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ABSTRACT

In a particular bulk power transmission system the amount of
power transfer can be increased by converting the widely used three
phase double circuit lines into six phase single circuit lines
instéad of upgrading the transmissioﬁ voltage. In this conversion
éfocess.the existing conductors, towers and corridors of three phase

lines can be used.

In this work, an extensive investigation has been made to
determine the steady state power transferability, safety margin in
line configuration, fault level and transient stability of three and
six phase transmission lines .through simplified, realistic and
unified approaches. A specific line of Bangladesh Power Development
Board grid system was studied in 132 KV six phase single circuit mode
and the results were compared with those obtained from studies made

also for 132 KV and 230 KV three phase double circuit modes.

The fault analysis and the transient stability study have been
done for practical faults ﬁsing new technigques without involving the

symmetrical component method and its complexities.

A comprehensive analysis of the fault and stability lstudies

together with numerical results has been presented in details.
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1.1 General Considerations _
| In view of growing demand for electrical energy, Ehé"poséiﬁiiity
of increased power transfer by converting some.of the existing double
circuit 1lines of a three phase grid system into six phase single
eircuit lines has attracted the attention of contemporary résearches.
The msein motivations behind this is' the optimum utilization of
existing rights-of-way instead of acquiring another corridor for =a
new line at an ever-increasing cost. The other alternative consisting
in upgrﬁding of the transmission line voltage, requires the
replacement of the existing towers and lines and a wider corridor
too. So it appears to be more costly than the six phase conversion
scheme.

Since 1872, research effort has been put on the concepts,
feasibilities, fault and stability analyses of six phase transmission
gystem. A detailed 1list of it has been provided in the significant

and representative worksi-©,

1.2 Review of Previous Works o

Bhatt et all proposed the use of a single set of six phase
symmetrical components to analyze the four types of faults on a six
phase line viz: single phase to ground fault, six-phase fault,
three-phase to ground fault and five-phase to ground fault. The
authorsi thémselves doubted whether the last three types of fault
. which did not involve vertically adjacent conductors, would ever

occur. However, only the theory was developed without showing any

numerical example.



Due to an apparent difficultﬁ in exténding the methodl of
- six-phase symmetrical compopenté to analyée all types of faults on a
six-phase line, 7/ Venkata et al2 proposed the use of the phase
coordinate methpd. This method was adopted to analyze 23 fault
combinations ranging frem “single-phase te ground fault® to
‘six-phase fault~ invoiving either adjaoent or unadjacent conductors
and ground or no ground, though most 6f them have little probability
to occur in practice. To quantify the investigation, the authors2
congidered for six-phase conversion a specifie 1line namely the
Springdale-HcCIamont 138 KV three phase double circuit line in the
Alleghney power sygtem. However, the three-phase/six-phase
transformer needed at either end of the 1line was not modelled at all
rather its impeaance was neglected resulting in a departure from a
realistic analysis. Moreover, it was not clearly explained - why the
line impedance was considered thelsame for the three phase double
circuit mode and the six-phase single circuit mode. Apart from that,
the way the three phase source impedance at éither end was correlated

with the six phase line impedance, was not clear.

§:4%-Tiwari et al® carried out a single phase load flow analysis
on a hypothetical 6-bus and B-Iines.test system converting certain
existing double circuit three phase lineé into six phase single
circuits with an over-emphasis on the modelling of six phase lines
and three phase/six phase interfacing transformers. However, the
models proposed for these elements appear to be based on
difficult-to-follow derivations.

Chandrasekaran4 investigated into the transient stability aspect

3



of a six phase transmission line. A hypothetical test system
consisting of a three phase generator connected to an infinite bus
through a 138 KV three phase double circuit line, was considered. The
line when considered in six phase mode was modelled as two three
phase groups. The three phase to six phase transfbrmer was considered
as a three uinding transformer plus a diffioult-to-realize "idesal”
180" phase shifting transformer in series with the tertiary winding.
In order to apply the three phase symmétridél compbnent method it was
assumed that the.faults on the line occurred on only one of the three
phase groups although the conductors belonging to the ssme phase
group were not physically adjacent to each other. Consequently the
faults investigated were on}y of theoretical interest.

Bhatl et alB presented the theory for analyzing a simultaneous
ground and phase fault on the terminﬁls of an unloaded- six phase
generator. However the concepts of the six phase generator and the
type of the fault analyzed, both seem to be less familiar to the
utility engineers. From practical as well as economic considerations
it is accepted3d.4 ihat six phase lines will always be integrated in
an otherwise three phase system in which the generator remains
essentially a three phase cne.

Badawy et al® proposed the theory of two sets of three phase
symmetrical components in analyzing 23 fault combinations for ﬁ six
phase line. The authors® considered only thé traﬁsmission line and
excluded the three phase/six phase transformer in the proposed
theory. Moreover, it was not clear why any numerical example was not

reported.



1.3 Purpose of the Present Investigation
It appears that thé treatments qf the six phase transmission

line in the previous publicationsi-® suffer-from one or more of the

drawbacks, mainly lack of simplicity in modelling, absencé of
in-depth Qnalysis, inability to cdnsider the phasé conversion
transformer, consideration of impracticél faults, analysis 6f only
one ﬁspect and no quantitative comparison with 132 KV and 230 KV
three phase modes.

The main areas in which the present research work contributes
are as follows:

1) The effects of converting a three phase line into a six phase
one in a practical grid system have been invesfigated through
simplified as well as realistic modelling of the six phase line,
the three phase/six phase transformer and the tﬁree phase

-network in which the line is embedded .

2) The 'jusfifications from practical stand point have beén
presented aszregards;td the choice of the types of fault for
analysis. |

3) The resulting network models during fault conditions have been
analyzed using the loop current method for determining fault
currents.

4) The equal area criterion method }or transient stability analysis
has been extended for all the practical faults through a new
technique. | |

5) Same approach has been used for all the analyses in three phase
and six phase modes of the line.

6) A specific line of Bangladesh Power Development Board(BPDB) grid

5



network has been chosen as an example and studied in three

modes, namely 132 KV three phase double circuit, 230 KV three

phase double circuit and 132 KV six phase single circuit mode. A

number of important aspécts such as safety factor, steady-state

power transférability, fault level and transignt stability limit
in the three modes have  been analy;ed and compared
comprehensively. |

1.4 QOrdganization of the Thesis

The presentation of the material studied in fhe present research
project is organised as follows.

The concepts, 1configuration and model of a six phase line and
also a comparison of its safety margin and power transferability with
those of a thfee phase line have been provided -in the Chapter 2.

The wﬁy the fault analysis was done and also a compafison'of the
fault levels, for practical faults in three and six phase modes have
been presented in the Chapter 3.

The way the transient stability analysis was done for the three
phase and six phasg_modes has been provided in the Chapter 4. Also a
compa:ison of critical clesring angles for various faults in thoée
modes has been shown.

Chapter 5 contains a summary of the main results obtained in the
present research work and sugdests some areas for future research.

The appendices include the mathematical derivations.
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CHAPTER 2
CHARACTERISTICS AND MODELLING OF
THREE AND SIX PHASE LINES



2.1 Introduction

The system considered by the present research for study is
Bangladesh Power Development Board (BPDB) transmission network. This
is a three phase system basically at a grid voltage of 132 KV with
the exceptions of a few lines which oﬁerate at 230 KV.

The line considered as ﬁn example for six phase conversion by
the present work is 178 kilometer long three phase double.circuit

between Ghorasal and Ishurdi buses of the BPDB system.

2.2 Characteristics of Three Phase Lines in BPDB System
The typical characteristics for three phase double circuit lines

at 132 KV and 230 EV have been shown in Table 2.1.

2.3 Characteristies of Six Phase Line

The convefsion' process of a 132 KV thrée phase double cirouit
line into a 132 KV éix-phase single circuit one requires a phase
conversion transformer at its either end and does not involve any
change in the 132 KV tower and the line itself. Therefore, in both
132 KV three phase double circuit and six phase single circuit modes
of the line studied by this work, the tower height, ground clearance,
conductor dimeﬁsions, thermal limit and the inter-conductor spacings,
are the same as those for a typical 132 KV liﬁe mentioned in Table
2.1. However the phase oonfiguratioh in the two modes are not the

same .



Table 2.1: Typical characteristics of 3—6|double qircuit lines in BFDB

grid systeh.

