance Mutual impedance
Case name
(Q/km) (Q/km)
138 kV three-phase double ) .
o ) ] 0.1+j0.8 01+j0.4
circuit tower conventional line
80 kV six-phase ) ]
] _ 0.1+j0.8 0.1+j0.4
conventional tower line
80 kV six-phase . ]
) 0.1+j0.8 0.1+j05
compact tower line
138 kV six-phase o )
] ] 0.1+j0.8i 0.1+j0.4
conventional tower line

2.2 Transmission lines capacitance

Similar as Section 2.1, the transmission line capacitance calculation can be
derived by a three-phase single circuit line with a horizontal configuration. The
tower configuration is shown in Fig. 2.1. When the transmission line is energized,
negative charges are induced on the ground. To replace the earth return effects,
image conductors were also introduced as Section 2.1. The depth of image con-
ductor is equal to the height of the overhead conductors: h,=Hj.

The voltage differences between conductors and ground can be calculated by

1 & D,
V,, = In(=L 2.8
kI 272'80 ;qcon ( Dk| ( )

where

&, =8.854x10*F/m

Q. IS conductor charges
23




D,,.and D,, are the distances between conductors
m is the number of overhead and image conductors
k,1=1,2,3,....., m.

Since the voltage difference can be also presented in matrix format as,

V=Pq (2.9)

The potential coefficients P can be calculated as,

1 &, Dy
P, = In(=- 2.10
= 2 25 (210)

where
m is the number of overhead and image conductors.

The results of potential coefficients can be expressed in (3+N) > (3+N) matrix as

below,
R, R Py Paen)
P21 P22 P23 Z... P2(3+n) o) )
A B
P= P31 Psz P33 Pe,(3+n) :{P = }(2-11)
C D
L I:)(3+n)1 I:)(3+n)2 P(3+n)3 I:)(3+n)(3+n) i
where
R, R Rs P Paen)
PA =Py By Py PB = P2(3+1) P2(3+n)
L P31 RSZ P33 L P3(3+l) I:)3(3+n)
I3(3+1)1 P(3+1)2 F’(3+1)3 P(3+1)1 I:)(3+1)2 P(3+1)3
P.=| .. .. |and P, =
_P(3+n)l P(3+n)2 I:’(3+-n)3_ I:)(3+-n)1 I:)(3+n)2 l:)(3+n)3
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The capacitance of the transmission line can be calculated in matrix format as,

CP = (PA - PB PD_lpc )_1 (2-12)

Since the transmission line is assumed to be completely transposed, C, is a 3>3
symmetrical matrix. More details of impedance calculation procedure can be found
in reference [35].

The capacitance calculation procedures can be extended to the three-phase
double circuit line and six-phase transmission line. The capacitances of each

transmission line are listed in Table 2.2.

TABLE 2.2
CAPACITANCE OF THREE-PHASE AND SIX-PHASE TRANSMISSION LINES
Self capacitance Mutual capacitance
Case name
(nF/km) (nF/km)
138 kV three-phase double
o ) ) 8.3 -1.2
circuit conventional tower line
80 kV six-phase
) _ 8.3 -1.2
conventional tower line
80 kV six-phase
_ 11.7 2.5
compact tower line
138 kV six-phase
) _ 8.3 -1.2
conventional tower line

The results show that the 80 kV six-phase compact tower transmission line
self capacitance, is higher than other cases, while the mutual capacitance is lower.
This is due to compact transmission line tower. The impact of tower size on

transmission line capacitance is considerable. As shown in Table 2.2, in 80 kV
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six-phase compact tower transmission line, the self capacitance is about 41%
higher than the capacitance in other cases, and the mutual capacitance is about
200% of the other cases. Shunt capacitance of the six-phase compact transmission
line is significantly higher. High value of shunt capacitance in a transmission line
may result in a high voltage at the receiving end of the transmission line, under a
light load condition. Additionally, high charge currents may also reduce the sensi-
tivity of transmission line protection systems.
2.3 Surge impedance and surge impedance loading

The surge impedance and surge impedance loading are calculated based on

the = model of a lossless line shown in Fig. 2.3.

Y

VS:VS £0 —— Y2 Y2 —— VR:VRZO

Fig. 2.3 Equivalent = circuit for a lossless line.

In the model, Z is series impedance per mile and Y is shunt admittance. The

surge impedance can be calculated as:

¢ C (2.13)

Then, surge impedance loading can be calculated as:
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2
S IL = erated
Z

c

(2.14)

where

V,ea m 1S Phase-to-ground voltage
k is the number of conductors.
According to the results from Section 2.1 and 2.2, the surge impedance and

surge impedance loading of four cases was calculated and listed in Table 2.3.

TABLE 2.3
SURGE IMPEDANCE AND SIL OF THREE-PHASE AND SIX-PHASE TRANSMISSION
LINES
Case name Surge impedance(Q2) SIL (MW)
138 kV three-phase double
o ) 491.0 78.2
circuit tower line
80 kV six-phase
) ) 491.0 78.2
conventional tower line
80 kV six-phase
] 413.1 93.0
compact tower line
138 kV six-phase
) ) 491.0 231.7
conventional tower line

The results show the surge impedances declines and surge impedance
loading increases in six-phase compact tower transmission line. The surge im-
pedance of six-phase transmission line with compact tower is about 15% less than
the transmission line conventional tower. As a consequence, surge impedance
loading of six-phase compact tower transmission line is about 18% higher than

the three-phase double circuit transmission line. Due to the increase of
27




phase-to-ground voltage in the 138 kV six-phase conventional tower case, surge
impedance loading of the transmission line is about 297% of the three-phase dou-

ble circuit transmission line with the same tower configuration.
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CHAPTER 3
ELECTRIC AND MAGNETIC FIELD CALCUALTIONS

Electric and magnetic field are significant in the overall design of trans-
mission line. Electric and magnetic field strengths of transmission line directly
determine many other criteria of transmission lines; such as corona, communica-
tion interference and audible noise. Electric and magnetic field distributions at
ground level are compared and evaluated in this chapter. The performance of
electric and magnetic field distributions at ground level were calculated and plot-
ted by a program developed using MATLAB codes.
3.1 Electric field distribution at ground level

The transmission line electric field at ground is determined by superposi-
tion of electric field generated by all conductors. The calculation procedure is ex-
plained as below.

The electric field, generated by conductor k, at point x is shown in Fig. 3.1.
To consider earth return effects, an image conductor is introduced and the charges

of the image conductor are the negative values of its overhead charges.
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Fig. 3.1 Electric field strength due to an overhead conductor and its image con-

ductor.

As shown in Fig. 3.1, the electric field at point x due to charges on con-

ductor k and its image conductors can be calculated by,

Ekp (X) =

Ekn (X) =

3.1)

0y j 1
2785 ) (% — % )2 + (Ve — V)’

Where

Ok 1
(3.2)
272.50 ]\/(Xk - Xx)2 + (yk + yx)2

q, Iisthe charge on conductor k
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10°
367

& = F/m

The charges on conductors can be calculated in matrix format,
Q=PY, (3.3)

The elements of P are the potential coefficients which can be calculated by,

Zl 5 By ) (3.4)

,I
27z50

where

and D are the distances between conductors.

K[l

Since the electric field is a vector, any electric field generated by one con-

ductor and its image conductor can be expressed by real and imaginary parts,
Ekp (X) = Ekpx (X) + jEkpy (X) (35)
and

Ekn (X) = Eknx (X) + jékny (X) ] (36)

The electric field at the x point is the superposition of electric field generated by

one conductor and its image conductor,
E, (%) = B () + B (%) + J(E, () + By (X)) . 3.7)
The total electric field at the x point can be calculated by,
E, (X) = Epp (X) + Epp () + .o+ By o () + By (X) (3.8)
E, (X) =By, (X) + Eppy () ..+ By oy () + Egrnpy (0 (3.9)

and
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E(x)=E,(x)+ JE,(X) | (3.10)

The electric field distribution can be plotted based on the calculation of
electric field at each point of ground level. More details about electric field calcu-
lation can be found in reference [39].

The electric field calculation procedure can be extended to the three-phase
double circuit line and six-phase transmission lines proposed in Chapter 1. The
electric field distributions of the proposed cases are plotted in Figs. 3.2-3.5.The

summary of the calculation results are listed in the Table 3.1.
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Fig. 3.2 138 kV three-phase double circuit tower transmission line electric field

distribution at ground level.
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Fig. 3.3 80 kV six-phase conventional tower transmission line electric field distri-

bution at ground level.

009 U T r r T r r T T

0.08

0.07

0.06

0.05

0.04

0.03

0.02

Electric field on ground leveal(kV/m)

0.01

0 r r r r r r r r r

-30 -24 -18 -12 -6 0 6 12 18 24 30
Distance from center of tower (m)

Fig. 3.4 80 kV six-phase compact tower transmission line electric field distribution

at ground level.
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Fig. 3.5 138 kV six-phase compact tower transmission line electric field distribu-

tion at ground level.

TABLE 3.1
SUMMARY OF ELECTRIC FIELD CALCULATION AT GROUND LEVEL

Maximum electric | Electric field at edge of
Case name _
field (kv/m) ROW (kV/m)
138 kV three-phase double
0.1 0.03

circuit conventional tower line
80 kV six-phase conventional

) 0.2 0.01
tower line
80 kV six-phase compact tower
) 0.1 0.01
line
138 kV six-phase conventional

) 0.2 0.04
tower line
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In Table 3.1, right of way was selected as 46 m (150 ft). As the results
show, the maximum electric field under six-phase transmission line is higher than
the values under three-phase double circuit line. With the same tower and the
phase-to-ground voltage level, the maximum electric field under the six-phase
transmission line is only about 10% higher than the value under three-phase dou-
ble circuit line. Thus, the maximum electric field under the six-phase transmission
line can be considered as acceptable. However, it should be noted that, as the dis-
tance from the center of tower increases, electric field under the six-phase trans-
mission lines decline much faster than the electric field under three-phase double
circuit transmission line. This result is due to the effective canceling out of elec-
tric field generated by six-phase transmission line conductors. This means that
six-phase transmission line may require less right of way when the same amount
of power is delivered. The details of the right of way will be evaluated and com-
pared in the next chapter.

3.2 Magpnetic field distribution at ground level

Concerns about magnetic field are mainly due to possible biological effects.
The potential hazards to human health from transmission lines have been investi-
gated for years [40]. Although there is no definite conclusion about the concern
caused by magnetic field, many organizations and states have published some re-
quirements and laws about magnetic field limitations [11], [41]. In this thesis, the

magnetic field distribution at ground level are evaluated and compared. Magnetic
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field is generated by the currents through conductors. The calculation procedures
of magnetic field are described below.
As shown in Fig. 3.6, the magnetic field strength at point x, generated by

conductor k, can be calculated by,

H, (x) = 27:3 (3.10)

X

where
dx is the distance between conductor k and selected the point x
I is the current going through the conductor k.

X »

/] Conductor
N
k

Hy X

Reference Hy
point Hi

A Y et

Fig. 3.6 Magnetic field strength due to an overhead conductor.

Magnetic field strength generated by conductor k is a vector, which can be

expressed by real and imaginary parts,

H, () = Ho () + jH (x) (3.11)

The total magnetic field strength is the vector summation of the x and y magnetic

field components generated by all conductors,
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H(x)zinX(x)+jin(x) (3.12)

where

m is the conductor number

k=1,2...m.
Magnetic field density (B), which is a more common criterion to evaluate mag-
netic field, can be calculated by,

B(X) = s, H (X) (3.13)
where
Ly =470 H/ m

The magnetic field calculation procedure can be extended to the three-phase

double circuit and six-phase transmission lines proposed in Chapter 1. The mag-

netic field distributions of the proposed scenarios are plotted in Figs. 3.7-3.10.

The summary of the calculation results are listed in Table 3.2.
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Fig. 3.7 138 kV three-phase double circuit tower transmission line magnetic field

distribution at ground level.
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Fig. 3.8 80 kV six-phase conventional tower transmission line magnetic field dis-

tribution at ground level.
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Fig. 3.9 80 kV six-phase compact tower transmission line magnetic field distribu-

tion at ground level.
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Fig. 3.10 138 kV six-phase compact tower transmission line magnetic field distri-

bution at ground level.
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TABLE 3.2

RESULTS SUMMARY OF MAGNETIC FIELD AT GROUND LEVEL

Maximum magnetic | Magnetic field at edge
Case name )
field (uT) of ROW (uT)
138 kV three-phase double
) ] 2.3 0.8
circuit conventional tower line
80 KV six-phase
_ 1.6 0.2
conventional tower line
80 kV six-phase
_ 1.0 0.2
compact tower line
138 kV six-phase
) _ 2.1 0.8
conventional tower line

In Table 3.2, 46 m (150 ft) was selected as right of way of the cases. As

shown by the results, magnetic field under six-phase transmission lines is lower

than the value under three-phase line. This is due to effective canceling out of

magnetic field generated by six-phase transmission lines. Magnetic field decreas-

es when six-phase transmission line tower is compacted. The result is that mag-

netic field under the 80 kV six-phase conventional tower transmission line is

higher than the values under the line with compact tower. It should be noted that,

phase arrangement in six-phase transmission line has significant influences on

magnetic field. As indicated by the results, under same tower configuration and

currents going through the conductors, magnetic field under 138 kV six-phase

transmission line is much higher than the values under 80 kV six-phase transmis-

sion line.
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CHAPTER 4
TRANSMISSION LINE RIGHT OF WAY CALCULATION

Right of way is significant in both transmission line design and construc-
tion cost. From the utilities viewpoint, the most important priority of right of way
IS preservation of its assets security with a satisfactory level [42]. This aspect of
right of way will be not studied in this thesis. For the public concentration, appro-
priated right of way is to eliminate risk to human and property from transmission
line electric and magnetic field. Potential hazards of electric and magnetic field to
human health from living or working have been investigated for years. Although
no definite conclusion has been drawn on the harms of electric and magnetic field
to human beings, many states and organizations still published codes and stand-
ards to regulate transmission line electric and magnetic field at ground lev-
el[11],[43]-[44]. In this section, electric and magnetic field generated by the
three-phase double circuit line within selected right of way, was calculated. The
right of way for the six-phase lines to achieve the same field strengths was calcu-
lated and evaluated.