Voltage Trans- Ground Phase Conductor Thermal
Level mission clearance [Configuration ‘| specifica- limit
(EV) tower Da and tions for
height (nmetres) |inter-conductor |{(One con- loadabi-
(metres) spacing ductor/cet./ | lity
(distance in phase) (MVA/cct.)
1 metres) i
132 30 7 a%-8.0-+0a Aluminium “
: | area:
1-2 477,000 Cmil
CSR, .
bO-8 . 0~0b A SE ~Hawk.
- Outside 158
i , diameter:
cO-8.0-0¢c 21.7 mm
GMR (Ds):
8.81mm
230 38 B ad®-10.5-%a Aluminium
! area
6.0 795,000
. v Cmil,
| . bO+-10.5-+0b ACSR,
i | Mallard. 315
| .
cO+-10.5+0c Outside
diameter:
28.9 mm
GH R(De) H
11.25 mm
Legend:
cemil : Circular mil
mm : milli-metre
ACSR : Aluminium Conductors Steel Reinforced
GMR ! Geometric mean radius or self geometric mean diameter

7 denoted by Da
a,b,c: notations for the three phases.
Da : denotes the distance between the ground and the
lowest sag point of the line.



2.3.1 Phase Configuration for Six Phase Line:
While =a set of three phase balanced voltages 1is shown as in
Figure 2.1(a), the six phase voltages can be represented according to

Figure 2.1(b).

b vp
126
126 - 3a
ad ¥p
Vp
C

(a)

(b)

Figure 2.1: Phasor representations of phase to neutral voltages
for (a) a three phase double circuit and (b) a six
phase single circuit.
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It should be noted that the magnitude of the phase to neutral
voltage Ve in Figure 2.1(a) is 132/¢y3 KV and 230/¢y3 KV respectively

for a 132 KV three phase line and a 230 KV three phase line.

On the other hand the phase to neutral voltage Ve in Figure
2.1(b5 is 132 KV for a 132 KV six phase line. Also the voltage
between adjacent conductors V. is 132 KV as evident® from the
following equation.

VL = 2Vp Sin(180°/n) | (2.1)

where n is the number of phases.

Equation (2.1) when applied to a three phase system confirms
that the veoltage between any two phases, Vi is 132 KV and 230 KV
respectively for the 132 KV and 230 KV system.:

In order to retain 132 KV between physically adjacent conductors
of the six phase single circuit line, created by conversion of the
132 KV three phase double circuit, the phase configuration can be
represented as iﬁ Figure 2.2 based on Figure 2.1(b).

a o-8.0-0 b
i.2
f:o-e.o-oOc

1.2
e 0-8,0~-0d

Figure 2.2: Phase configuration for the six phase single circuit

line. The spacings are in meters.
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It is worth-noting that the symbols used to label the conductors
in Figure 2.2 are the same as corresponding phase notations. The
voltages between the vertically adjacent conductors is 132 KV. The
inter conductor spacings are the same as those for a typical 132 KV

line of the BPDB system.

2.3.2 Comparison of Safety Factors
In order to assess the safety margins in converting a 132 KV
double circuit configuration into a 132 KV six phase single circuit

line, three indices have been defined as in equations (2.2) to (2.4).

Sa = Da / VLN ' (2.2)
Sv = Dv / Vva (2.3)
Su = Du / Vua (2.4)

The significance and quantitative values of the indices and
parameters in equafions (2.2) to (2.4) have been provided in Table
2.2 for the 1line under consideration in both the modes and also
compared with those obtainable in upgrading and replacing the line
for 230 KV three phase double circuit mode.

It shouid be noted that the phése configurations and
inter-conductor spacings used for the calculations in Table 2.2 are
those shown in Table 2.1 and Figure 2.2.

In Table 2.2 two values of Su have been shown for the six phase
mode; these are 0.080 and D.DéU corresponding to Vua=132KV and 264 EV

respectively.

12



Table 2.2: Comparison of safety factors for the line under consideration

Mode Phase Voltage between Distances in metres Safety
to Conductors (KV) indices
neutral (metres/KV)
volt-~
age
(EV)
Verti- Horizon- | Ground [Verti- Hori- Sa Sv 5u
cally tally clear- |cal zontal
adjacent |adjacent | ance spacing | spacing
L Vin Vva VHa Da Dv Dun
132KV
three
phase 76.2 132 0 7 4.2 8.0 .092 .032 -
double
circuit
230KV
three
Jphase -132.8 230 o 8 8.0 10.5 080t ,028 -
{|double
circuit
132
between
a and b
132 KV
Six 132 060
phase 132.0 132 between 7 4.2 8.0 .053| .032 3'3‘0
single e and d )
circuit
264
between
f and ¢ "

13



The safety margin regarding ground clearance i.e. Se apparently
decreases in 230 KV three phase and 132 KV six phase modes relative
to that in the 132 KV three phase mode. However based on two
important points the safety margin obtained for six phase line can be
considered acceptable.

i) Usually the transmission lines are designed conservatively such
that the actually needed factor of safety is less than that shown as
the typical value. As a result conversion of an already désigned 132
KV 3-¢ line into a 6-¢ one will have practically insignificant
effect on safety margin.

ii) The values of Se obtained for 230 KV 3-¢ and 132 KV B6- ¢ .modes
are close to each other. As the phase to neutral voltages for the two
modes are almost the same and 230 KV three phase lines with the
.obtained safety factors ‘are already in-operation at some places of
the BPDB system, Sa for 6-¢ mode as found is also acceptable.

The safety index ©Su regarding horizontal spacing of the 1line
conductors in six pﬁase mode 1is also acceptablé when compared with
that for vertical Spacing i.e. Sv' which is same as that for 132 KV

3-¢ mode.

2.4 Egﬁgn_Inansﬁﬁnah11111;

The maximum limit of the steady-state power, Pmxm, transferable
to the receiving end of g transmission line, is assessed on per phase
basis using ‘the equation (2.5) whose derivation has been shown in

Appendix A.

14



Pmxm = (Vs * Vmr)/X (2.5)
where |
Va = specified phase to neutral voltage magnitude at the sending
end |
Ve = sﬁecified phase to neutral voltage magnitude at the
receivihg end

X = total series reactance of the line per phase

2.4.1 Calculation of Line Reactance

In reactance calculation often an Iassumptionﬂ of complete

transposition is made although the line is ﬁot transposed in practice
to reduce possibiiity of fault occurrence, However, this assumption
simplifies the calculations and provides a practical value for the
reactance with an insignificant difference from the actual one.
In the present work the method® of finding the average inductance of
one conductor in a group of stranded conductors, has been used in
both three phase and six pﬁase modes of the line under study as shown
in Appendix B. This method inherently takes ihto account the effect
of mutual coupling which exists between the conductors belonging to
the same as well as different phases.

For the three phase double circuit line the inductance per phase
consisting of two conductors, was taken as half of the value of the
average inductance obtained for a single conductor. |
The wvalues of the pe;‘phasé reactance of the line ﬁnder consideration
has been provided for 152 KV and 230 KV three phase and 132 KV six

phase modes in Table 2.3.

15



2.4.2 Comparison of Practical Power Transfer Limits

While equation (2.5) provides a theoretical 1limit of power
transferability there is a constraint to it. This is mainly the
thermal loadability limit which depends upon the current carrying
capacity of thel condﬁctors. used' in the 1line. Consequently the
practical 1limit Becomes less than the theoretical one.

Table 2.3 provides a_' comparison of "both theoretical and
practical limits of power transferable through the line under study

in its three modes.

Table 2l3: Comparison of Power transferability

Mode Reactance at Maximum Limit of Power Transferability
50 H=z . in MW
! (Ohms/Phase)
' Theoretical _ Practical "
Per phase Total FPer phase Total
132 KV
3 phase 312
double 44 .29 131.13 393.39 104
’circuit ‘
230 KV
3 phase
double 45,22 389.93 1169.79 - 210 B30
circuit
L132 KV
il phase
single 88.08 197 .86 1187.16 90.07 540.472
“circuit '

In Table 2.3 the theoretical limit per phase has been calculated

by equation (2.5) taking the voltage magnitude at both sending and

186



receiving ends as equal to the system’'s nominal phase to neutrsal
voltage. -

For the three-phase modes the practical limit per phase reported
in Table 2.3 has been obtained from the corresponding data on thermal
limit (HMVA/circuit) shown in Table 2.2. A unity power factor was
assumed for the maximum limit.

For the 132 KV six phase mode the ﬁer phase practical limit has

been calculated hsing equation (2.6).

Ptherm = VLR X Itharm , (2.8)
where
Ptherm = Practical (thermal) limit of power (HW)
transferable per phase.

Vi = Phase to neutral voltage egqual to 132 KV for the
i six phase mode.
Itharm = the current carrying capacity of each of the
conductors in the 132 KV three phase mode, because
the same conductors.will also be used in 132 KV six
phase mode.
The value of Itherm WAs obtained using equation (2.7).
Thermal limit per circuit = 3 Vi Itherm (2.7)
In eqqation (2.7 thé thermal limit per circuit of the 132 KV
3-¢$ double eircuit line was 156 MVA as specified in Table 2.2 and
the phase to phase voltage Vi was 132 KV. |
A comparison of thé figures in Table 2.3 shows that the
theoretical 1limit of total power transferable in 230 KV 3-¢ and 132

KV 6-¢ modes are respectively 2.87 and 3.01 times that in the 132 KV

17



3-¢ mode.

However, if thermal loadability constraint is, considered then
the practical limit for the 230 KV 3-¢ mode and 132 KV 6-¢ mode
becomes respeotively 2.01 and 1.73 times thﬂt in the 132 KV 3-¢
mode. But it should be noted that while the same oonductors have been
considered to be used in both 132 KV 3-¢ and 6- ¢ modes, bigger sizéd
conductors with higher current carrying capacity were considered for

the 230 KV 3-¢ mode.

2.5 Modelling of the Three Phase Network and the Line under Study in

132 KY Three Phase Mode

The line under consideration together with tﬁe surrounding three
phase network phase network has been modélled based on the Thevenin’'s
equivalent circuit representation® of a power system. Figure 2.3
shows the model on per phase basis for the line in the mode of 132 KV
three phase double circuit with a The?enin's source at either end
which has beenrconsidered to be solidly grounded.

The significance of the parameters used in the model shown in

Figure 2.3 are as follows:.

Eenhg = the Thevenin’'s emf at Ghorasal 132 KV bus.

Xeng = the Thevenin's reactance at Ghorasal 132 KV bus.

Echs = the Thevenin's emf at Ishurdi 132 KV bus.

Xtn1 = the Thevenin’s reactance at Ishurdi 132 KV bus.

X =- Line reactance per phase egual to 44.29 ohms as shown

in Table 2.3.

18



Chorasal Ishurdi

132 kv 2x 132 Kv Xthi

X
_._rrs!s*]}g]_ —  FETHN——

2X

Ethg<> ﬁ ﬁ/ C) Etihi

Figure 2.3: Model for the 3-¢ double circuit line between 132 KV
Ghorasal and Ishurdi buses of the BPDB network on per
phase basis.

The values of the Thevenin's parameters have been desired from
the fault data supplied by BPDB. The fault data were obtained thrcugh
a fault anslysis on the whole BPDB network excluding the line under
study and considering a three-phase fault respectively at the
Ghorasal 132 KV bus and then at the Ishurdi 132 KV bus. Table 2.4
shows the relevant fﬁult data and also the Thevenin’s parameters at
those buses.

The values of Xtn and Een shown in Table 2.4 were obtainedé

using equations (2.8) and (2.9) respectively.

Xen (MVAu/MVAe) | (2.8)

If Xen (2.9)

Een

In equation (2.9) the values of If was considered in per unit.

19



Table 2.4: Data cobtained from study on three-phase fault at

Ghorasal and Ishurdi buses of the BPDB network.

IBase Bus Fault Fault ' {Xen Een
Quantities current {MVA in per in p.u. of
in Amps |(MVAe) unit base voltage
(Ie) (p.u.) to neutral
Base MVA Ghorasal | 12313 2815.13 10.036 1.01
(MVAn >=100 132 KV
Line-to- Ishurdi 6378 1458.21 |0.069 1.0
line 132 KV :
base KV
"=132

2.5.1 Representation of the Line in 230 KV Three Phase Mode

The model of the line in 132 KV three phase mode shown in Figure
2.3 has been extended for that in the 230 KV 3-¢ mode as in Figure
2.4

The values of the Thevenin’'s parameters shown in Figure 2.4 are
the same as those shown in Table 2.4 . The line reactance per phase,
X, is 45.22 ohms as shown in Table 2.3 . The two transformers in
parallel at either end of the line are identical. Each of them is a
bank of three single-phase transformers each rated 75 MVA,
(132/y3 /(2307 y3) KV & 13% impedance. The transformer data was
provided by BPDB.
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. Ghoras 1 Ghorasal 1zshaard] 1ghurdi
132 Ky 230 KV 2X 230 kv 132 kv
TR
2% —O—

Ethg

f’/ Ethi
O At | g ﬁQ

'Figure 2.4: Model on for the Ghorasal-Ishurdi line in the 230 KV

3-¢ double circuit mode on per phase basis.

2.5.2 Representation of the Line in 132 KV Six Phase Mode

In 132 KV six phase single circuit mode the 1line has been
modelled as shown in Figure 2.5 |

The walues of the Thevenin's parameters shown is Figure 2.5 are
the same as those provided in Table 2.4

The line reactance of the six phase line is X=88.08 ohms/phase
as given in Table 2.3.

Each of the three phase/six phase transformer at either end of
the 1line has been broposed to be a bank of three single phase
transformers each rated 75 HVA and (132/y3)/264 KV. The high-tension

winding of each single phase transformer is grounded at the centre
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Ghorasal Ishurdi

4

X d
c x c X
b X b
\ x a
£ x i
: X 5 Tw. GP/Iptransiueners

in parallel

Two Ip/Eptran:farner s
In parallel

Figure 2.5: Hodel for the Ghorasal-Ishurdi line in six phase single

circuit mode.
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point S0 thgt 132 KV would appear between.’each terminal -and the
centre point. - The equivalent reactance of the low-tension and each
half of the high-tension winding has been considered sas 13% - based on
the proposed rating. The centre points of high-tension windings of
all the three single-phase transformers are connected together to the

ground as shown in Figure 2.5

2.8 C_QD.Q,]JJS.i_Qﬂir

The three phase double circuit line between Ghorasal and Ishurdi
of BPDB_grid system was considered as an example for conversion into
a six phase single circuit. The line would have same charactefistics
exoepting phase configuration in the 132 KV 3-¢ double circuit mode
and the 132 KV 6-¢ single circuit mode. A phase configuration has
been proposed for the six phase 1line ensuring 132 KV between its
vertically adjacent conductors. The effects of the six phase
conversion with proposed phase configuration; upoﬁ the safety margin
have been guantified ahﬁ compared by -defining three indices for both
three and six phase modes 'in terms of the inter—conductor voltage,
horizontal and vertical spacings and ground clearance. The per phasge
steady state power transferability and line reactance calculations
have been done using the same method for both. three and six phase
lines.

The line under consideration and the three phase network in
which it is embedéd, ﬁave been modelled on the basis of Thevenin’'s
equivalent‘circuit representation at two 132 KV buses, one at each of

the line. The Thevenin's emfs and the corresponding series reactances
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remained the same in the three models of the 1line corresponding to
its three modes. However in the model for the 230 KV three phase
mode, step up (132KV/230KV) and step down (230EKV/132KV) transformers
were added respectively after and before the 132 KV buses. Also the
line has been considered to have been replaced by one with different
geometric size and spacings appropriate for upgrading line voltage to
230 EV. In the model of 132 KV six phase mode, while the line
remained the same as that for 132 KV three phase mode, phase
conversion transformers (3-¢¢B-¢ and vice versa) were added
respecfively after and before the sending ﬁnd receiving end three

phase buses. Simple and practical models have been proposed for these
transformers. The models derived in three modes of the 1line can be
used for fault and transient stability analysis.

The configurational safety factors and power transferability
(from thermal point of view) of the line in 132 KV six phase mode
have been compared with those in 132 KV three phase mode and also
with those obtainable in-upgrading and replacing the line for 230 KV
three phase doubie' circuit. It has beéen observed that conversion of
an existing 132 KV three phase double circuit 1line into-# six phase
single circuit one without changing the tower and line conductors is
more favourable than upgrading and replacing the line for 230 KV with .

bigger sized conductors on a new tower.
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CHAPTER 3
FAULT ANALYSIS



3.1 Introduction

The common faults on three phase traﬁsmission lines are single
phase to ground, two-phase and three-phase faults. For +the three
phase double circuit line with the conductors arranged on the two
lateral sides of the tower, the two-phase or three-phase faults
involve the adjacent conductors on the same side. When this line
would be converted into a six phase single circuit one, then also
there are three conductors on each side. As a result the two-phase or
thréeéphase fault-on the six phase line will also involve only
adjacentAconductors. Based on this practical consideration, the typss
of faults chosen for analysis by fhe present work are those-which

involve one or more of the three conductors on the same side.