Transmission line right of way width calculation procedures are described
as below:

As shown in Fig. 4.1, transmission line right of way can be calculated by,

ROW =2(A+B+C) (4.1)

where

A = Horizontal clearance to buildings
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B = Conductor blowout due to angle (120 F<sag)
C= Distance from centerline of tower structure to outside conductor at-

tachment point.

ANV
A—>l—B—rle C »le c «—B—e—A
T Y
Edge of ROW Center of tower Edge of ROW

Fig. 4.1 Three-phase single circuit transmission line right of way.

In Fig. 4.1, horizontal clearance to buildings is determined by electric and
magnetic field distributions at ground level, and also dependent on IEEE and state
laws requirements. Conductor blowout is determined by wind force and conductor
weight. In this thesis, the same transmission line environmental conditions and
conductor types was assumed in the calculations.

Transmission line electric and magnetic field requirements from different
organizations and states can be found in reference [11]; and summarized in Tables

4.1 and 4.2.
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TABLE4.1

ELECTRIC FIELD REFERENCE LEVELS SUMMARIZATION

Jurisdiction/organization | Maximum electric | Electric field at edge of ROW
filed (kV/m) (kV/m)

IEEE 20 5

ICNIRP 8.3 4.2

ACGIH 25 -

NRPB 12 12

EU - 4.2

New York 11.8 1.6

Montana 7 1

TABLE 4.2

MAGNETIC FIELD REFERENCE LEVELS SUMMARIZATION

Jurisdiction/organization | Maximum magnetic | Magnetic field at edge of ROW
field (uT) (uT)

IEEE 2700 900

ICNIRP 400 800

ACGIH 1000 -

NRPB 1300 1300

EU - 80

New York - 20

The references levels above are defined for all transmission line voltage

levels. Due to the relatively low voltage level of the proposed cases (138 kV), the

ground level electric and magnetic field do not exceed the public safety require-

ments for right of way. For a better demonstration purpose, 46 m (150 ft) right of

way was selected for the three-phase double circuit transmission line. The ground
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level electric and magnetic field at the edge of right of way, generated by 138 kV
three-phase double circuit line, was calculated and set as the criteria in this thesis.
The right of way requirements for the six-phase transmission lines were calculat-
ed to achieve the same ground level electric and magnetic field strength at the
edge of right of way.

To calculate the right of way of the proposed cases, standard suspension
insulators were selected as transmission line insulator type. The specifications of

standard suspension insulators are listed in Table 4.3.

TABLE 4.3
STANDARD SUSPENSION INSULATOR SPECIFICATIONS
Type of insulation Standard 5.75x10 insulators
Diameter 0.25m
Connection distance 0.15m
Leakage distance 0.29 m
Insulation string configuration 6 Vertical strings per tower

According to reference [45], number of standard insulators units at moder-
ate pollution level for a 138 kV vertical insulator string is 9. The total length of
insulator string is calculated as follows,

D

insulator

=9x146=1314.45 mm~1.3m

Ice loading was not considered in this thesis. The insulator deviation (con-
ductor blowout) is caused by wind force and conductor weight. According to ref-
erence [45], wind pressure is selected as 6 Ib / sq ft (~ 31 mph) in the thesis.

P =61b / sqft
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The area subjected to the wind is calculated as follows.

Alvind = Dconductor e Lspan =0.03037x304.8=9.3 mz

Wind force can be calculated by,

F

wind

= Py X Aung = 29.29x9.2568 =271.1kg

Conductor weight isW,_, , = 556.6 kg 7 The total force and its angle to the verti-

ond

cal line can be calculated as follows,

F F.2+W,_ 2> =619.1kg

otal — Wi cond

0 =atan [Mj =26°

cond

Single bundle and CARDINAL/ACSS are chosen as transmission line
conductors. The transmission line span is chosen as 300 m. Sag of conductors is
chosen at 120 °F: 0.94 m.

Based on the assumptions and results above, electric and magnetic field
distributions at ground level of proposed cases, can be calculated by the method
described in Chapter 3. The electric and magnetic field distributions are plotted in

Fig. 4.2-4.9.

45



0.35 T 3 3 3 3 T T 3 3

Electric field on ground level(kV/m)

30 24 18 12 -6 0 6 12 18 24 30
Distance from center of tower (m)

Fig. 4.2 138 kV three-phase double circuit tower transmission line electric field

distribution at ground level.
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Fig. 4.3 80 kV six-phase conventional tower transmission line electric field distri-

bution at ground level.
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Fig. 4.4 80 kV six-phase compact tower transmission line electric field distribution

at ground level.
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Fig. 4.5 138 kV six-phase conventional tower transmission line electric field dis-

tribution at ground level.
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Fig. 4.6 138 kV three-phase double circuit tower transmission line magnetic field

distribution at ground level.
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Fig. 4.7 80 kV six-phase conventional tower transmission line magnetic field dis-

tribution at ground level.
48



Magnetic field on ground level (uT)

r r r r r r r

-30 -15 0 15 30 0 6 12 18 24 30
Distance from center of tower (m)

o

Fig. 4.8 80 kV six-phase compact tower transmission line magnetic field distribu-

tion at ground level.
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Fig. 4.9 138 kV six-phase compact tower transmission line magnetic field distri-

bution at ground level.
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TABLE4.4
RIGHT oF WAY REQUIREMENT AND POWER TRANSFER CAPABILITY COMPARISONS

ROW requirements Power transfer
Case name .
(m) capability
138 kV three-phase double circuit
) _ 45.7 100%
conventional tower line
80 KV six-phase
) _ 36.0 100%
conventional tower line
80 kV six-phase
_ 25.6 119%
compact tower line
138 kV six-phase
] _ 49.4 293%
conventional tower line

As shown by the result in Table 4.4, with the same tower configuration,
voltage level, electric and magnetic field strength at edge of right of way, the 80
kV six-phase transmission line requires about 18% less right of way. With com-
pact tower configuration, the six-phase transmission line requires 36% less right
of way and provides 19% more power transfer capability. With higher
phase-to-ground voltage level and the same tower configuration, 138 kV
six-phase transmission line requires only 8% more right of way, compared to 138
kV three-phase double circuit lines; while six-phase line power transfer capability
increases by 193%. It demonstrates that the tower size and right of way re-
quirements of six-phase transmission lines can be significantly compacted, while
the power transfer capability can stay the same as double circuit three-phase line.
In another words, six-phase line provides more power transfer capability with the

same tower size and right of way requirements as three-phase double circuit line.
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CHAPTER 5
SIX-PHASE FAULT ANALYSIS

There are 120 fault combinations and 23 unique fault types in a six-phase
system, due to phase angle change and phase increase. There are only 5 fault
types in three-phase system. For this reason, high phase order protection is much
more complicated than three-phase system. Although research and field experi-
ences have been accumulated for high phase order fault analysis and protection, it
is unclear that exiting technology provides adequate protection for high phase or-
der transmission [32]. To clarify this problem, six-phase fault analysis and
six-phase transmission line protection system design are presented in this chapter
and the following chapter, respectively.
5.1 Six-phase equivalent system

Many theories and research about high phase order fault analysis have been
published [15], [21], [46]-[47]. The major high phase order fault analysis methods
are based on symmetrical components method and phase coordinated method.
Phase coordinated method was developed by S. S. Venkata, and published in
1982 [21]; this method was applied to analyze six-phase line fault in study of the
six-phase demonstration project. For this reason, phase coordinated method pro-
posed in the reference [21] was employed in six-phase fault analysis in this thesis.
The details of the phase coordinated method are introduced below.

As shown in Fig. 1.2, the system containing six-phase transmission line is a

three-phase and six-phase mixed system. For transmission line protection design
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purpose, beside the transmission line, the rest of the system can be simplified into

two equivalent impedance components and two ideal sources [46]. The system in

Fig. 1.2 can be represented as Fig. 5.1. Two ideal three-phase voltage sources

provide power at both sides of the six-phase transmission line. Two three-phase

equivalent impedances are connected between the ideal sources and the six-phase

transmission line. Ideal transformers are connected between the equivalent im-

pedance and six-phase transmission line to achieve phase-shifting.

3 phase 6 phase 3 phase
source line source
impedance impedance impedance
A — Y Y A
YTYTY N LYY YL YY)
B — Y Y B
K\J YY) YY) YY) \/\
— LYY Y
YY) YY) YY)

L

1

Fig. 5.1 Three-phase simplified system with six-phase transmission line network.

To employ phase coordinated method in six-phase transmission line fault

analysis, the mixed system must be converted to a complete six-phase system as

shown at Fig 5.2.
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6 phase
source
impedance

6 phase
line
impedance

6 phase
source
impedance

Fig. 5.2 Six-phase equivalent system network.

In Fig 5.2, voltage level of ideal sources is equal to the transmission line
phase-to-ground voltage. The six-phase line impedance can be calculated by the
method described in Chapter 2.1 and presented by a symmetrical 6>6 matrix. The
method to calculate six-phase source impedance is described below.

To calculate three-phase equivalent source impedance, Powerworld® was
used in this thesis. The original system (the system without a six-phase transmis-
sion line) can be modeled in Powerworld simulation. A 4-bus system is modeled

by Powerworld® and shown in Fig. 5.3. The system configuration can be found in

reference [35].
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Fig. 5.3 4-bus system diagram in Powerworld model.

To calculate the three-phase equivalent source impedance at the sending
end of the transmission line, a single phase-to-ground fault was set at bus 2. The
voltage at fault locations and currents contributed by transformers can be calcu-
lated from Powerworld simulation and presented in sequence components as fol-
lows:

Sequence voltages at fault location:

< <

Sequence currents from bus 1 to bus 2:

The equivalent source sequence impedance can be calculated as follows [21].
Z,=2,=V,/1, (5.1)

and
Z,=V, /1, (5.2)

The three-phase impedance matrix can be calculated and presented in matrix by,
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ZS pself ZS pmutual ZS pmutual ZO O 0
Z3p = ZS pmutual ZS pself ZS pmutual = A-l O Zl 0 A (53)
ZS pmutual Zmutual ZS pself O O ZZ
where
1 1 1
A=[1 a*> a |,
1 a a’
-1 3

a=—+j—=1/120°.
2 2

To convert the three-phase impedance matrix to an equivalent six-phase
matrix. Procedure of calculating the single equivalent circuit from three-phase
double circuit line should be reversed as following [35]:

It is assumed that both three-phase and six equivalent source impedance are

symmetrical. The admittance matrix of equivalent source impedance can be cal-

culated by,
YSSeIf Y3mutual Y3mutual
Y3p = ZSp_:L = Y3mutual YSseIf Y3mutual (54)
Y. Y. Y.

3mutual 3mutual 3self

Since the voltage drops on equivalent source impedance are equal, the fol-

lowing equations can be derived,

I 3a YSseIf Y3mutua| Y3mutual E3a
I 3B | T Y3mutual Y3se|f YI-Emutual E3b (5 ' 5)
I 3c Y3mutual Y3mutual Y3S€|f E3b

where
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I3a, 13n, and I3¢ are the phase current of equivalent source impedance,

Esa, E3p, and Es. are the voltage drops on equivalent source impedance.

The equivalent six-phase impedance matrix can be represented as,

6p

6mutual

6mutual

Y,

6mutual

YGseIf
Y

6mutual

6mutual

Y,

6mutual

Y,

6mutual

Y,

6mutual

Y,

6mutual

Y65e|f
Y

6mutual

Y,

6mutual

Y,

6mutual

<

6mutual

<

6mutual

<

6mutual

<

6self

<

6mutual

<

6mutual

Y6mutua| Y6mutual
Y6 mutual Y6mutua|
Y6 mutual Y(:‘»mutual
YG mutual Y6mutual

YGseIf Y6mutual
Y6 mutual Y,

Gself |

(5.6)

This 6>6 matrix can present a six-phase transmission line and or a

three-phase double circuit line impedance. Instead of obtaining the equivalent

six-phase impedance matrix, an equivalent three-phase double circuit impedance

matrix is calculated. Based on a three-phase transmission line, similar equations

can be derived for the six-phase source impedance matrix as (5.4) and (5.5),

YGseIf YGmutuaI Y6mutual YGmutual YGmutual YGmutual
Yemutual Y6self Y6mutual YGmutual YGmutual Y6mutual
Yep _ Z6; _ iﬁmutual iﬁmutual YYsseIf Yimutual iﬁmutual iBmutual
6mutual 6mutual 6mutual 6self 6mutual 6mutual
Y6mutua| Y6mutua| Y6mutua| Y(Smutual Y6self Y6mutua|
_Y mutual Y6mutua| Y6mutua1l Y6mutual Y6mutual YGSeIf h
I |3a1 ] YGseIf Y6mutual YGmutuaI YGmutual Y6mutual Y6mutual i E3a1
I 3b1 YGmutuaI YGseIf Y6mutua| Y6mutual YGmutual Y6mutual E3b1
|3c1 _ Y6mutual Y6mutual Y6self Y6mutual YGmutual Y6mutual E
|3a2 YGmutual YGmutual YGmutuaI YGseIf YGmutual Y6mutual E3
|3b2 YGmutual YGmutual Y6mutua| Y6mutual YGseIf Y(Smutual E3
L |302 _YGmutuaI YGmutual Y6mutual YGmutuaI Y6mutual YGseIf L E
where
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I3a1, lab1, lsc1, lsaz, lan2, and lsc; are the phase currents of equivalent
three-phase double circuit impedance,

Esa1, Esb1, Esc1, Esza2, Eap2, and Esc, are the voltage drops on equivalent
three-phase double circuit impedance.