3.2 Specification of Faults |

The selécted faults have been shown in Table 3.1. It should be
noted that the symbols used to specify tyéés of faults for the three
phase mode mean the conductors a,b,c of one side (circuit) only not
both the sides (circuits).

In the three phase mode the L-L-L-G fault is the same as L-L-L
fault since no current flows to the ground under this balanced fault
condition. Also, in 3-¢ mode the other combinations for L-L or L-L-G
fault are insignificant because of 132 KV voltage between any pair of
the three condpctors. But for six phése mode there are two
significant combinations for L-L and L-L-G fgﬁlts becﬁuse of 132 RV
between a and f while 132 x ¢3 KV between a-and e, on the basis of

the phasor diagram shown in Figure 2.1(b).
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Table 3.1: Types of faults selected for analysis

Mode phase Types of faults
configuration _ i
L-G | L-L L-L-G L-L-L L-L-L-G
132 or 230 ao Oa
KV three
rhase double bo OB
circuit a-G | a-b a-b-G a-b-c - !
c0C Oc¢
132 KV six a-G | 1)a-e i)a-e-G a-f-e a-f-e-G
phase single ac ob
circuit iida-f | ii)a-f£-G
Fo ©c
e®© Od
Legend:
L: phase conductor
G: ground

3.3 Location of Faulis

In the present work the faults have
the. seﬁding end of the line 1i.e. close
the three modes so that a comparison can

worst fault location.

3.4 Application of Loop Current Method

The way the method® of loop current

been considered to occur at

to the Ghorasal bus, in all

be made corresponding to the

was applied for analyzing

he selected faults (mentioned in Table 3.1) in the three modes of the

line under

study, has been 1illustrated
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sample examples respectively in sections 3.4.1 to 3.4.3 . These
examples have been presented respectively on analyzing a phase to
ground (L-G) fault in 132 KV threé phase mode, a two-phase i.e. phase
to phase (L-L) fault in 230 KV three phase mode and a three-phase to
ground (L-L-L-G) fault in 132 KV six phase mode.

It should be noted that Ffor simplifying the fault analysis
retaining the accurscy needed from practical point of wview, the
contributions towards the fault current froﬁ the unfaulted phases are
considered® as =zero. Based on this éonsideration, the unfaulted
conductors have been omitted in Figures 3.6 to 3.8 respectively in

sections 3.4.1 to 3.4.3

3.4.1 Phase to Ground (L-G) Fault in 132 KV Three Phase Mode

Bﬁsed on the model shown in Figure 2.3, the fault at the sending
end between conductor a and the ground in one of the two parallel
circuits of the 132 KV 3-¢ line has been analyvzed as in the Figure
3.1

In Figure 3.1 =all the parameters have been shown in per unit
values on the base of 100 MVA and 132 KV line to line. On this base,
the 1line resactance, 2X=2(44.29) ohms/phase/circuit is 0.5084 per
unit. |

The equations for loop currents Ig and Ii are as follows.

1.01 40 (j0.03B)Ig ’ (3.1)

-1.040 (jO0.0B69 + jO0.2542) I (3.2)

The fault current If i.e. the current from phase a to ground is

obtained in per unit from equations (3.3) after solving equations
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(3.1) and (3.2)

Ie = Ig - Ia . 5 3

- c
1,036 J-o60
1,01 /=120 1,0{=320

1.01 /120

J.038
C
a
A d If

Figure 3.1: Analysis of a L-G fault on the 132 KV 3-¢ line using

loop current method.

3.4.2 - -

Based on the model shown in Figure 2.4, the fault between the
conductors a and b just near the Ghorasal bus in one of the double
cireuits of the 230 KV three phase line has been analyzed as 1in the
Figure 3.2

In Figure 3.21 all the parameters have been shown in per unit
with reference to the base of 132 KV line to 1ine.in“the low~-tension
side while 230 KV line to line in the high-tension side and 100 MVA.

On this base the 1line reactance, 2X=2(45.22) ohms/phase/circuit is
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0.171 per unit. The reactance of two transformers in parallel at

either end is 0.029 per unit on the same base.

10120 / \ 1,01 f120

30171

je171
1.171

Je171

Figure 3.2: Analysis of a L-L fault on the 230 KV 3-¢ line using

loop current method.

The equations for loop currents Ige and Ii:i are as follows.

1.01£120 - 1.01 40

2(j0.036 + jO.029) Ig: (3.4)
1.0£0 - 1.0 £120

2(j0.0855 + j0O.029 +j0.069) Iaz (3.5)
The fault current Ifi1 1i.e. the current from phase b to a is

obtained in per unit from equation (3.6) after solving equations

(3.4) and (3.5)

Iry = Ig1 - Iaa (3.6)
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'3.4.3 Three-phase to Ground (L-L-L-G) Fault in 132 KV six Phase Mode

Based on the model shown in Figure 2.5, the fault between the
conductors a, f, e and the ground close to the Ghorasal bus of the
132 KV six phase single circuit line has been analyzed as in the
Figure 3.3

It should be noted that the rated voltages between any pair of
the phases a, ¢ and e, on the six phase side or the high-tension side
of the transformer shown in Figure 2.5, are 132 * (/3 KV based on the
phasor diagram of Figure 2.1(b) . Similarly the voltages between
other three phases b, d and f are 132 * 3 KV. Therefore a choice of
base equal to 100 MVA and 132 KV (line to line) in the three phase or
low-tension side of the phase conversion transformer fixes the base
as 100 MVA and 132 * ¢3 KV (line to line) for each of the two groups
- (i) a,c,e and (ii) b,d,f - on the six phase side.

On this base, the line to neutral Thevenin’s emf at Ghorasal and
Ishurdi ends remain the same (i.e. 1.01 p.u. and 1.0 p.u.
respectively) when expressed in per unit and referred to the high
tension side, as shown in Figure 3.3. In Figure 3.3 the phase angles
of Thevenin’'s emfs have been shown as 0°, -60°, ~120° respectively
for the phases a, f and e based on Figure 2.1 {(b).

It is also worth-mentioning that with the above-mentioned choice
of base quantities, the Thevenin’s reactance remain the same i.e.
0.036 p.u. and 0.088 p.u. respectively at Ghorasal and Ishurdi while
the combined reactance of two phase conversion transformers in
parallel at either end is 0.028 p.u. and the reactance of the each

phase of the six phase line, X=88.06 ohms is 0.1883 p.u. as shown in
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Figure 3.3

1.029 41685 30329 D

1.036

1 1.01 f~120 D

,/’ \\L01bﬁ1%1

E 3.036

14029 £ §.1685

1009

1,069

Figure 3.3: Analysis of a L-L-L-G fault on the 132 KV B-¢ line using

loop current method.

The equations for the loop current Iei, Ioe=z, Iaa, Izi, Iz and
Irta are as follows.

1.01/-120

= J Xala:z (3.7)
1.01/4-60 = jJ Xalaz : (3.8)
1.0140 = j Xalas (3.9)
-1.01£-120 = j X1Izx1 (3.10)
-1.01Z4-60 = j X:lz= (3.11)
-1.0140 = 3 Xzlza (3.12)

The values of Xo and Xz are respectively as in equations (3.13)
and (3.14)

Xa = 0.036 + 0.029 = 0.065 (3.13)
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Xr = 0.1685 + 0.029 + 0.069 = 0.2665 (3.14)
After solving equations (3.7) to (3.14) the currents from phase
e, f and a to the ground are obtained in per unit respectively from

equations (3.15), (3.16) and (3.17).

Ie = Iaxr - I11 (3.15)
Ig = Iaz - 112 (3.18)
Ja = Iga - 119 . (3.17)

3.5 Results on Fault Levels

The fault currents, determined through the application of the
loop current méthod, for each of the selecied fault types (specified
in Table 3.1) have been showh in Table 3.2. Also the corresponding
fault levels have béen provided in the same Table.
| In Table 3.2 the currents in per unit have been multiplied by
respective base currents for conversion intc Kilo-amperes. With the
choice of base KV and MVA as mentioned in sections 3.4.1 to 3.4.3,
the base currents in the line circuit are 437.38, 251.02 and 252.52
amperes respectively for 132 KV three phase, 230 KV three phase and
132 KV six phase modes.