Equation (5.5) can be represented as:

|:I3pl:|:|:YA YBj||:E3pl:| (5 9)
500 Yo Yol Espa

where

Y6se|f Y6mutual YGmutuaI
YA = YD = YGmutuaI YG self YGmutuaI

_YGmutuaI Y6mutual Y65e|f i

i)

Y6mutual YGmutuaI Y6mutual
YB = YC = Y(Smutual YGmutual Y6mutual

_Y6mutual Yﬁmutual Y6mutua| B

Since the equivalent three-phase double circuit line is completely trans-

posed, the currents and voltage drops on both circuits are identical. Equation (5.9)

|:I3pl} ) {YA YB:||:E3pl} (5 10)
50 Yo Yol Esp

can be simplified as,

Addlng |3p1 and I3p2;

(I + 1) =Y +Yg +Yc +Yp)E (5.11)

pl

Equation (5.9) can be represented as,
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2|3a1 2(Y65elf +Y6mutual) 4Y6mutual 4Y6mutual E3a1
2|3bl = 4Y 2(Y65elf +Y6mutual) 4Y6mutual E3bl (512)

6mutual
2' 4Y6mutual 4Y6 mutual 2(Y6 self + YGmutuaI ) E3cl

3cl

Since the original three-phase impedance is equivalent to the double cir-
cuits impedance, (5.5) is identical with (5.12). The following equations can be

derived,

YSSeIf = 2(Ytiself +Y6mutual) (513)

Y,

3mutual

=4y,

brmutual (5.14).

By solving (5.13) and (5.14), the six-phase equivalent source impedance
matrix can be constructed with equation (5.6).

The same procedures can be executed for calculating the six-phase equiva-
lent source impedance at the receiving end.
5.2 Six-phase fault analysis method

Based on the equivalent system shown in Fig. 5.2, six-phase transmission

line fault analysis can be conducted in following manner [21].

(1). six-phase source voltages are represented as,

a

3]

m m m m

o

(5.15)

@

where

E, =b°E,,E, =b‘E,,.....E, =bE,,
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b=05 + j 0.866=1/60°.

<

c‘<9>

<
I
=<

(5.16)

< <

@

<

(2). Based on the model shown in Fig. 5.2, following equation can be de-

rived,
Ea _Va ZGseIf ZSmutuaI Z6mutual ZGmutuaI ZGmutuaI ZGmutuaI Ia
Eb _Vb Z6mutual Z6self Zemutual Zemutual ZGmutuaI ZGmutuaI Ib
Ec _Vc . Z6mutua| ZGmutuaI ZBseIf ZGmutuaI ZGmutuaI ZGmutuaI Ic (5 17)
Ed _Vd Z6mutual Z6mutual ZGmutuaI ZSseIf Zﬁmutual ZGmutuaI Id .
Ee _Ve ZGmutuaI ZGmutuaI ZSmutuaI Z6mutual ZGseIf ZGmutuaI Ie
_Ef _Vf i _ZGmutuaI ZGmutuaI ZSmutuaI ZGmutuaI ZGmutuaI ZGseIf i _I f

6>6 matrix is Thevenin impedance matrix from bus to source.
(3). Set an appropriate boundary condition in (5.17) and solve the equation.

Take a single phase ground (phase A to ground fault) for an example,

Ea -0 ZSseIf ZEimutual ZGmutuaI ZGmutuaI ZGmutuaI Zﬁmutual Ia
Eb _Vb ZGmutuaI Zﬁself Zﬁmutual Zﬁmutual Zﬁmutual ZGmutuaI 0
Ec _Vc _ ZGmutuaI Zﬁmutual Z6self Zﬁmutual Zﬁmutual Zﬁmutual 0 (518)
Ed _Vd ZGmutuaI ZGmutuaI ZGmutuaI ZBseIf ZGmutuaI ZGmutuaI 0
Ee _Ve ZGmutuaI ZGmutuaI ZGmutuaI ZGmutuaI Zeself ZGmutuaI 0
_Ef _Vf i _ZGmutuaI ZGmutuaI ZGmutuaI ZGmutuaI ZGmutuaI ZGseIf L O 4

In (5.18), voltages at fault location and fault currents are unknown varia-
bles to be calculated. Six unknown variables in six equations can be solved with-

out doubt.
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5.3 Fault analysis cases

In this section, three systems were selected and upgraded into six-phase
transmission lines. Six-phase fault analysis was studied on the upgraded transmis-
sion lines. A program developed using MATLAB code was used to calculate the
equivalent impedance and fault currents described in section 5.1 and 5.2. Addi-
tionally, upgraded transmission lines were reconfigured into three-phase double
circuit lines in the systems. For both three-phase double circuit lines and
six-phase transmission lines, it was assumed that same tower configuration,
phase-to-ground voltage, and transmission line length were employed.
Three-phase fault analysis was studied in the three-phase double circuit line.
PSCAD® was used to calculate fault currents in the three-phase double circuit

line.

(1) 4-bus system

A 4-bus system was modeled by Powerworld® and the system data can be
found in reference [35]. The system diagram is shown in Fig. 5.3. Fault locations
are selected at bus 2, 3 and middle of the transmission line. The results of
six-phase fault currents are listed at Appendix Al.1- Al.3. The 4-bus system with

three-phase double circuit line was modeled by PSCAD® and shown in Fig. 5.4.
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Fig. 5.4 4-bus system diagram in PSCAD model.
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In the system with the three-phase double circuit line, the same fault
combinations were set as in the system with the six-phase transmission line. For
an example, the A1-A2-B1-C1 fault in the three-phase double circuit line was
considered as the same fault type as A-C-E-D fault in the six-phase transmission
line. Three fault locations in the three-phase double circuit line was selected as in
the six-phase transmission line case. The results of three-phase double circuit line
fault currents are listed in Appendix Al.4-1.6.

(2) 9-bus system

A 9-bus system from Powerworld®was selected for fault current analysis
and the system data can be found in reference [48]. The 9-bus system diagram is
shown in Fig. 5.5. Branch 7-5, which is the most heavily loaded line in the system,
was replaced by a six-phase transmission line. Fault locations are selected at the
both ends and the middle of the transmission line. The 9-bus system with a

three-phase double circuit line was modeled by PSCAD® and shown in Fig. 5.6.
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Fig. 5.5 9-bus system diagram in Powerworld model.
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The results of six-phase and three-phase double circuit line fault currents
are listed in Appendix A2.1- A2.6.

(3) 118-bus system

A 118-bus system from Powerworld® was selected. Six of the most heavily
loaded branches were replaced with six-phase transmission lines respectively.

The zoom-in diagrams of six-phase lines in 118-bus system are shown at

Figs. 5.7-5.12 at following.
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Fig. 5.7 Branch 8-30 replaced with a six-phase transmission in 118-bus system.
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Fig. 5.9 Branch 1-3 replaced with a six-phase transmission in 118-bus system.
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Six-phase faults were set at the both ends and middle of the six-phase
transmission line respectively. The fault currents results are listed in Appendix
A3.1-A3.18. Considering the complexity of 118-bus system and limited time, the
system with three-phase double circuit lines were not simulated and calculated by
PSCAD model as was the previous system.

The fault analysis results in Appendix A shown, the faults in six-phase
system are more complicated, compared to three-phase system. The total
six-phase fault types are 23, while there are only 16 fault types in three-phase
double circuit line (considering one fault location). The results show that the rati-
0s between maximum and minimum fault currents in six-phase lines are higher,
compared to the three-phase system. As a result of fault analysis at bus 7 in 9-bus
system shows, the ratios of maximum to minimum fault currents (for each con-
ductor) are 8.7 and 3.3 for a six-phase line and a three-phase double circuit line,
respectively. The high deviation of six-phase fault current requires more consid-
erations for six-phase transmission line protection design and relay programming.
However, as the results show, most fault currents in six-phase faults are lower,

compared to the same faults in the three-phase double circuit lines.
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CHAPTER 6
PROTECTION DESIGN

As discussed and results shown in previous chapters, whether today’s re-
lays and associated protection schemes provide enough protections for six-phase
transmission lines has been debated for long period [32]. To provide the feasibil-
ity of six-phase transmission lines, research on six-phase line protection has been
conducted. Some of the outcomes were employed in the six-phase demonstration
line at New York [25], [49]-[51]. To examine the six-phase transmission line pro-
tection issue, a six-phase transmission line and a three-phase double circuit line,
will be operated in a 4-bus system respectively. The protection systems for both
lines will be designed and compared. Additionally, based on previous research, a
new external relay tripping logic has been designed and described in this chapter.
6.1 Protection principles and schemes

Three-phase double circuit line protection issue has been studied for its
complexity and mutual coupling [46], [52]-[54]. Difficulties of three-phase dou-
ble circuit lines are caused by the following factors: (1) mutual coupling between
circuits; (2) dynamic change of the characteristics of power system; (3) fault
phase selection when the fault happens between double circuits [53]-[54]. These
characteristics demand more requirements and considerations for three-phase
double circuit protection system. It should be noted that six-phase transmission
lines also possess those characteristics as three-phase double circuit lines do.

Based on the previous research and experience of three-phase double circuit line
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protection, some transmission line protection schemes will be presented in this
chapter.

(1). Segregated phase comparison

The concept of phase comparison relay protection has been applied for
transmission line for many years [47]. The concept of phase comparison is that
relays at both transmission line ends, record the phase currents at a specified time,
and send the results to the opposite end relay. The relays determine whether the
line should be tripped by comparing the stored currents data from both ends. In
different types of phase comparison schemes based on this concept, segregated
phase comparison scheme is selected based on its advantages in this thesis. Seg-
regated phase comparison provides following advantages [47].

(1) Instantaneous clearing of the faults involving both lines

(2) Immunity from mutual coupling effects

(3) Fault phase selective for all types of single and multiple faults

The operation of segregated phase comparison system is described for an

internal and an external transmission line faults shown in Figs. 6.1 and 6.2 [47],
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Fig. 6.1 Relay logic signals for an internal fault.

Protected line
Local

terminal Far terminal
> | Fault
1] 1]
| L= L1 | X
To far ‘
terminal rela
Current
from Zero axis
local CT
Positive signal(1) \/7
O
Negative signal(1)
(0
Negative signal(1)
from far terminal(0)
Current
fromfar ~ —> Zero axis
terminal CT

Fig. 6.2 Relay logic signals for an external fault.
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As shown in Figs. 6.1 and 6.2, once a fault occurs in the system and phase
current exceeds the threshold value, positive trip signal is set to 1( if the fault oc-
curs in a positive cycle) and sent to the opposite end relay. The remote trip signal
is compared to the local relay trip signal. If both signals are equal, it means the
currents at both ends are flowing into the transmission line, and the faults location
is in the transmission line. Both relays trip the line immediately. If the signals
from both ends are not equal, the result indicates that the high phase current is due
to the faults outside the transmission line. Then, the relays will not trip the line.
More details of segregated phase comparison scheme are available in reference
[47].

(2). Current differential relay

Current differential relay was originally developed for transformer and
generator protection, and successfully extended to transmission line protection
[56]-[58]. With increasing applications of digital communicational channel, the
interest on current differential relay is greater than before [56]. Compared to other
relays, current differential relay has many advantages. The simplicity of the
scheme and setting is a one of the most significant advantages [56]. Current dif-
ferential relay operation principle is described below.

A typical connection of current differential relay is shown in Fig. 6.3.
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Fig. 6.3 Typical connection of current differential relay.

As shown in Fig. 6.3, the currents through both ends of the transmission
line are measured by current transformers; the relay operation is determined by
the differential of the currents from both ends. If a fault occurs outside the trans-
mission line, both currents 1; and I, flow in the same direction, and differential
current is equal to zero, the relay will remain blocked. If a fault occurs in a trans-
mission line, both currents I; and I, flow in the opposite directions, the differential
current is greater than zero. The relay will trip the protected line. In practical ap-
plications, current measurements are usually influenced by the system’s noises
and measurement devices errors. To eliminate this impact, restraining coils are
installed in the circuits. The restraining coil is a settable device determining the

tripping area of current differential relays, which shown in Fig. 6.4
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Fig. 6.4 Stabilized characteristic of the current differential relay [56].