It should be noted that the fault levels (MVA) for the faults
involving phase(s) and ground, have been - computed? by summing
together the product terms of system phase to neutral voltage (KV)
and the current (Kilo-amps) from the faulted phases(s). This formula
has also been applied for the L-L-L fault in three phase systems.

The fault level for two-phase i.e. L-L faults have been

determined? by multiplying together the fault current and the
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Table 3.2:

Fault levels

in three modes of the line for
fault at the sending end

34

a-f

Type of Currents from faulted phases Fault level in MVA
fault 132 KV three phase 230 KV three | 132 KV six phase  [132 KV 230 KV 132 KV
double cct. phase double cct. single cct. threeg three six
g phase | phase phase
phase p.u. kilo p.u L kilo | NHEE p.u. kilo
: amps i amps amps
L-G 31.14/ -90° 13.620 2/ -90° 5.27  a | 19.3/-90° | 4.87; 1038 | 700 643
L-L* -26.97/ 60° | 11.78 ~18.187 60° | 4.56 | a | -16.7/ 1200 4.22 | 965
b 26.97 / 60° 11.78, 18.18 / 60°  4.56| e | 16.7 [ 120°| 4,22 1555 1049
' a 1 -9.6 [/ 15007 2.42
; | f 9.6/ 1500 | 2.42 319
L-L-G*' i a | 31.14 [/ -90° | 13.62 21 [ -90° ' 5. % a i 19.3 / -90°; 4.87 | 1286
b é 31.14 /300 13.62, 21 /300 5.27 e 19.3/ -210° ! 4.87: 2076 1400 |
§ i i a2 1 19.3 [ =900 .87
E ; : ' f 119.3/-1500 4.87 1286
L-L-L 31.14 £ -900 | 13.62 21 / -90°  5.270a | 17 [ -49° | 4.29
b | 31.14 £30° | 13.62 21/300 (5.27]f [6.4/ ~1500 | 1.62' 3113 2100 |
¢ | 31.14 Z-2100 | 13.62 21 /-210° @ 5.27' e ' 17 [/ 109° | 4.29 1133
{ L-L-L-G same as L-L-L f'a §19.3 [/ -900: 4.87:
f i 19.37 -150°, 4.87 same as L-L-L | 1929 |
e | 19.3 / 1500} 4.87 ’ §
Legend L: Phase conductor G: ground
* for six phase two combinations: a-e and




prefault system voltage between those two phases.

| The fault 1level for the L-L-L fault involving a-f-e phases in
gix phase mode has been obtained by adding the product Veele with the
product Varla. The faunlt currents from phases e and a respectively,
Ie and Ia are 4.29 Kilo-amps each as shown in Table 3.2. The prefanlt
system voltage between phases e and £ i.e. Ver is 132 KV based on the

phasor diagram of Figure 2.1(b). Similarly Vae is also 132 KV.

3.6 Conclusions

The fault analﬁsis for practical faults, both balanced and
unbalanced involving vertically adjacent conductors of the line, has
been done in all the modes in a simple way applying the loop current
method ahd without requiring the complexities of the symmetrical
componént method.

A comparison of the fault levels for the three modes shows that
for the same type and location of a fault, the six phase lines fault
level is the least one. The maximum fault-level occurs for the three-
phase to ground(L-L-L-G) in both three phase and six phase modes. For
this case, the fault 1level in the 132 KV six phase mode is _
respectively about‘BZi and 92% of that in the 132 KV three phase and

230 KV three phase modes.
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CHAPTER 4

TRANSTENT STABIIL.ITY ANALYSIS



4.1 Introducticn

In the present work the equal area criterion® has been
oonsidered.to find out the transient stability limit in terms of the
critical eclearing angle. Critical clearing angie is the highest
permissible swing between two synchronous machines such that if at or
before this wvalue of swing, the fault occurring on the line
connecting the two machines is cleared their synchronism can be

restored.

4.2 Determination of Critical Clearing Angle
A generalized formula® for the critical clearing angle is as in

equatioﬁ (4.1) whose derivation has been shown in Appendix C.

, i(Gl,m--& o)+ Ec088,,, —1,c088 :

8§ = cog™| == s (4.1)

where

8cx» = Critical clearing angle in units of radian

Pm = Constant mechanical power delivered from the prime mover of
the machine at)the sending end of the linse.

Pmax = Maximum elect?ical power that can be transferred from
sending end to receiving end of the 1line in prefault
condition.

& = Sin-1(Pm/Pmax) | (4.2)

is initial sngle of swing at which a power equal to Pm was
being supplied before fault from the 'sending end to the

receiving end.
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B % - $in-1(Pm/r2 Pmax) | (4.3)

is maximum limit of swing after cleariné the fault at 8er

such that the two machines remain in synchronism.

ra = Pmaxa/Pmax (4.

ié the ratio of the maximum power trahsferﬁslé during féult
(Pmaxa) to that before fault (Pmax). . | |

rz = Pmaxe/Pmax " . o (4.5)

is the ratio of the naximum 'powef' transferable after

clearing fault (Pmaexe) to that before fault (Pﬁax).

Equation (4.1)  requires determination of the prefﬁnlt, the
during-faunlt and the postfault maximum limits of power
transferability respectively denoted by Pmex, Pmaxa and Pmaxa. A
common basis for their determinatiﬁn is the consideration® that the
enfs of the sources, at two ends of the line; remain constant.

In the present work each of the above three 1limits has been
determined for both the faulted and the unfaﬁlted pﬁases and then the
total of individual phase limits was considered to compute the ratios
r1 and rz required by equation (4.1). This way of calculation has
facilitﬁted .application of equation (4.1) for both balanced and
unbalanced faults in alsimple’manner.

For the line under study the two Thevenin’s sources respectively
at the Ghorasal and Ishurdi end as shown in Figures 2.3 to 2.5, have
been considered as two machines. Also it has been considered that
various types of faulté occurred on the line at the worst point i.e.

very close to the sending end bus at Ghorasal, as mentioned in
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section 3.3, and a power of Pm = 1.0 p.u. was being supplied through
the line from Ghorasal to Ishurdi before occﬁrrence of the faults.
Based on these considerations, the critical clearing angles have been
determined using equation (4.1) in the three modes of the 1line
corresponding to each of the selected fault types mentioned in Table

3.1

4.3 Determinstion of Prefaunlt Limit
The prefault limit Pmax has been calculated for each phase

using equation (4.8).

Per phase Pmex = Etha * Etni/XT : ' (4.6)
where
X = Total impedance (per unit) in each phase between two emf

sources. -

Eehg,Etna Same significance as mentioned in section 2.5
4.4 Calculation of During-Fault Limit

With the exception of few cases, the power transferable through
the phases(s) having & fault very close to the sending end bus is
zero. In such & situation the power transferability Pmexa has been
calculated by applying equation (4.6) to each of the unfaulted phases
and then adding the limits together. This =simple method has beenr
adopted for all the modes to make the comparison fair.

The above mentioned exceptions are the L-L fault in both three
and six phase modes and the L-L-L fault in only the six phase mode.

For these cases, some power is transferred also through the affected
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phases despite fault at the sending end. This transferred power needs
to be added to the total of all the limits obtained by applying

equation (4.8) to each of the unfaulted phases:

4.4.1 Calculation of Power Transferred through the Phases of L-L
Fault
For a L-L fault at a point P, close to the sending end bus, only

the affected phases have been modelled as in Figure 4.1

Xg (fault point) Xr

P
I

E25[ C) | | ( lEZr

Figure 4.1: Modelling of a L-L fault

In Figure 4.1 E 1s and EBir are respectively the phasor values
of sending end and receiving end source emfs in phase-1 of the
affected phases. Similar significance holds good for E 2 and Ear

in phase-2 . Xa is the total impedance in each phase between the
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sending end source point and the fault point on the line. X» is the
total impedance in each phase between the fault point and the
receiving end source point.