Generally, the 50% setting rule is applied for simplicity. Thus, restraint
characteristic is commonly set to 50%. The curve slope in Fig. 6.4 is k=1. Addi-
tionally, a pick-up setting of 50% of minimum fault current was recommended.
The fault current is the sum of the currents from the two line ends. More details
on current differential relay are available in the reference [47].

(3). Directional comparison blocking scheme

Similar as two schemes above, directional comparison blocking scheme is
a plot protection system which depends on communication channel. Directional
comparison blocking scheme is developed based on distance relay, which is dis-
tinct from two schemes above. The operations of directional comparison blocking

scheme is described as below.
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Fig. 6.5 Directional comparison blocking scheme.

As shown in Fig. 6.5, an overreaching tripping device (RO) and blocking
device (B) are installed at both ends of the protected transmission line. The over-
reaching tripping devices are developed from directional distance relays, and set
protection areas covering 120-150% of the transmission line length. If an external
fault occurs at 110% of the transmission zone, the overreaching tripping device at
one transmission line end detects the fault and a tripping signal is sent to AND
functions. However, the blocking device at opposite end is not trigger, and no
block signal is received at the end. The AND function does not operate with only
one trigger signal from the overreaching tripping device. If an internal fault oc-
curs in the protected zone, overreaching tripping devices at both ends detect the
fault and send a signal to AND function and blocking device. The block devices
send a signal to opposite ends via the communication channel. The signal from
opposite end blocking device is reversed and sent to AND function. AND func-

tions at both ends generate a signal to trip the transmission lines.
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6.2 Three-phase double circuit transmission line protection design and setting

A three-phase double circuit in a 4-bus system is selected for transmission
line protection design. The system diagram is shown in Section 5.2 and the details
of the system are specified in reference [35]. According to reference [33], the
transmission line is classified as a medium length line. Segregated phase compar-
ison scheme and current differential relay are selected as the primary and second-
ary protection system. For the backup protection system, it must be coordinated
with upstream and downstream protection system settings. Since limited infor-
mation about the upstream and downstream protection system is available, the
backup system design is not included in this chapter. For both primary and sec-
ondary protection, microwave communication channel is selected. External trip
logic must be designed to coordinate the fault phase selection. The protection

configurations are shown in Fig. 6.6,

Bus 2 Bus 3
Circuit 1 Bus 4
Bus 1 \(v
VY Microwave
TV
\Vad

Circuit 2

Fig. 6.6 Three-phase double circuit line protection system in a 4-bus system.
The configuration selection and setting calculation procedure is described

as below.
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It is assumed that power generated at under maximum load condition is
P=100 MW.

Based on Powerworld simulation results, the maximum load currents of
each conductor at the sending and receiving ends of transmission line are lgnax=
218A and Imax= 218A. The following configurations are selected and calculated.

Current transformers ratio: 250:5

Line charging current: 0.1/50=0.001 A

Maximum Load currents at secondary side:

Imax/CT ratic=218/50=4.36 A

According to reference [56], segregated phase comparison scheme protec-
tion settings at secondary side are calculated as below:

LPKY: Local phase pickup for enabling the transmitter keying circuit

LPKY =2.7 A

RPKY: Remote phase pickup for enabling the transmitter keying circuit

RPKY = 3.0 (4.36/5) =2.62 A

With relay settings calculated above, the segregate phase comparison pro-
tection system will start to compare the phase currents when the transmission line
phase current is over 135 A at the primary side.

Current differential relays generally recommend a pick-up setting of 50%
of minimum fault current. The fault current is the sum of the currents from the
both ends of the line [56]. In this thesis, Powerworld fault analysis simulation is

used to calculate the minimum fault current. The minimum fault current occurs
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when a single phase-to-ground fault is set at the 40% of the line location at circuit
one. The value of the minimum fault current is
lfmin= 1378 £ -85.26° A
The minimum operating threshold of current differential relay setting is
lop=1378/2=689A
With fault currents calculated above, current differential relay will start to com-
pare the phase currents from both ends, when the phase current is over 689A.
To coordinate the relay operations in both circuits, external trip logic was

designed for fault phase selection and shown in Fig. 6.7,
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Fig. 6.7 External trip logic for a double circuit line protection.
6.3 Six-phase transmission line protection design
In this section, the same 4-bus system was selected as in Section 6.2. All

the system data and transmission line configurations are the same as in section 6.2.
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The only difference is that the transmission line between bus 2 and 3was recon-

figured to a six-phase transmission line. The system diagram is shown in Fig. 6.8,

Bus 2 Bus 3
A-C-E Bus 4
Bus 1 \(v
VY Microwave
100 MW
TV
\Vad

D-F-B

Fig. 6.8 4-bus system diagram with a six-phase transmission line.

In Fig. 6.9, conductor and phase arrangements of three-phase double circuit

and six-phase line are shown,

Al okv A2 D(210°) A(30%)
138 kV 138 kv 138 kv 80kV 138 kV
80 kv
B1 138KV T&o kv B2 F(330° 138 kv 80KV C(150°)
138 kV — 138 kV 138 kV 138 kv
c1 okv c2 B(90°) E(270%)
(a). Three-phase double circuit line (b). Six-phase line

Fig. 6.9 Conductor and phase arrangements of three-phase double circuit and
six-phase line.
As shown in Fig. 6.9, the conductors in the six-phase transmission line can
be classified into two groups: (1) A-C-E and (2) D-F-B [51].These two groups are

similar as the groups in the three-phase double circuit line. The only difference is
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that the phase in two groups is not equal as that in the three-phase double circuit
line. This difference does not influence the six-phase protection design.

Similar to the three-phase double circuit line in Section 6.2, the six-phase
transmission line protection was designed. According to reference [46], the
transmission line is classified as a medium length line. Segregated phase compar-
ison scheme and directional comparison blocking scheme were selected as the
primary and secondary protection system. It should be noted that, current differ-
ential relay pick-up currents setting is usually set as 50% of minimum current, but
over maximum load current for reliability purpose [33]. In the 4-bus system,
phase A fault current is 220 A under an A-B-F fault. If the pick-up current of the
current differential relay is set as 50% of minimum fault current in this case, cur-
rent differential relays may mis-operate and trip the line with unbalanced load.
The backup protection system must be coordinated with upstream and down-
stream protection system settings. Since limited information about the upstream
and downstream protection system is available, the backup system design is not
included in this chapter. For both primary and secondary protection, a microwave
communication channel is selected. External trip logic must be designed to coor-
dinate the fault phase selection.

It is assumed that power generated at under maximum load condition is
P=100 MW.

Based on Powerworld simulation results, the maximum load current of

each conductor at the sending and receiving ends of the transmission line are
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lsmax= 218 A and Imax= 218 A. The following configurations are selected and cal-
culated.

Current transformers ratio: 250:5

Voltage transformer ratio: 2000:1

Line charging current: 0.1/50=0.001 A

Maximum load currents at secondary side:

Imax/CT ratic=218/50=4.36 A
According to reference [56], segregated phase comparison scheme protection set-
tings are calculated as below:

LPKY: Local phase pickup for enabling the transmitter keying circuit

LPKY =2.7

RPKY': Remote phase pickup for enabling the transmitter keying circuit

RPKY = 3.0 (4.36/5) =2.62 A

With relay settings calculated above, the segregate phase comparison pro-
tection system will start to compare the phase currents when the transmission line
phase current is over 135 A at primary side.

Directional Comparison Blocking settings are calculated as follows.

1. Ground impedance relay

1
1
7 1-2000 *_ Zy
S | 40
250 °

Protecting distance is set as 120% of the line length. Based on the results of

fault current analysis, the positive sequence impedance of the line is,
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Z,=120.55 + j177.85Q2

The protecting zone:

Z, s = Zo =(120.55 + j177.85) x1.2=144.66+ j213.42Q

. 144,66+ j213.42
¢ 40

VA =3.616+ j5.335=6.455.55.87°Q

2. Phase impedance relay
Phase impedances are measured as follows.

_ Va _Vc _ Va _Ve _ Vc _Ve

A= = =
Ia_lc Ia_le Ic_le

z

To coordinate the relay operations, external trip logic was designed for

fault phase selection and shown in Fig. 6.10.
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Fig. 6.10 External trip logic for a six-phase transmission line protection.
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CHAPTER 7
CONCLUSION AND FUTURE WORK
7.1 Conclusions

The research objective work is evaluating and comparing the advantages of
three-phase double circuit and six-phase transmission line. For evaluation and
comparison, four transmission line cases, one three-phase double circuit, and
three different six-phase transmission lines, were selected. Transmission line pa-
rameters, power transfer capability, electric field, magnetic field, and right of way,
were selected as evaluation criteria. A program developed using MATLAB code,
was used to calculate performances of the four proposed cases on the selected cri-
teria.

Additionally, to clarify the doubts about six-phase transmission line pro-
tection, fault analysis on three-phase double circuit line, and six-phase transmis-
sion line, were studied in three systems. Based on the fault currents, a three-phase
double circuit transmission line protection system and six-phase transmission line
protection system were designed in the 4-bus system. Relay setting and external
trip logic of the protection system were also calculated and designed. The detailed
conclusions of this thesis are listed as below.

In Chapter 2, transmission line parameters and power transfer capability of
four cases were studied. The results showed that the impedance and capacitance
of six-phase compact transmission line are lower, due to compact tower configu-

ration. The power transfer capability of a six-phase transmission line, with the
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same phase-to-ground and tower configuration, is the same as three-phase double
circuit line. Considering the transformer impedances at both ends of the six-phase
transmission line, six-phase transmission line has a lower power transfer capabil-
ity; especially for a short length transmission line, that transformer impedances
are dominated. However, six-phase compact transmission line and six-phase
transmission line with a higher voltage level provide more power transfer capabil-
ity, compared to a three-phase double circuit line. Power transfer capability of
six-phase transmission line with higher voltage level, is about 296% of the power
transfer capability, provided by the three-phase double circuit line.

In Chapter 3, electric and magnetic field at ground level of four proposed
cases were calculated and analyzed. The distributions of electric field at ground
level reveal that the maximum electric fields of the six-phase transmission lines
are higher than those of a three-phase double circuit transmission line. However,
the electric field of six-phase transmission lines decreases faster, compared to the
three-phase double circuit line. It should be noted that the ground level electric
field of six-phase compact transmission line is significantly lower than that of
three-phase double circuit line. This is resulted from a different conductor ar-
rangement, and small phase-to-phase angle. For magnetic field at ground level,
the six-phase transmission lines show a dominant advantage, compared to a
three-phase double circuit transmission line.

In Chapter 4, right of way requirements for the four proposed cases were

calculated. A common right of way for a 138 kV three-phase double circuit line
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was selected. Based on a selected right of way, ground level electric and magnetic
fields of the three-phase double circuit line were calculated at the edge of the right
of way. Based on the calculated electric and magnetic field at the edge of the right
of way, the six-phase cases were calculated to guarantee the same electric and
magnetic fields. Based on these results, it can be concluded that with the same
power transfer capability, six-phase lines demand 82% right of way of the
three-phase double circuit line at most. With the same right of way, six-phase
transmission line can provide about 293% of power transfer capability of the
three-phase double circuit line at most.

In Chapter 5, fault analysis of a three-phase double circuit line and a
six-phase line were conducted in three systems. Fault locations were selected at
different locations on the transmission line. As the results show, six-phase faults
have more complicated fault types than that of three-phase double circuit line.
Additionally, maximum and minimum ratios of six-phase fault currents are sig-
nificantly higher compared to that of three-phase double circuit line fault currents.
High fault current deviation demands more considerations in six-phase transmis-
sion line protection design.

In Chapter 6, based on fault current results from Chapter 5, a three-phase
double circuit and a six-phase transmission line protection system were designed
in a 4-bus system. Additionally, external trip logic was also designed for both
three-phase double circuit and six-phase protection systems to coordinate fault

types. It can be concluded that existing protection technology has adequate capa-
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bility to protect six-phase transmission lines. A six-phase transmission line pro-
tection system is more complicated compared to a three-phase double circuit pro-
tection system. It should be noted that a current differential relay must be careful-
ly used in six-phase transmission line protection. This is because a low fault cur-
rent in a six-phase fault may be lower than the maximum load current.

7.2 Future work

Based on the work in this thesis, three potential aspects are worthwhile to
explore in the future:

1. Compatibility issues of six-phase lines.

Six phase transmission lines share right of way with other systems, such as
optical fiber cables, pipelines, railroad, and wireless communication infrastructure.
Does this have any problem with induced voltage and lighting protection?

2. Six-phase transmission line tower design and optimization.

Performance of transmission line electric field, magnetic field, and right of
way demand strongly depend on transmission line configuration, especially on the
position of conductors. It is difficult to tell whether the existing three-phase dou-
ble circuit and six-phase tower configurations are the best choices for six-phase
transmission lines. More research should be conducted on optimizing towers of
six-phase transmission lines.

3. Fault analysis with multiple six-phase transmission lines in a three-phase

and six-phase mixed transmission system.
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The six-phase fault analysis in this thesis is based on the assumption that
only one six-phase transmission line is included in the system. The system con-
taining multiple six-phase transmission lines were not studied. This may be con-

sidered as future work.
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APPENDIX A

FAULT CURRENT RESULTS
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A.1 4-bus system fault currents

Fault locations were selected at both ends and middle of transmission line.
For three-phase double circuit line, three-phase faults were assumed that faults
occur at both circuit, and only 1 fault location was considered when a three-phase
fault occurred at three-phase double circuit transmission line.

A.1.1 SIX-PHASE FAULTS AT SENDING END OF SIX-PHASE TRANSMISSION LINE

Phase current (kA)
Fault Type A B C D E F N
ABCDEF 1.4 1.4 1.4 1.4 1.4 1.4 0
ABCDEFN 1.4 1.4 1.4 1.4 1.4 1.4 0
BCDEF 0 15 1.6 11 1.3 15 0
BCDEFN 0 1.3 1.1 1.2 1.5 1.6 1.0
ABCD 1.5 0.9 0.9 1.5 0 0 0
ABCDN 1.0 1.0 1.4 1.8 0 0 2.0
ABDF 1.0 1.2 0 1.7 0 1.3 0
ABDFN 1.2 1.5 0 15 0 1.1 1.2
BCEF 0 1.4 1.4 0 1.4 1.4 0
BCEFN 0 14 14 0 14 14 0
ABD 1.2 0.9 0 1.6 0 0 0
ABDN 1.0 1.3 0 1.7 0 0 1.3
ABF 0.4 1.2 0 0 0 1.2 0
ABFN 1.2 1.8 0 0 0 1.7 2.9
BDF 0 14 0 14 0 14 0
BDFN 0 1.4 0 1.4 0 1.4 0
AD 1.3 0 0 1.4 0 0 0
ADN 1.3 0 0 1.4 0 0 0
BC 0 0.7 0.7 0 0 0 0
BCN 0 1.1 1.6 0 0 0 2.4
BF 0 1.2 0 0 0 1.2 0
BFN 0 1.2 0 0 0 1.7 1.6
AN 1.4 0 0 0 0 0 1.4
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A.1.2 SIX-PHASE FAULTS AT MIDDLE OF SIX-PHASE TRANSMISSION LINE

Phase current (kA)
Fault Type A B c D E F N
ABCDEF 1.28 1.28 1.28 1.28 1.28 1.28 0
ABCDEFN | 1.28 1.28 1.28 1.28 1.28 1.28 0
BCDEF 0 1.42 1.17 1.02 1.17 1.42 0
BCDEFN 0 1.28 1.16 1.16 1.28 1.4 0.76
ABCD 1.39 0.84 0.84 1.39 0 0 0
ABCDN 1.15 1.01 1.18 1.44 0 0 1.45
ABDF 0.96 1.15 0 1.59 0 1.15 0
ABDFN 1.15 1.29 0 141 0 1.14 0.84
BCEF 0 1.28 1.28 0 1.28 1.28 0
BCEFN 0 1.28 1.28 0 1.28 1.28 0
ABD 1.13 0.85 0 1.53 0 0 0
ABDN 1.12 1.15 0 1.43 0 0 0.93
ABF 0.43 1.12 0 0 0 1.12 0
ABFN 1.03 1.36 0 0 0 1.56 1.73
BDF 0 1.28 0 1.28 0 1.28 0
BDFN 0 1.28 0 1.28 0 1.28 0
AD 1.28 0 0 1.28 0 0 0
ADN 1.28 0 0 1.28 0 0 0
BC 0 0.64 0.64 0 0 0 0
BCN 0 0.96 1.22 0 0 0 1.79
BF 0 1.1 0 0 0 1.1 0
BFN 0 1.25 0 0 0 1.46 1.57
AN 1.15 0 0 0 0 0 1.15
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A.1.3SIX-PHASE FAULTS AT RECEIVING END OF SIX-PHASE TRANSMISSION LINE

Phase current (kA)
Fault Type A B c D E F N
ABCDEF 0.67 0.67 0.67 0.67 0.67 0.67 0
ABCDEFN | 0.67 0.67 0.67 0.67 0.67 0.67 0
BCDEF 0 0.75 0.61 0.54 0.61 0.75 0
BCDEFN 0 0.48 0.82 1 0.95 0.68 2.34
ABCD 0.73 0.44 0.44 0.73 0 0 0
ABCDN 0.71 1 1.05 0.84 0 0 2.72
ABDF 0.5 0.6 0 0.84 0 0.6 0
ABDFN 0.89 0.84 0 0.45 0 0.77 1.57
BCEF 0 0.67 0.67 0 0.67 0.67 0
BCEFN 0 0.67 0.67 0 0.67 0.67 0
ABD 0.59 0.45 0 0.81 0 0 0
ABDN 0.75 0.84 0 0.63 0 0 1.18
ABF 0.22 0.59 0 0 0 0.59 0
ABFN 1.01 0.92 0 0 0 0.34 1.53
BDF 0 0.67 0 0.67 0 0.67 0
BDFN 0 0.67 0 0.67 0 0.67 0
AD 0.67 0 0 0.67 0 0 0
ADN 0.67 0 0 0.67 0 0 0
BC 0 0.34 0.34 0 0 0 0
BCN 0 0.87 0.89 0 0 0 1.63
BF 0 0.58 0 0 0 0.58 0
BFN 0 0.6 0 0 0 0.63 0.4
AN 0.78 0 0 0 0 0 0.78
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A.1.4 THREE-PHASE FAULTS AT SENDING END OF THREE-PHASE DOUBLE CIRCUIT

TRANSMISSION LINE

Phase current (kA)
Fault Type Al | Bl ClL | A2 | B2 | C2 N
AIBIC1IA2B2C2 | 115 | 1.16 | 1.16 | 1.15 | 1.16 | 1.16 0
AIBICIA2B2C2N | 1.15 | 1.16 | 1.16 | 1.15 | 1.16 | 1.16 0
B1IC1A2B2C2 0 | 110 | 112 | 206 | 1.10 | 1.12 0
B1C1A2B2C2N 0 | 1.26 | 056 | 1.63 | 1.26 | 1.16 | 147
A1B1A2C2 1.08 | 2.02 0 108 | 0 | 201 0
A1BIA2C2N 132 | 185 0 132 | 0 | 182 | 124
A1A2B2C2 1.08 | 2.02 0 108 | 0 | 201 0
A1A2B2C2N 132 | 185 0 132 | 0 | 182 | 124
C1C2B1B2 0 | 100 | 1.00 0 | 1.00 | 1.00 0
C1C2B1B2N 0 | 157 | 161 0 | 157 | 161 | 495
ALA2C2 091 | 0 0 | 091 | 0 | 184 0
ALA2C2N 159 | 0 0 159 | 0 | 244 | 429
A1B2C2 196 | 0 0 0 | 1.96| 1.96 0
A1B2C2N 196 | 0 0 0 | 1.96 | 1.96 0
A2B2C2 0 0 0 196 | 1.96 | 1.96 0
A2B2C2N 0 0 0 196 | 1.95 | 1.96 0
ALA2 0 0 0 0 0 0 0
ALAZN 158 | 0 0 158 | 0 0 3.16
B1C2 0 | 1.69 0 0 0 | 1.68 0
B1C2N 0 | 242 0 0 0 | 250 | 256
B2C2 0 0 0 0 | 1.69 | 1.68 0
B2C2N 0 0 0 0 | 242 | 250 | 256
ALN X X X X | X | X X
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A.1.5 THREE-PHASE FAULTS AT MIDDLE OF THREE-PHASE DOUBLE CIRCUIT TRANS-

MISSION LINE
Phase current (kA)
Fault Type Al | Bl ClL | A2 | B2 | C2 N
AIBICIA2B2C2 | 069 | 069 | 069 | 0.69 | 069 | 0.69 0
A1BICIA2B2C2N | 069 | 069 | 069 | 0.69 | 0.69 | 0.69 0
B1IC1A2B2C2 0 | 066 | 066 | 117 | 066 | 0.66 0
B1C1A2B2C2N 0 | 069 | 069 | 1.10 | 0.69 | 0.69 | 027
A1B1A2C2 064 | 1.15 0 | 064 | 0 | 115 0
A1BIA2C2N 069 | 1.10 0 | 069 | 0 | 110 | 027
A1A2B2C2 064 | 0 0 | 064 | 115 | 1.15 0
A1A2B2C2N 069 | 0 0 | 069 | 1.10 | 1.11 | 027
C1C2B1B2 0 | 060 | 059 0 | 060 | 059 0
C1C2B1B2N 0 | 070 | 0.66 0 |070| 066 | 1.33
ALA2C2 053 | 0 0 | 053 | 0 | 1.06 0
ALA2C2N 066 | 0 0 | 066 | 0 | 115 | 1.22
ALB2C2 116 | 0 0 0 | 116 | 1.16 0
A1B2C2N 116 | 0 0 0 | 1.16 | 1.16 0
A2B2C2 0 0 0 116 | 1.16 | 1.16 0
A2B2C2N 0 0 0 116 | 1.16 | 1.16 0
ALA2 0 0 0 0 0 0 0
ALA2N 068 | 0O 0 | 068 0 0 1.36
B1C2 0 | 1.00 0 0 0 | 1.00 0
BIC2N 0 | 118 0 0 0 | 112 | 114
B2C2 0 0 0 0 | 1.00 | 1.00 0
B2C2N 0 0 0 0 | 118 | 112 | 1.14
ALN X X X X | X | X X
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A.1.6 THREE-PHASE FAULTS AT RECEIVING END OF THREE-PHASE DOUBLE CIRCUIT
TRANSMISSION LINE

Fault Type Phase current (kA)
Al Bl Cl A2 B2 C2 N
A1B1C1A2B2C2 | 0.57 | 0.57 0.57 0.57 | 0.57 | 0.57 0
A1B1C1A2B2C2N | 0.57 | 0.57 0.57 0.57 | 0.57 | 0.57 0
B1C1A2B2C2 0 0.56 0.52 1.16 | 0.52 | 0.52 0
B1C1A2B2C2N 0 0.59 0.59 0.78 | 0.59 | 0.59 0.69
A1B1A2C2 0.57 1.13 0 0.57 0 1.13 0
A1B1A2C2N 0.62 | 0.92 0 0.62 0 0.92 0.59
AlA2B2C2 0.57 0 0 057 | 114 | 1.12 0
Al1A2B2C2N 0.62 0 0 0.62 | 0.92 | 0.88 0.60
C1C2B1B2 0 0.49 0.49 0 0.49 | 0.49 0
C1C2B1B2N 0 0.77 0.83 0 0.77 | 0.83 2.56
Al1A2C2 0.49 0 0 0.49 0 0.97 0
A1A2C2N 0.86 0 0 0.86 0 1.57 2.65
Al1B2C2 1.13 0 0 0 1.13 | 112 0
Al1B2C2N 1.14 0 0 0 1.13 | 1.12 0
A2B2C2 0 0 0 1.14 | 113 | 1.12 0
A2B2C2N 0 0 0 1.14 | 1.13 | 112 0
AlA2 0 0 0 0 0 0 0
A1A2N 0.79 0 0 0.79 0 0 1.58
B1C2 0 0.98 0 0 0 0.97 0
B1C2N 0 1.54 0 0 0 1.68 2.56
B2C2 0 0 0 0 0.98 | 0.97 0
B2C2N 0 0 0 0 154 | 1.68 2.56
AlIN X X X X X X X
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A.2 9-bus system fault currents

Fault locations were selected at both ends and middle of transmission line.
For three-phase double circuit line, three-phase faults were assumed that faults
occur at both circuit, and only 1 fault location was considered when a three-phase
fault occurred at three-phase double circuit transmission line.

A.2.1 SIX-PHASE FAULTS AT SENDING END OF SIX-PHASE TRANSMISSION LINE

Phase current (kA)
Fault Type A B C D E F N
ABCDEF 1.02 1.02 1.02 1.02 | 1.02 | 1.02 0
ABCDEFN 1.02 1.02 1.02 1.02 | 1.02 | 1.02 0
BCDEF 0 1.13 0.93 0.81 | 093 | 1.13 0
BCDEFN 0 2.09 2.96 3.19 | 269 | 1.7 11.9
ABCD 1.11 0.67 0.67 1.11 0 0 0
ABCDN 1.6 2.17 2.13 1.53 0 0 6.59
ABDF 0.76 0.92 0 1.27 0 0.92 0
ABDFN 1.72 1.47 0 0.33 0 1.52 3.81
BCEF 0 1.02 1.02 0 1.02 | 1.02 0
BCEFN 0 1.02 1.02 0 1.02 | 1.02 0
ABD 0.9 0.68 0 1.22 0 0 0
ABDN 1.29 1.43 0 0.87 0 0 2.26
ABF 0.34 0.9 0 0 0 0.9 0
ABFN 1.85 1.59 0 0 0 0.19 3.1
BDF 0 1.02 0 1.02 0 1.02 0
BDFN 0 1.02 0 1.02 0 1.02 0
AD 1.02 0 0 1.02 0 0 0
ADN 1.02 0 0 1.02 0 0 0
BC 0 0.51 0.51 0 0 0 0
BCN 0 1.49 1.48 0 0 0 2.78
BF 0 0.88 0 0 0 0.88 0
BFN 0 0.92 0 0 0 0.9 0.43
AN 1.25 0 0 0 0 0 1.25
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A.2.2 SIX-PHASE FAULTS AT MIDDLE OF SIX-PHASE TRANSMISSION LINE