Each of the two e.m.f sources along with their respective
reactance in series on either side of the fault point P, can be
converted 1into a current source with a parallel conductance
reciprocal of the corresponding reactance as shown in Figure 4.2

The two pairs of current sources together with their parallel
conductances of Figure 4.2 have been reconverted respectively into
two single e.m.f sources ﬁith two corresponding series reactances as
in Figure 4.3 . Then the power transferability, Ps between two ends

of the faulted phases have been computed by equation (4.7).

o . BBy ¢ (BB
-

2(Xg+X.) 4.7)

O

E®

i
)
o/
-
o)
/
X
|-

ORI

><|._.
0

Figure 4.2: Conversion of e.m.f sources of Figure 4.1 into current

sources
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OffsR e

Figure 4.3: Simplification of model of Figure 4.2 by reconversion of

current sources into e.m.f sources.

Pmexa for the L-L fault is then calculated by adding Pe to the
total of the limits obtained from équation (4.6) applied to each of
the unfaulted phases.

Table 4.1 shows the per unit values of the parameters B 1a,
B 20, Bir, FE2r, Xo and Xr on respective bases in the three modes
of the 1line studied by the present work. Figures 3.1 to 3.3 are also
helpful in understanding the way these parameters have been
determined.

It should be noted that due to consideration of fault at a point
close to the sending end bus, reactances of both the circuit of the

affected phases in three phase mode have been included in calculating

Xr.
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Table 4.1:

Parameters

transferable through the two phases affected by L-L

at sending end.

(in p.u.)

involved

in

computing

the

power

fault

132 KV 6-¢ single cct.

Mode 132 KV 3-¢ 230 KV 3-¢

double cct. double cct.
Phases a-b a;b a-e a-f
considered I
B 1a 1.0148 1.0148 1.01£8 1.0148
B 2. 1.01£¢120+8) | 1.01£(120+8) | 1.01£(~120+8) | 1.01£(-60+8)
E 1x 1.010- 1.040 1.040 1.040
F 2: 1.0£120 1.0£120 1.0£-120 1.0£-60
Xa .0380 .0850 .0850 .0850
X .3231 .1835 .2BB5 . 2885

For a L-L-L fault on
the sending end bus of the

cnly the faulted phases have been

Phases a,

line in six
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f and e

phase single circuit

at a point P,

close

modelled as in Figure 4.4.

to

mode,



:
:

- t

l Xs I Xy
M~ 1 ] ]"‘—1
| Xs_ | { Xr §

Figure 4.4: Modelling of a L-L-L fault on six phase single circuit
line. |
Each of the three emf sources along with respective reactance in
series on either side of the fault point P, can be converted into a
current source with a parallel conductance (reciprocal of the

corresponding reactance) as shown in Figure 4.5

D ;‘3%0 E

Exl

Figure 4.5: Conversion of emf sources of Figure 4.4 into current

sources.
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The three current sources together with their parallel
conductances on either side of the fault point P can be reconverted

into a single emf source with a combined reactance in series as in

Figure 4.8,
X 1P [ X%
3 3
BBz tEa ) | 95{ Bt EpotEx

Figure 4.6: Simplification of model of Figure 4.5 by reconversion of

current sources into emf sources.

The maximum power transferability Ps through the three faulted

phases (a-f-e) can be computed by equation (4.8).
(EII+BZJ+BSI) * ( Eu"'Ezz"'Eu)

P, =
f 3 (X g+X))

(4.8)

The maximum total power transferability Pmexa for the L-L-L
fault is then calculated by adding Ps to the total of the limits
obtained from equafion (4.6) applied to each of  the three unfaulted

phases b, c and d.
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4.5 Determination of Postfault Limit

It has been considered in the present work that the faults are
cleared by three pole breaking at both ends of the line, as is the
practice®. This means that for any selected fault on one of the two
circuits in the three phase mode, all the three conductors of the
affecied circuit are taken out. Similarly to clear any selected fault
in six phase mode, the conductors of one side are taken out. Baséd on
this consideration, the maximum total postfault power transferability
Pmexs has been determined by adding together each of the limits
obtained from equation (4.6) applied to each phase of the unfaulted

circuit or side in 3-¢ or 6- ¢ modes.

4.6 Results on Critical Clearing Angles

Table 4.2 shows the critical clearing angles, determined through
the application of equation (4.1) in the way mentioned in sections
4.2 to 4.5, for each of the selected fault types (specified. in Table
3.1).

It is worth-mentioning that the angles & and &ex 8as in
equations (4.2) and (4.3) were computed considering both Pm and Pmex
on per phase pasisr

It should be noted that for a number of faults in the .three
modes, the critical clearing angle was indeterminate such that its
cosine value was outside the range zi. In Table 4.2 these cases have
been referred to as inherently stable (I.S.) or stable for
sustained® fault condition i.e. transient stability is not lost even

if those faults are not cleared. In inherently stable cases, the
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Table 4.2:

Critical clearing angles

in three modes of the line for fault at the sending end

Type 132 KV three phase double circuit 230 k¥ three phase double circuit 132 &V six phase single circuit
of
faylt
fauited! pa Daix ri r ﬁcr Pa Puax r r2 8 - faulted | po Daax r rz acz
phases ip.u./ i p.u./ (elect. s/l opou/ (elect. | phases | p.u.ft p.u.f (slect.
phase phase degrees) phase| phase degraes) phase; phase degrees)
L-G -G 1.0/2.81 | 0.666{0.583| 1.5 |1.014.06{0.666|0.744| [.5 a-6 [1.0 | 3.04|0.833{0.5 .8
L-L a-b 1.0(2.81 0.5 1{0.583| I.S |1.004.06] 0.5 |0.744} .S ija-e |1.0 | 3.04|0.75 | 0.5 [.8
' ' iija-f {1.0 | 3.04 75 0.5 [.5
[-L-6 jab-6 | 1.0(2.81 | 0.333/0.583|94.1411.0t4.06;0.333 0.744 |164.2 1Ja-e-g|1.0 | 3.04 666| 0. [.5
: ' it)a-f-g (1.0 | 3.04 666 0.5 I.5
L-t-L Ja-b-¢ {1.0(2.81 0.0 {0.583|59.83/1.0{4.06| 0.0 |0.744(95.61| afe [1.0 1] 3.04 723| 0.5 I.§
L-L-L-§ same as L-L-L Same as L-L-L a-f-2-911.0 ] 3.04 .5 10.5 .5
Legend I.5 inherently stable
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- maximum electrical power transferred during the fault was
sufficiently above the prime mover input so that a retarding force

acted to prevent loss of synchronism and hence stability.

4.7 Conclusions

The transient has been determined in terms of critical clearing
angle using a common formula for all the practical faults in three
and six phase modes of the line under study. The way this formula has
been applied is simple and new. In this technique the ratios of
during-fault to pre-fault and post-fault to pre-fault power
transferability 1iﬁits have been computed using the total of the
individual 1limits on power transferable through each of the faulted
as well as unfaulted phases. The fact that some power is transferred
through the faulted phases during a two;phase (L-L) fault in both
three and six'phase modes and during a three-phase (L-L-L) fault only
in six phase mode, has been taken into account through a simple and
new modelling technique.

A comparison of the critical clearing angles for the three modes
shows that the six phase single circuit system is the most stable one
for all the types of Ffaults considered at the worst 1location. In
increasing order of stability the three systems can be arranged as

'132 KV 3-¢, 230 KV 3- ¢ and 132 KV 6-¢.
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CHAPTER 5
CONCILUSITONS



5.1 Conclusions

In the present research work a comprehensive study has been made
regarding power transferability, configurational safety. factor,
systém fault level and transient sfability of a line in 132 RV six
phase single circuit mode and compared with those in the 132 KV and
230 KV three phase double circuit modes. The Ghorasal-Ishurdi line of
Bangladesh Power Development Board grid system was considered for the
study.

The three phase network Lt each end of the-line was modelled as
a Thevenin’s emf in series with a reactance. The model proposed for
the phase conversion transformer required in six phase mode of the
line, was simple and easy-to-implement.

The fault and the transient stability analyses have been done in
the three modes for practical faults (both Ealanced and unbalanced)
which involved the physically adjacent conductors. Simple techniques
on a unified basis were used for those analyses in the three modes.
These techniques did not reguire complexities of the symmetrical
component method. The fault currents were determined applying the
lpop current method.