Phase current (kA)
Fault Type A B C D E F N
ABCDEF 1.04 1.04 1.04 1.04 | 1.04 | 1.04 0
ABCDEFN 1.04 1.04 1.04 1.04 | 1.04 | 1.04 0
BCDEF 0 1.16 0.95 0.83 | 095 | 1.16 0
BCDEFN 0 1.06 1.05 1.03 | 1.02 | 1.03 0.99
ABCD 1.14 0.69 0.69 1.13 0 0 0
ABCDN 1.08 1.04 1.01 1.01 0 0 1.74
ABDF 0.78 0.94 0 1.3 0 0.94 0
ABDFN 1.03 1.02 0 1.05 0 1.05 1
BCEF 0 1.04 1.04 0 1.04 | 1.04 0
BCEFN 0 1.04 1.04 0 1.04 | 1.04 0
ABD 0.92 0.69 0 1.25 0 0 0
ABDN 1.05 1.03 0 1.03 0 0 1.01
ABF 0.35 0.92 0 0 0 0.92 0
ABFN 1.02 1 0 0 0 1.06 0.9
BDF 0 1.04 0 1.04 0 1.04 0
BDFN 0 1.04 0 1.04 0 1.04 0
AD 1.04 0 0 1.04 0 0 0
ADN 1.04 0 0 1.04 0 0 0
BC 0 0.52 0.52 0 0 0 0
BCN 0 1.05 1.01 0 0 0 1.77
BF 0 0.9 0 0 0 0.9 0
BFN 0 1.06 0 0 0 1.03 1.06
AN 1.03 0 0 0 0 0 1.03
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A.2.3SIX-PHASE FAULTS AT RECEIVING END OF SIX-PHASE TRANSMISSION LINE

Phase current (kA)
Fault Type A B C D E F N
ABCDEF 0.9 0.9 0.9 0.9 0.9 0.9 0
ABCDEFN 0.9 0.9 0.9 0.9 0.9 0.9 0
BCDEF 0 1 0.83 0.72 | 0.83 | 1.01 0
BCDEFN 0 1.38 1.41 1.08 | 0.55 | 0.48 2.9
ABCD 0.98 0.6 0.6 0.98 0 0 0
ABCDN 1.6 1.63 1.23 0.5 0 0 4.17
ABDF 0.68 0.81 0 1.13 0 0.81 0
ABDFN 1.21 0.81 0 0.75 0 1.35 241
BCEF 0 0.9 0.9 0 0.9 0.9 0
BCEFN 0 0.9 0.9 0 0. 0.9 0
ABD 0.8 0.6 0 1.08 0 0 0
ABDN 1.22 1.18 0 0.61 0 0 1.8
ABF 0.3 0.8 0 0 0 0.8 0
ABFN 1.48 1.04 0 0 0 0.56 2.07
BDF 0 0.9 0 0.9 0 0.9 0
BDFN 0 0.9 0 0.9 0 0.9 0
AD 0.9 0 0 0.9 0 0 0
ADN 0.9 0 0 0.9 0 0 0
BC 0 0.45 0.45 0 0 0 0
BCN 0 1.34 1.19 0 0 0 2.38
BF 0 0.78 0 0 0 0.78 0
BFN 0 0.93 0 0 0 0.7 0.51
AN 1.09 0 0 0 0 0 1.09
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A.2.4 THREE-PHASE FAULTS AT SENDING END OF THREE-PHASE DOUBLE CIRCUIT

TRANSMISSION LINE

Phase current (kA)
Fault Type Al B1 ClL | A2 | B2 | C2 N
AIBICIA2B2C2 | 1.07 | 1.07 | 1.07 | 1.07 | 1.07 | 1.07 | 0
AIBIC1A2B2C2N | 1.07 | 1.07 | 1.07 | 1.07 | 107 | 1.07 | 0
B1IC1A2B2C2 0 107 | 107 | 216 | 1.07 | 107 | 0
BIC1A2B2C2N 0 107 | 1.07 | 216 | 1.07 | 1.07 | 0
A1B1A2C2 107 | 216 0 | 107 | 0 | 216 | 0
ALBIA2C2N 107 | 216 0 | 107 | 0 | 216 | o0
ALA2B2C2 107 | 216 0 | 107 | 0 | 216 | 0
ALA2B2C2N 107 | 216 0 | 107 | 0 | 216 | 0
C1C2B1B2 0 093 | 093 | 0 |093] 093 | 0O
C1C2B1B2N 0 065 | 121 | 0 | 065 1.21 | 339
ALA2C2 0.93 0 0 | 093 | 0 | 187 | 0
ALA2C2N 0.65 0 0 | 065 | 0 | 121 | 3.39
ALB2C2 2.14 0 0 0 |214| 214 | 0
A1B2C2N 214 0 0 0 |214]| 214 | 0
A2B2C2 0 0 0 | 214 |214| 214 | 0
A2B2C2N 0 0 0 | 214 |214| 214 | 0
ALA2 0 0 0 0 0 0 0
ALAZN 1.32 0 0 | 132 | 0 0 | 264
B1C2 0 1.87 0 0 0 | 187 | 0
BIC2N 0 261 0 0 0 | 242 | 339
B2C2 0 0 0 0 |187| 187 | 0
B2C2N 0 0 0 0 | 261 242 | 339
AN X X X X | X | X X

108




A.2.5 THREE-PHASE FAULTS AT MIDDLE OF THREE-PHASE DOUBLE CIRCUIT TRANS-

MISSION LINE
Phase current (kA)
Fault Type Al B1 ClL | A2 | B2 | C2 N
AIBICIA2B2C2 | 1.09 | 1.09 | 1.09 | 1.09 | 1.09 | 1.09 | 0
AIBICIA2B2C2N | 1.09 | 1.09 | 1.09 | 1.09 | 1.09 | 1.09 | 0
B1IC1A2B2C2 0 109 | 1.09 | 218 | 1.09 | 1.09 | 0
BIC1A2B2C2N 0 109 | 1.09 | 218 | 1.09 | 1.09 | 0
A1B1A2C2 109 | 218 0 | 109 | 0 | 218 | 0
ALBIA2C2N 1.09 | 2.18 0 | 109 | 0 | 218 | o0
ALA2B2C2 109 | 218 0 | 109 | 0 | 218 | 0
ALA2B2C2N 1.09 | 218 0 | 109 | 0 | 218 | 0
C1C2B1B2 0 095 | 095 | 0 |095] 095 | O
C1C2B1B2N 0 067 | 123 | 0 |067 | 1.23 | 341
ALA2C2 0.95 0 0 | 095 | 0 | 189 | 0
ALA2C2N 0.67 0 0 | 067 | 0 | 123 | 341
ALB2C2 2.16 0 0 0 |216| 216 | 0
A1B2C2N 2.16 0 0 0 |216| 216 | 0
A2B2C2 0 0 0 | 216 |216| 216 | 0
A2B2C2N 0 0 0 | 216 | 216 | 216 | O
ALA2 0 0 0 0 0 0 0
ALAZN 1.34 0 0 | 134 | 0 0 | 266
B1C2 0 1.89 0 0 0 | 189 | 0
BIC2N 0 2.63 0 0 0 | 244 | 341
B2C2 0 0 0 0 |189] 189 | 0
B2C2N 0 0 0 0 | 263 ]| 244 | 341
AN X X X X | X | X X
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A.2.6 THREE-PHASE FAULTS AT RECEIVING END OF THREE-PHASE DOUBLE CIRCUIT
TRANSMISSION LINE

Phase current (kA)
Fault Type Al B1 ClL | A2 | B2 | C2 N
AIBICIA2B2C2 | 098 | 098 | 098 | 098 | 098 | 098 | 0
AIBICIA2B2C2N | 098 | 098 | 098 | 098 | 098 | 098 | 0
B1IC1A2B2C2 0 098 | 098 | 197 | 098] 098 | 0
BIC1A2B2C2N 0 098 | 098 | 197 | 098] 098 | O
A1B1A2C2 098 | 1.97 0 | 098 | 0 | 197 | 0
ALBIA2C2N 098 | 1.97 0 | 098 | 0 | 197 | 0
ALA2B2C2 098 | 1.97 0 | 098 | 0 | 197 | 0
ALA2B2C2N 098 | 1.97 0 | 098 | 0 | 197 | 0
C1C2B1B2 0 085 | 085 | O |085]| 085 | 0
C1C2B1B2N 0 055 | 123 | 0 |055]| 1.23 | 32
ALA2C2 0.85 0 0 |08 | 0 | .70 | 0
ALA2C2N 1.23 0 0 | 123 | 0 | 221 | 3.19
ALB2C2 2.09 0 0 0 |209]| 209 | O
A1B2C2N 2.09 0 0 0 |209]| 209 | O
A2B2C2 0 0 0 | 209 | 209 2090 | 0
A2B2C2N 0 0 0 | 209 | 209 209 | O
ALA2 0 0 0 0 0 0 0
ALAZN 1.22 0 0 | 122 | 0 0 | 244
B1C2 0 1.71 0 0 0 | 171 | 0
BIC2N 0 221 0 0 0 | 246 | 3.20
B2C2 0 0 0 0 |171] 171 | o0
B2C2N 0 0 0 0 | 221 246 | 320
AN X X X X | X | X X
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A.3 118-bus system fault currents

In 118-bus system, six transmission lines were upgraded to a six-phase

transmission line, respectively. Fault locations were selected at both ends and

middle of transmission line.

A.3.1 SIX-PHASE FAULTS AT SENDING END OF SIX-PHASE LINE FROM BUS 8 TO BUS 30

Phase current (kA)
Fault Type A B C D E F N
ABCDEF 7.91 7.91 7.91 791 | 791 | 791 0
ABCDEFN 7.91 7.91 7.91 791 | 791 | 791 0
BCDEF 0 8.8 7.25 6.32 | 7.25 | 8.8 0
BCDEFN 0 9.59 527 | 415 | 843 | 11.6 | 14.73
ABCD 8.62 5.23 523 | 8.62 0 0 0
ABCDN 10.61 | 6.96 | 14.33 | 2065 | O 0 48.57
ABDF 5.93 7.13 0 9.88 0 7.13 0
ABDFN 6.04 | 12.75 0 1505 | O 2.34 28.0
BCEF 0 7.91 7.91 0 791 | 791 0
BCEFN 0 7.91 7.91 0 791 | 7.91 0
ABD 6.97 5.27 0 9.5 0 0 0
ABDN 9.1 15.9 0 16.7 0 0 36.72
ABF 2.64 6.97 0 0 0 6.97 0
ABFN 26.1 29.6 0 0 0 19.7 73.2
BDF 0 7.91 0 7.91 0 7.91 0
BDFN 0 7.91 0 7.91 0 7.91 0
AD 7.91 0 0 7.91 0 0 0
ADN 7.91 0 0 7.91 0 0 0
BC 0 3.95 3.95 0 0 0 0
BCN 0 15.2 17.2 0 0 0 315
BF 0 6.85 0 0 0 6.85 0
BFN 0 4.52 0 0 0 9.3 5.13
AN 11.1 0 0 0 0 0 11.11
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A.3.2 SIX-PHASE FAULTS AT MIDDLE OF SIX-PHASE TRANSMISSION LINE FROM BUS 8

TOBUS 30
Phase current (kA)
Fault Type A B C D E F N
ABCDEF 7.23 7.23 7.23 723 | 7.23 | 7.23 0
ABCDEFN 7.23 7.23 7.23 723 | 7.23 | 7.23 0
BCDEF 0 8.05 6.62 5.78 | 6.62 | 8.05 0
BCDEFN 0 6.37 7.82 8.65 | 825 | 6.89 14.4
ABCD 7.88 4.78 4,78 7.88 0 0 0
ABCDN 7.2 8.95 9.22 7.84 0 0 20.8
ABDF 5.42 6.51 0 9.03 0 6.52 0
ABDFN 8.42 8.05 0 6.04 0 7.74 | 12.03
BCEF 0 7.23 7.23 0 723 | 7.23 0
BCEFN 0 7.23 7.23 0 7.23 | 7.23 0
ABD 6.37 4.82 0 8.69 0 0 0
ABDN 7.7 8.26 0 6.9 0 0 10.3
ABF 2.41 6.37 0 0 0 6.37 0
ABFN 9.29 8.66 0 0 0 5.18 12.1
BDF 0 7.23 0 7.23 0 7.23 0
BDFN 0 7.23 0 7.23 0 7.23 0
AD 7.23 0 0 7.23 0 0 0
ADN 7.23 0 0 7.23 0 0 0
BC 0 3.61 3.61 0 0 0 0
BCN 0 8.54 8.7 0 0 0 15.7
BF 0 6.26 0 0 0 6.26 0
BFN 0 6.72 0 0 0 6.92 5.43
AN 8.03 0 0 0 0 0 8.03
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A.3.3 SIX-PHASE FAULTS AT RECEIVING END OF SIX-PHASE TRANSMISSION LINE
FROM BUS 8 TO BUS 30