The transient stability was quantified in terms of critical
clearing angles. These angles were obtained in the three modes using
the same formula deriyed from the principle of equal area criterion.
The fofmula for critical cleﬁring angle needed computation of power
transferabilities before, during and after fault. The eguation for
per phase power transferability of a balanced network before fault,

has also been applied for each unfaulted phase of the network during
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and after fault conditioﬁs. For two-phase (L-L) faults in both three
and six phase modes and three-phase fault (L-L-L) in six phase mode,
the power transferability during fault throuéh the affected phases
has been determined using a new method. 1In this method the faulted
phases were modelled such that they eventually resulted in only two
enf sources, at two sides of the fault point, being connected by a
delta network. The two r;tios: (1) limit of power transferability
during fault to prefault limit of power transferability and (2) post
fault limit to prefault 1limit, were determined using total of the
limits for-each_ of the faulted and unfaulted phases. This method of
calculating thg two ratios was able to consider in an easy way, the
effects of both balanced and unbalanced faults in the formula used
for critical clearing ﬁngle.

The following are some of the salient findings of the present
investigation.
1) The conversion of existiﬂg 132 KV three phase double circuit
line into a 132 KV six phase single circuit line, using the same
rights~-of-way, will have practically insignificant effects on safety
margins regarding ground clearance and inter conductor spacings.
2) The steady-state power transferabilities (proportional to the
square of line to neutral voltage) for the 230 KV three phase double
circuit line and the 132 KV six phase single circuit line, both are
almost three times higher than that of the 132 KV three phase single
circuit line. However if the thermal loadability limit is considered,
the power transferabilify through the 132 KV six phase line is 1.73

times that in 132 KV three phase mode and is only about 14% less than
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that of the 230 KV three phase line. But 230 EV 3~¢ line like the
one studied by the pfesent work, may require use of bigger sized
conductors with higher current carrying capacity and also a new tower
in a wider corridor incurring more cost than that of converting an
existing 132 KV three phase line into a 132 KV six phase one.

3 For the same type and location of fault, the six phase line was
found to have the leﬁst fault level. The three-phase to ground fault
on the line close to the sending end was the severest fault and in
this case the fault level of the 1line in 132 KV six phase mode was
about 62% and 92% respectively of those in the 132 KV three phase and
230 EV three phase modes. This implies also a proportionate decrease
in size of the switchgear components necessary for the =six phase
line. The decrease in fault level of six phase line mainly stems from
the increased line reactance.

4) For all the types of faults considered at the ﬁorst location,
the six phase line was found the most stable one even if the faults
are not cleared. The increése in stability of six phase line mainly
results from increased number of phases permitting more power

transferability.

5.2 Suggestions for Future Research

The following are some of the potential areas being sugdested
for future research.
1) An investigation can be made to conduct a load flow
analysis considering all the phases of the three phase network and

the six phase lines embeded in it simultaneously, by forming a loop
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impedance matrix based on the modelling proposed in the present
research work.

2) An experimental prototype can be developed for a typical power
system network comprising normal three phase lines and one or more
six phase transmission 1lines, to carry out fault and stability
analysis simulating the practical faults considered by the present
work.

H A protective relaying scheme can be designed'based on the
results obtained in the present investigation and tested on the above

mentioned prototype.

53



REFERENCES



N.B. BHATT, S.S. VENEKATA, W.C. GUYKER and W.H. BOOTH: "Six-
phase (multi-phase) Power Transmission Systems: Fault
Analysis", IEEE Transactions on Power Apparatus and Systems.
Vol. PAS-96, No. 3, May/June 1977, pp. 75B-787.

S.S. VENKATA, W.C. GUYKER, J. KONDRAGUNTA, N.K. SAINI and
E.K. STANEEK: "138 KV, Six-phase Transmission Systems: Fault
Analysis"”, IEEE Transaction on Power Apparatus and Systenms,
Vol. PAS-101, No. 5, MAY 1882, pp. 1203-1218.

S.N. TIWARI and L.P. SINGH: “Mathematical MHodelling and
Analysis of Multi Phase Systems”, IEEE Transactions on Power
Apparatus and Systems, Vol. PAS-101, No. 6, June 1882, pp.
1784-1793.

A. CHANDRASERARAN, 5. ELANGOVAN and P.S. SUBRAHANIAN:
“Stability Aspect of a Six Phase Transmission System:, IEEE
Transactioné on Power Systems, Vol. PWRS-1, No. 1, February
1886, pp. 10B8-112.

B.K. BHAT and R.D, SHARMA: "Analysis of Simultaneous Ground
and Phase Faults on a Six Phase Power Systems”, IEEE
Transactions on Power Delivery, Vol. 4, No. 3, July 1889,
pp. 1601-1816.

E.H. BADAWY, M.K. EL-SHERBINY, A.A. IBRAHIM and HM.S.
FARGHALY: "A Method of Analyzing Unsymmetrical Faults on Six
Phase Power Systems”", S80WM 081-0 PWRD: preprint of a paper
recommended and approved by the IEEE Transmission and
Distribution Committee of the IEEE Power Engdineering Society

for presentation at the IEEE/PES 1890 Winter Meeting,

55



10.

Atlanta, Georgia, February 4-8,71990.

A.E. GUILE and W. PATERSON: "“Electrical Power Systems”,
Volume 1, 1982, Pergamon Press, Oxford, U:K- pp. 307-308.
R.M. EKERCHNER and G.F. CORCORAN: "Alternating Current
Circuits", Fourth Edition, 1960, John Wiley and Sons, Inc. ,
Japan. pp. 336-~337, 377-378, 546.

W.D. STEVENSON, Jr.: “Elements of Power System Analysis”,
McGraw-Hill Book Company, Singapore. Third Edition, 1985,
pp. 145-148, Fourth Edition, 1886, pp. 50-61, 107-110, 393-
400.

E.¥W. KIMBARK: "Power System Stability”, Volume 1, 1962, John

Wiley and Sons, Ine., New York. pp. 127-130.

586



APPENDIX A
DERIVATION OF THE EXPRESSION FOR
STEADY STATE POWER
TRANSFERABRILITY



A.1 Derivation of Eguation (Z.5)

The maximum limit of the steady-state power transferable to the
receiving end of a transmission line has been derived from a =
circuit representation® of the line on per phase basis shown in

Figure A.1 .

Figure A.1l: Representation of one phase of a transmission line

through ® - model.

The various symbdls used in Figure A.l1 have the following
significance.
= Sending end phase to neutral voltage phasor.
= Receiving end phase to neutral voltage phasor.
Sending end current phasor.

= Receiving end current phasor.

L ]| hHl !nHI "'Cl m‘:]
I

= R + jX (A.1)

ijs the total series impedance of the line per phase.
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¥ = total line susceptance due to charging capitance.
It follows from Figure A.1 that ﬁ; can be written as in
equation (A.2).
ﬁ,:(.’t}+ﬁ§)§+ﬁ (A.2)
Solving equation (A.2) fér Tn provides equation (A.3).
A 2417

I= = (A.3)

For the sake of simplicity in symbolism, the phasors Vp, Vg 2

and (1+5.'-—2!) have been redesignated as in equation (A.4) to (A.7)

respectively.
Vo= VoL O (A.4)
Vo= Vgl (A.5)
B = Z ' (A.6)
A =1+ z_—f (A.7)

Substituting equations (A.7) and (A.8) respectively for (L+55§)

and Z in equation (A.3) provides equation (A.8).

- VAV
I, = = 2

(A.8)

The phasors Aand B can also be written in polar form as in
equation (A.89) and (A.10) respectively.

A= Ala (A.9)

B= B P - (A.10)

Combining equations (A.4), (A.5), (A.8), (A.9) and (A.10), I

can be obtained as in equation (A.11).
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Tpa—27(8~ p)-‘w"ua -p) (A.11)

_1
B

The power at the receiving end is equal to the real part of the

complex quantity iif;'as in equation (A.12).

v3

P=

(A.12)

It follows from equation (A.12) that power at the receiving end
will be maximum for ( § - 8 ) equal to zero and the expression of

this maximum power is as in equation (A.13)

p o Va v,_ABvﬁ

™ Cos(p-a) | (A.13)

If the series resistance R of the 1line is neglected then
equations (A.1), (A.B6) and (A.10) provides equation (A.14).

B=X lg0e | (A.14)

If the shunt capacitances of the line are also neglected then
equations (A.7) and (A.8) provides eguation (A.15).

A=1170° | . | (A.15)

It follows from egquations (A.14) and (A.15) that P and & are
respectively 80¢ and D0 so that ( P - &) is equal to 90e. Then
substituting equations (A.14) and (A.15) into equation. (A.13)
provides Pmxm 8s in equation (A.16) which is same as equation (2.5).