Phase current (kA)
Fault Type A B C D E F N
ABCDEF 6.91 6.91 6.91 6.91 | 6.91 | 6.91 0
ABCDEFN 6.91 6.91 6.91 6.91 | 6.91 | 6.91 0
BCDEF 0 7.7 6.33 553 | 6.34 | 7.7 0
BCDEFN 0 6.08 5.99 691 | 7.79 | 7.86 8.32
ABCD 7.53 4.57 4.57 7.53 0 0 0
ABCDN 5.12 6.34 8.06 8.71 0 0 14.42
ABDF 5.18 6.23 0 8.64 0 6.23 0
ABDFN 7.07 7.86 0 6.91 0 6.08 8.32
BCEF 0 6.91 6.91 0 6.91 | 6.91 0
BCEFN 0 6.91 6.91 0 6.91 | 6.91 0
ABD 6.1 4.61 0 8.31 0 0 0
ABDN 6.2 7.2 0 7.69 0 0 8.14
ABF 2.3 6.1 0 0 0 6.1 0
ABFN 7.62 8.87 0 0 0 6.76 12.9
BDF 0 6.91 0 6.91 0 6.91 0
BDFN 0 6.91 0 6.91 0 6.91 0
AD 6.91 0 0 6.91 0 0 0
ADN 6.91 0 0 6.91 0 0 0
BC 0 3.46 3.46 0 0 0 0
BCN 0 6.84 8.29 0 0 0 13.53
BF 0 5.99 0 0 0 5.99 0
BFN 0 5.95 0 0 0 7.57 6.49
AN 7.39 0 0 0 0 0 7.39
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A.3.4 SIX-PHASE FAULTS AT SENDING END OF SIX-PHASE TRANSMISSION LINE FROM

BUS 23 TO BUS 32

Phase current (kA)
Fault Type A B C D E F N
ABCDEF 591 5.9 5.9 59 | 591 | 591 0
ABCDEFN 591 5.9 5.9 59 | 591 | 591 0
BCDEF 0 6.583 | 5.41 472 | 541 | 6.58 0
BCDEFN 0 5.15 7.29 8.16 | 7.31 | 5.17 17.19
ABCD 6.44 3.91 3.91 6.43 0 0 0
ABCDN 6.5 8.47 8.48 6.56 0 0 21.5
ABDF 4.43 5.32 0 7.38 0 5.32 0
ABDFN 7.54 6.87 0 4.27 0 6.86 | 12.44
BCEF 0 5.9 5.9 0 591 | 5.91 0
BCEFN 0 59 5.9 0 591 | 591 0
ABD 5.21 3.94 0 7.1 0 0 0
ABDN 6.63 7.18 0 5.38 0 0 9.74
ABF 1.97 5.21 0 0 0 5.21 0
ABFN 8.46 7.52 0 0 0 3.35 | 11.81
BDF 0 59 0 5.9 0 5.91 0
BDFN 0 5.9 0 59 0 5.91 0
AD 5.91 0 0 5.91 0 0 0
ADN 591 0 0 5.91 0 0 0
BC 0 2.95 2.95 0 0 0 0
BCN 0 7.54 7.54 0 0 0 13.9
BF 0 511 0 0 0 5.11 0
BFN 0 5.45 0 0 0 5.46 3.8
AN 6.8 0 0 0 0 0 6.8
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A.3.5 SIX-PHASE FAULTS AT MIDDLE OF SIX-PHASE TRANSMISSION LINE FROM BUS 23

TOBUS 32
Phase current (kA)
Fault Type A B C D E F N
ABCDEF 5.73 5.73 5.73 573 | 5.73 | 5.73 0
ABCDEFN 5.73 5.73 5.73 573 | 5.73 | 5.73 0
BCDEF 0 6.38 5.25 459 | 525 | 6.38 0
BCDEFN 0 5.73 5.96 597 | 575 | 5.51 6.93
ABCD 6.25 3.79 3.79 6.25 0 0 0
ABCDN 5.95 6.17 5.99 5.55 0 0 115
ABDF 4.3 5.17 0 7.17 0 5.17 0
ABDFN 5.96 5.75 0 5.51 0 5.95 6.66
BCEF 0 5.73 5.73 0 573 | 5.73 0
BCEFN 0 5.73 5.73 0 573 | 5.73 0
ABD 5.06 3.82 0 6.89 0 0 0
ABDN 5.94 5.95 0 5.53 0 0 6.4
ABF 1.91 5.06 0 0 0 5.06 0
ABFN 6.18 5.79 0 0 0 5.3 6.02
BDF 0 5.73 0 5.73 0 5.73 0
BDFN 0 5.73 0 5.73 0 5.73 0
AD 5.73 0 0 5.73 0 0 0
ADN 5.73 0 0 5.73 0 0 0
BC 0 2.87 2.87 0 0 0 0
BCN 0 6.14 5.98 0 0 0 10.68
BF 0 4,97 0 0 0 4,97 0
BFN 0 5.72 0 0 0 5.54 5.31
AN 5.94 0 0 0 0 0 5.94
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A.3.6 SIX-PHASE FAULTS AT RECEIVING END OF SIX-PHASE TRANSMISSION LINE
FROM BUS 23 TO BUS 32

Phase current (kA)
Fault Type A B C D E F N
ABCDEF 5.89 5.89 5.89 589 | 589 | 5.89 0
ABCDEFN 5.89 5.89 5.89 589 | 589 | 5.89 0
BCDEF 0 6.56 5.4 471 | 54 | 6.56 0
BCDEFN 0 4.98 7.19 8.17 | 743 | 5.32 17.31
ABCD 6.42 3.9 3.9 6.42 0 0 0
ABCDN 6.4 8.43 8.54 6.69 0 0 21.6
ABDF 4.42 5.31 0 7.37 0 5.31 0
ABDFN 7.54 6.93 0 4.25 0 6.8 12.48
BCEF 0 5.89 5.89 0 5.89 | 5.89 0
BCEFN 0 5.89 5.89 0 5.89 | 5.89 0
ABD 5.2 3.93 0 7.08 0 0 0
ABDN 6.59 7.18 0 5.42 0 0 9.76
ABF 1.96 5.2 0 0 0 5.2 0
ABFN 8.47 7.59 0 0 0 3.32 11.9
BDF 0 5.89 0 5.89 0 5.89 0
BDFN 0 5.89 0 5.89 0 5.89 0
AD 5.89 0 0 5.89 0 0 0
ADN 5.89 0 0 5.89 0 0 0
BC 0 2.95 2.95 0 0 0 0
BCN 0 7.51 7.56 0 0 0 13.9
BF 0 5.1 0 0 0 5.1 0
BFN 0 5.41 0 0 0 5.48 3.78
AN 6.79 0 0 0 0 0 6.79
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A.3.7 SIX-PHASE FAULTS AT SENDING END OF SIX-PHASE TRANSMISSION LINE FROM

BUS1TOBUS 3

Phase current (kA)
Fault Type A B c D E = N
ABCDEF 3.95 3.95 395 | 395 | 3.95 | 3.95 0
ABCDEFN 3.95 3.95 395 | 395 | 3.95 | 3.95 0
BCDEF 0 4.4 3.62 | 3.16 | 3.62 4.4 0
BCDEFN 0 3.35 5.55 6.44 | 569 | 3.57 16.4
ABCD 4.3 2.61 2.61 4.3 0 0 0
ABCDN 4.7 6.35 6.4 4.81 0 0 174
ABDF 2.96 3.56 0 4.93 0 3.56 0
ABDFN 5.48 4.92 0 2.42 0 486 | 10.06
BCEF 0 3.95 3.95 0 3.95 | 3.95 0
BCEFN 0 3.95 3.95 0 3.9 3.95 0
ABD 3.48 2.63 0 4,74 0 0
ABDN 4.58 5.05 0 3.55 0 0 7.25
ABF 1.32 3.48 0 0 0 3.48 0
ABFN 6.15 5.43 0 0 0 1.75 9.29
BDF 0 3.95 0 3.95 0 3.95 0
BDFN 0 3.95 0 3.95 0 3.95 0
AD 3.95 0 0 3.95 0 0 0
ADN 3.95 0 0 3.95 0 0 0
BC 0 1.97 1.97 0 0 0 0
BCN 0 5.28 5.3 0 0 0 9.82
BF 0 3.42 0 0 0 3.42 0
BFN 0 3.58 0 0 0 3.61 2.23
AN 4.66 0 0 0 0 0 4.66
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A.3.8 SIX-PHASE FAULTS AT MIDDLE OF SIX-PHASE TRANSMISSION LINE FROM BUS 1

TOBUS 3
Phase current (kA)
Fault Type A B C D E = N
ABCDEF 3.65 3.65 3.65 | 3.65 | 3.65 | 3.65 0
ABCDEFN 3.65 3.65 3.65 | 3.65 | 3.65 | 3.65 0
BCDEF 0 4.06 335 | 292 | 3.35 | 4.07 0
BCDEFN 0 3.3 4.58 5.06 | 447 | 3.11 10.7
ABCD 3.98 2.41 241 | 3.98 0 0 0
ABCDN 4.1 5.28 523 | 3.99 0 0 13.4
ABDF 2.74 3.29 0 4.56 0 3.29 0
ABDFN 4.67 4.22 0 2.63 0 428 | 7.73
BCEF 0 3.65 3.65 0 3.65 | 3.65 0
BCEFN 0 3.65 3.65 0 3.65 | 3.65 0
ABD 3.22 2.43 0 4.39 0 0 0
ABDN 4.13 4.45 0 3.3 0 0 6.04
ABF 1.22 3.22 0 0 0 3.22 0
ABFN 5.24 4.62 0 0 0 2.06 | 7.26
BDF 0 3.65 0 3.65 0 3.65 0
BDFN 0 3.65 0 3.65 0 3.65 0
AD 3.65 0 0 3.65 0 0 0
ADN 3.65 0 0 3.65 0 0 0
BC 0 1.83 1.83 0 0 0 0
BCN 0 4.68 4.65 0 0 0 8.59
BF 0 3.16 0 0 0 3.16 0
BFN 0 3.39 0 0 0 3.365 | 2.34
AN 4.21 0 0 0 0 0 4.21
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A.3.9 SIX-PHASE FAULTS AT RECEIVING END OF SIX-PHASE TRANSMISSION LINE
FROM BUS 1 TO BUS 3

Phase current (kA)
Fault Type A B C D E = N
ABCDEF 3.56 3.56 356 | 356 | 3.56 | 3.56 0
ABCDEFN 3.56 3.56 356 | 356 | 3.56 | 3.56 0
BCDEF 0 3.96 3.26 | 285 | 3.26 | 3.96 0
BCDEFN 0 3.01 504 | 585 | 5.18 | 3.24 | 15.03
ABCD 3.88 2.35 2.35 | 3.88 0 0 0
ABCDN 4.2 5.75 5.8 4.36 0 0 15.8
ABDF 2.67 3.21 0 4.45 0 3.21 0
ABDFN 4.95 4.45 0 2.16 0 439 | 9.14
BCEF 0 3.56 3.56 0 3.56 | 3.56 0
BCEFN 0 3.56 3.56 0 3.56 | 3.56 0
ABD 3.14 2.37 0 4.27 0 0 0
ABDN 4.13 4.56 0 3.2 0 0 6.56
ABF 1.19 3.14 0 0 0 3.14 0
ABFN 5.56 491 0 0 0 1.5 8.43
BDF 0 3.56 0 3.56 0 3.56 0
BDFN 0 3.56 0 3.56 0 3.56 0
AD 3.56 0 0 3.56 0 0 0
ADN 3.56 0 0 3.56 0 0 0
BC 0 1.78 1.78 0 0 0 0
BCN 0 4.77 4.79 0 0 0 8.87
BF 0 3.08 0 0 0 3.08 0
BFN 0 3.22 0 0 0 3.25 | 1.99
AN 4.2 0 0 0 0 0 4.2
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A.3.10 SIX-PHASE FAULTS AT SENDING END OF SIX-PHASE TRANSMISSION LINE FROM

BUS10TOBUS9

Phase current (kA)
Fault Type A B C D E = N
ABCDEF 3.67 3.67 3.67 | 3.67 | 3.67 | 3.67 0
ABCDEFN 3.67 3.67 3.67 | 3.67 | 3.67 | 3.67 0
BCDEF 0 4.09 336 | 294 | 3.36 | 4.09 0
BCDEFN 0 3.14 4.99 572 | 5.05 | 3.23 | 13.93
ABCD 4 2.43 2.43 4 0 0 0
ABCDN 4.3 5.75 5.77 4.35 0 0 155
ABDF 2.75 3.31 0 4.59 0 3.31 0
ABDFN 4.99 4.49 0 2.35 0 446 | 8.94
BCEF 0 3.67 3.67 0 3.67 | 3.67 0
BCEFN 0 3.67 3.67 0 3.67 | 3.67 0
ABD 3.24 2.45 0 441 0 0 0
ABDN 4.23 4.64 0 3.3 0 0 6.58
ABF 1.22 3.24 0 0 0 3.24 0
ABFN 5.61 4.95 0 0 0 1.73 | 8.31
BDF 0 3.67 0 3.67 0 3.67 0
BDFN 0 3.67 0 3.67 0 3.67 0
AD 3.67 0 0 3.67 0 0 0
ADN 3.67 0 0 3.67 0 0 0
BC 0 1.84 1.84 0 0 0 0
BCN 0 4.86 4.87 0 0 0 9.01
BF 0 3.18 0 0 0 3.18 0
BFN 0 3.35 0 0 0 3.36 | 214
AN 4.3 0 0 0 0 0 4.3
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A.3.11 SIX-PHASE FAULTS AT MIDDLE OF SIX-PHASE TRANSMISSION LINE FROM BUS

10TOBUS9
Phase current (kA)
Fault Type A B C D E = N
ABCDEF 4.04 4.04 4.04 404 | 4.04 | 4.04 0
ABCDEFN 4.04 4.04 4.04 404 | 4.04 | 4.04 0
BCDEF 0 4.5 3.7 3.23 | 3.7 4.5 0
BCDEFN 0 3.51 504 | 566 | 5.05 | 3.52 | 12.15
ABCD 4.4 2.67 2.67 4.4 0 0 0
ABCDN 4.5 5.86 5.86 451 0 0 15.1
ABDF 3.03 3.64 0 5.05 0 3.64 0
ABDFN 5.19 4.73 0 2.88 0 4,72 | 8.67
BCEF 0 4.04 4.04 0 404 | 4.04 0
BCEFN 0 4.04 4.04 0 4.04 | 4.04 0
ABD 3.56 2.69 0 4.85 0 0 0
ABDN 4.55 4,94 0 3.67 0 0 6.73
ABF 1.35 3.56 0 0 0 3.56 0
ABFN 5.84 5.18 0 0 0 2.24 8.2
BDF 0 4.04 0 4.04 0 4.04 0
BDFN 0 4.04 0 4.04 0 4.04 0
AD 4.04 0 0 4.04 0 0 0
ADN 4.04 0 0 4.04 0 0 0
BC 0 2.02 2.02 0 0 0 0
BCN 0 5.18 5.18 0 0 0 9.54
BF 0 35 0 0 0 3.5 0
BFN 0 3.72 0 0 0 3.73 | 257
AN 4.66 0 0 0 0 0 4.66
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A.3.12 SIX-PHASE FAULTS AT RECEIVING END OF SIX-PHASE TRANSMISSION LINE
FROM BUS 10 TOBUS 9

Phase current (kA)
Fault Type A B C D E = N
ABCDEF 3.67 3.67 3.67 | 3.67 | 3.67 | 3.67 0
ABCDEFN 3.67 3.67 3.67 | 3.67 | 3.67 | 3.67 0
BCDEF 0 4.09 336 | 294 | 3.36 | 4.09 0
BCDEFN 0 3.14 4.99 572 | 5.05 | 3.23 | 13.93
ABCD 4 2.43 2.43 4 0 0 0
ABCDN 4.3 5.75 5.77 4.35 0 0 155
ABDF 2.75 3.31 0 4.59 0 3.31 0
ABDFN 4.99 4.49 0 2.35 0 446 | 8.94
BCEF 0 3.67 3.67 0 3.67 | 3.67 0
BCEFN 0 3.67 3.67 0 3.67 | 3.67 0
ABD 3.24 2.45 0 441 0 0 0
ABDN 4.23 4.64 0 3.3 0 0 6.58
ABF 1.22 3.24 0 0 0 3.24 0
ABFN 5.61 4.95 0 0 0 1.73 | 8.31
BDF 0 3.67 0 3.67 0 3.67 0
BDFN 0 3.67 0 3.67 0 3.67 0
AD 3.67 0 0 3.67 0 0 0
ADN 3.67 0 0 3.67 0 0 0
BC 0 1.84 1.84 0 0 0 0
BCN 0 4.86 4.87 0 0 0 9.01
BF 0 3.18 0 0 0 3.18 0
BFN 0 3.35 0 0 0 3.36 | 214
AN 4.3 0 0 0 0 0 4.3
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A.3.13 SIX-PHASE FAULTS AT SEND END OF SIX-PHASE TRANSMISSION LINE FROM

BUS8TOBUS9

Phase current (kA)
Fault Type A B C D E = N
ABCDEF 4.59 4.59 4.59 459 | 459 | 459 0
ABCDEFN 4.59 4.59 4.59 459 | 459 | 459 0
BCDEF 0 511 4.2 367 | 42 | 511 0
BCDEFN 0 3.94 6.04 | 6.87 | 6.08 | 4.01 16
ABCD 5 3.03 3.03 5 0 0 0
ABCDN 5.3 6.99 7.01 | 5.31 0 0 18.5
ABDF 3.44 4.13 0 5.73 0 4.13 0
ABDFN 6.11 5.52 0 3.06 0 55 | 10.68
BCEF 0 4.59 4.59 0 459 | 4.59 0
BCEFN 0 4.59 4.59 0 459 | 4.59 0
ABD 4.04 3.06 0 5.51 0 0 0
ABDN 5.25 5.73 0 4.14 0 0 8.02
ABF 1.53 4.04 0 0 0 4.04 0
ABFN 6.87 6.07 0 0 0 2.3 10
BDF 0 4.59 0 4.59 0 4.59 0
BDFN 0 4.59 0 4.59 0 4.59 0
AD 4.59 0 0 4.59 0 0 0
ADN 4.59 0 0 4.59 0 0 0
BC 0 2.29 2.29 0 0 0 0
BCN 0 6.01 6.02 0 0 0 11.1
BF 0 3.97 0 0 0 3.97 0
BFN 0 4.2 0 0 0 421 | 2.75
AN 5.35 0 0 0 0 0 5.35
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A.3.14 SIX-PHASE FAULTS AT MIDDLE OF SIX-PHASE TRANSMISSION LINE FROM BUS 8

TOBUS9
Phase current (kA)
Fault Type A B C D E = N
ABCDEF 5.11 5.11 5.11 511 | 5.11 | 5.11 0
ABCDEFN 5.11 5.11 5.11 511 | 5.11 | 5.11 0
BCDEF 0 5.69 468 | 409 | 468 | 5.69 0
BCDEFN 0 451 6.18 6.86 | 6.16 | 4.49 | 13.84
ABCD 5.57 3.38 3.38 | 5.57 0 0 0
ABCDN 5.6 7.15 7.15 5.57 0 0 17.9
ABDF 3.83 4.6 0 6.39 0 4.61 0
ABDFN 6.41 5.86 0 3.81 0 5.87 | 10.32
BCEF 0 511 511 0 511 | 5.11 0
BCEFN 0 511 511 0 511 | 5.11 0
ABD 451 3.41 0 6.14 0 0 0
ABDN 5.7 6.15 0 4.67 0 0 8.22
ABF 1.7 451 0 0 0 451 0
ABFN 7.18 6.4 0 0 0 3.03 | 9.82
BDF 0 511 0 511 0 5.11 0
BDFN 0 511 0 511 0 5.11 0
AD 511 0 0 511 0 0 0
ADN 5.11 0 0 511 0 0 0
BC 0 2.55 2.55 0 0 0 0
BCN 0 6.45 6.44 0 0 0 11.8
BF 0 4.42 0 0 0 4.42 0
BFN 0 4.74 0 0 0 4,73 | 3.38
AN 5.85 0 0 0 0 0 5.85
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A.3.15 SIX-PHASE FAULTS AT RECEIVING END OF SIX-PHASE TRANSMISSION LINE
FROM BUS 8 TO BUS 9

Phase current (kA)
Fault Type A B C D E F N
ABCDEF 5.45 5.44 5.45 545 | 545 | 545 0
ABCDEFN 5.45 5.44 5.45 545 | 545 | 545 0
BCDEF 0 6.06 499 | 436 | 499 | 6.06 0
BCDEFN 0 4.66 7.01 7.96 | 7.09 | 478 | 18.04
ABCD 5.93 3.6 3.6 5.93 0 0 0
ABCDN 6.2 8.15 8.18 | 6.25 0 0 21.4
ABDF 4.08 4.91 0 6.81 0 491 0
ABDFN 7.17 6.5 0 3.72 0 6.46 | 12.34
BCEF 0 5.44 5.45 0 545 | 545 0
BCEFN 0 5.44 5.45 0 5.45 | 5.45 0
ABD 4.8 3.63 0 6.54 0 0 0
ABDN 6.19 6.75 0 4.94 0 0 9.37
ABF 1.82 4.8 0 0 0 4.8 0
ABFN 8.06 7.15 0 0 0 2.83 | 11.6
BDF 0 5.44 0 5.45 0 5.45 0
BDFN 0 5.44 0 5.45 0 5.45 0
AD 5.45 0 0 5.45 0 0 0
ADN 5.45 0 0 5.45 0 0 0
BC 0 2.72 2.72 0 0 0 0
BCN 0 7.08 7.09 0 0 0 13.1
BF 0 4,72 0 0 0 4.72 0
BFN 0 4.99 0 0 0 501 | 3.33
AN 6.33 0 0 0 0 0 6.33
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A.3.16 SIX-PHASE FAULTS AT SENDING END OF SIX-PHASE TRANSMISSION LINE FROM

BUS5TOBUS6

Phase current (kA)
Fault Type A B C D E = N
ABCDEF 6.67 6.67 6.67 | 6.67 | 6.67 | 6.67 0
ABCDEFN 6.67 6.67 6.67 | 6.67 | 6.67 | 6.67 0
BCDEF 0 7.42 6.11 | 533 | 6.11 | 7.43 0
BCDEFN 0 5.67 8.64 | 9.86 | 8.79 | 5.89 | 22.62
ABCD 7.27 4.41 441 | 7.27 0 0 0
ABCDN 7.6 10.1 10.1 1.72 0 0 26.5
ABDF 5 6.01 0 8.34 0 6.01 0
ABDFN 8.83 8.01 0 451 0 793 | 15.3
BCEF 0 6.67 6.67 0 6.67 | 6.67 0
BCEFN 0 6.67 6.67 0 6.67 | 6.67 0
ABD 5.88 4.45 0 8.01 0 0 0
ABDN 7.59 8.3 0 6.05 0 0 11.6
ABF 2.22 5.88 0 0 0 5.88 0
ABFN 9.93 8.8 0 0 0 341 | 144
BDF 0 6.67 0 6.67 0 6.67 0
BDFN 0 6.67 0 6.67 0 6.67 0
AD 6.67 0 0 6.67 0 0 0
ADN 6.67 0 0 6.67 0 0 0
BC 0 3.33 3.33 0 0 0 0
BCN 0 8.7 8.72 0 0 0 16.1
BF 0 5.77 0 0 0 5.77 0
BFN 0 6.1 0 0 0 6.14 | 4.05
AN 7.54 0 0 0 0 0 7.54
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A.3.17 SIX-PHASE FAULTS AT MIDDLE OF SIX-PHASE TRANSMISSION LINE FROM BUS 5

TOBUS 6
Phase current (kA)
Fault Type A B C D E = N
ABCDEF 6.32 6.32 6.32 | 6.32 | 6.32 | 6.32 0
ABCDEFN 6.32 6.32 6.32 | 6.32 | 6.32 | 6.32 0
BCDEF 0 7.04 5.8 506 | 58 | 7.04 0
BCDEFN 0 5.95 7.13 754 | 6.89 | 5.67 12.4
ABCD 6.89 4.18 418 | 6.89 0 0 0
ABCDN 6.7 7.98 7.83 | 6.39 0 0 18.0
ABDF 4.74 5.7 0 7.9 0 5.7 0
ABDFN 7.34 6.81 0 5.31 0 6.97 | 10.41
BCEF 0 6.32 6.32 0 6.32 | 6.32 0
BCEFN 0 6.32 6.32 0 6.32 | 6.32 0
ABD 5.58 4.22 0 7.6 0 0 0
ABDN 6.87 7.2 0 5.86 0 0 8.96
ABF 2.11 5.58 0 0 0 5.58 0
ABFN 8.08 7.25 0 0 0 457 | 9.81
BDF 0 6.32 0 6.32 0 6.32 0
BDFN 0 6.32 0 6.32 0 6.32 0
AD 6.32 0 0 6.32 0 0 0
ADN 6.32 0 0 6.32 0 0 0
BC 0 3.16 3.16 0 0 0 0
BCN 0 7.56 1.47 0 0 0 13.6
BF 0 5.48 0 0 0 5.48 0
BFN 0 6.03 0 0 0 592 | 4.78
AN 7.01 0 0 0 0 0 7.01
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A.3.18 SIX-PHASE FAULTS AT RECEIVING END OF SIX-PHASE TRANSMISSION LINE
FROM BUS 5 TO BUS 6

Phase current (kA)
Fault Type A B C D E = N
ABCDEF 5.79 5.79 5.79 579 | 579 | 5.79 0
ABCDEFN 5.79 5.79 5.79 579 | 579 | 5.79 0
BCDEF 0 6.45 531 | 464 | 531 | 6.45 0
BCDEFN 0 4.9 7.61 872 | 7.77 | 514 | 20.44
ABCD 6.31 3.83 3.83 | 6.31 0 0 0
ABCDN 6.6 8.85 8.9 6.78 0 0 23.5
ABDF 4.35 5.22 0 7.24 0 5.22 0
ABDFN 7.74 7.01 0 3.85 0 6.94 | 13.58
BCEF 0 5.79 5.79 0 579 | 5.79 0
BCEFN 0 5.79 5.79 0 579 | 5.79 0
ABD 5.11 3.86 0 6.96 0 0 0
ABDN 6.62 7.25 0 5.25 0 0 10.2
ABF 1.93 511 0 0 0 5.11 0
ABFN 8.71 7.72 0 0 0 2.88 | 12.7
BDF 0 5.79 0 5.79 0 5.79 0
BDFN 0 5.79 0 5.79 0 5.79 0
AD 5.79 0 0 5.79 0 0 0
ADN 5.79 0 0 5.79 0 0 0
BC 0 2.9 2.9 0 0 0 0
BCN 0 7.6 7.6 0 0 0 14.1
BF 0 5.02 0 0 0 5.02 0
BFN 0 5.29 0 0 0 533 | 3.47
AN 6.76 0 0 0 0 0 6.76