VLV,
P~ ;" (A.18)




| APPENDIX B
DERIVATION OF THE EXPRESSION FOR
LLINE ITNDUCTANCE '



B.1 Determination of Average Inductance Per Conductor

The average inductance of one conductor of a multiphase single
or double circuit transmission line, assumed to be transposed, can be
_obtained after determining its flux linkages corresponding to each
position it occupies in the tranposition cycle.

The transposition cyecle of a group of six conductors,‘ e.g. a
three phase double circuit line or a six phgse gsingle circuit line,

has been shown in Figure B.1.

1st Part 2nd Part 3rd Part 4th Part 5th Part6th Part

Pos.1
pos2 A \ €'(b) N b(e)\ a'(d)\c(e) \b(t)
pos3 P N at@) \ c'®)Y b'(c)\a'(d)\ cle)

Pos.4 c(e) b(f) al(a)\ c'(b)\b'(c)\a'(d)
a'(d) \ c(e) N b)) N\ a(@)\c'(d)\b'(c)
b(c) \ a(d) N\ <@ b\ a@N\c'(b)
c(b) Db(c) a(d) c(e) b)) ala)

Pos.5
Pos.6

Figure B.1: A complete transposition cycle of a three phase double

circuit or a six phase single circuit transmission line.

In Figure B.1 the symblos inside the parentheses 1i.e.
a,f,e,b,c,d denote the conductors of respective phases in the two

sides of the six phase single circuit 1line. On the otherhand, the
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symbols without .bracket i.e.- a, b, e,. af, b, ¢ . denote the
conductors of the respective phﬁses-in the two circuits of the three
phase double circuit line and it should be noted fhat the conductors
(a,a’), (b,b) and (c,¢’) are in parallel forming the phases a, b and
c respectively.

The phasor expression for the flux linkage of conductor a in 1st
part of the transposition cycle i.e. when a is in position 1, b in
pqsition 2, ¢ in position 3, a' in position 4, b’ in position 5 and

¢! in position 6, is given® by equation (B.1).

?u-zxzo-’(r_,ln_l-+.r-,,1n_’:—+f;1n—1—+ fln—1—-+Ib,1n—-+Id1n——) (B.1)
| D, Dy, Dy, Dy, Dy Dgs

Similarly in 2nd to 6th parts of the cycle the flux lindages of

conductor a are respectively as in equations (B.2) to {(B.6).

¥ -2x10"'(I 1nt+Finl +Tin-l +Fan-L +T1n-1 +Tan-L ) (B.2)
D, P Dy, o D, * Dy P Dy cl Dy,

¥,,=2x1 o-"(r.lnl +T1n-1 +I°ln—1-+I.f1n—1-—+Ib;1n--——+I°;1ni) (B.3)
Dy, D,y Dy Dy, 3

¥, ~2x1 a-’(:,ln_.l_ +Ibm_+1,1n—+I,,1n.-_-+1,,1n—+1,,,1n-l'-) (B.4)
Dl ‘5 D“ Dl‘ DI‘ 4

¥,.~2x1 o-’(r_,ln_l.. +Tin-L +Tin- 2 T, ,1ni+:,,,1n_1_+1,,1n——) (B.5)

Dl DS‘ D15 25 35

¥ -2x10""(f1n-];+f1n-i+f ﬁ—1*+f;1n—-]:—+f:1i1-:|'—+f 1n--:|—'—) (B.B6)

a8 * 'Dl b Dﬁ!. 01 'DIS “ DJ‘ o ‘DCC ¢ DB‘

The average value of the flux linkage of conductor a is in
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equation (B.?).

¥, - oz . (B.T)

Combining eguations (B.1) to (B.7) i; can be obtained as in
equation (B.8).
e 2 x107fi=1 1 T l.Faod.Fadl . Fand . Fanl
=l S oo |61 - — _ _ —+I An— .
Y. 3 (6 .lnD'-rIbln D1+Icln D2+Ia:lnD3+Ib:1n Da-l- | 91] (B.B)
where,

De = GMR (Geometric mean radius) of the conductor

D1 = Di12D2aDaaDasDsaDaa (B.9)
Dz = DiaD24DasDasD1sDze ' (B.10)
Da = (Di4D2sDae)?2 : (B.11)

Di2= Distance between positions 1 and 2 and similar

significance for Dz2a, Daa etc.

B.1.1 Inductance of Three Phase Line

Since for a balanced three phase double circuit line i:=f;,

i;=i; and I}s-; equation (B.8) can be re-written as in equation

(B.12).

1 1 1

¥, = 2x207(Tin—2—+Lln—1—+Tn 2| . (B.12)
DD DD X

As the phasor sum of three balanced currents in a three phease

system is zero, it follows that



T+ -1, o (B.13)
Combining equation (B.12) and (B.13) T; can be expressed as in

equation (B.14).
‘ .
L A 2x10"’f.1n{—£i£ ~ (B.14)
\ D .

Then the average inductance La (Henry/meter) pér conductor per
phase of the three phase double circuit line is —=> and as in

equation (B.15).

L, = 2x1o-’11{-@] (B.15)

B.1.2 Inductance of Six Phase Line
The equation (B.B8) can also be extended for determining the
average flux linkage of a conductor in the six phase line. For this

the phasors i;, I, i:; .ﬂ; and f; are to be replaced respectively

by f;, I, i;, j: and i; in equation (B.8). This results in equation

(B.1B).

= Tf - - — - - 1 =
§.2x107Fi 1 711 =01 Fia 1, Tia k. Fand) (s.
a 3 a D,+ pal D, +I.ln D, +I4n Da+ oin D, +I,1ln D, (B.186)
Since for a balanced six phase single circuit line iza-f:
f}-—f: and i;=-f: (based on Figure 2.1(b) in section 2.3.1) equation

(B.IS) can be written as in equation (B.17).



1 1

T 0 €

7,-2 x61° - flnD’ -lfcln—?‘-i-+f,1n D‘_l_
D, n,f

(B.17)

As the phasors f:, I, and i: are 120¢ displaced from each other
in a balanced six phase system (based on Figure 2.1(b) in section
2.3.1) it follows that

TaTs-I, (B.18)

" Combining equations (B.17) and (B.18), i, can be expressed as

in equation (B.19).
¥,-2 x 1071, 1:{-@] (B.19)

Then the average inductance L, (Henry/meter) per phase of the

six phase single circuit line is —=® and as in equation {B.20).
' a

L=2 x 1071 -[D%] (B.20)



APPENDIX C
DERIVATION OF THE EXPRESSION FOR
CRITICAIL CLEARING ANGLE



C.1 Critieal CI . angle F E 1 Crit .

The swing, &8 , of the rotor of a synchronous machine with

respect to an infinite bus or asnother synchronous machine to which it

is connected through & transmission 1line can be expressed as in

equation (C.1).

ugg - PP, - (C.1)
where,
M = Inertia constant of the machine.
Pm = constant mechnical power delivered from the prime mover
H of the machine.
P¢»= Developed electrical power of the synchronous machine

equal to that which can be transferred from sending end

to the receiving end of the line at a swing value of

8.

The developed power (Pe) versus swing (8) cur§39 for the

machine in prefault condition i.e. prior to occurrence of any fault

on the line, has been shown in' Figure C.1.

In'Figure C.1 the angle 8, is the initial value of the machine’s

swing when its developed electrical power was equal to the prime

mover output Pm. As a result the machine was at synchronous speed at

the value 8§,

If a fault occurs on the line between two machines such that

some power (less than that in prefault condition) is transferred from

the sending end to the receiving end, then the developed electrical
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power decreases as shown in Figure C.1 and the balance between input
from the primemover and electric power output of the sending end
machine 1is disturbed. As a result the machine’'s rotor speed
accelerates and increases above the synchronous spéed. At the same

time the rotor swing goes on advancing beyond §,

refault curve

Fhax/P-oee (R=P .., Sin 3)

Postfault Curve

o

g0 e
[ I et
x 7 .

3,
T Y
,
-
-
- ~
i

During-fault curve

(R ="4P max Sin ©)
H I ~,

0 %0 er max | =®

Figure C.1: Developed electrical power versus swing curve of a

-———

O{‘]._----

synchoronous machine .

In order that the machine’'s speed can be restored back te the
synchronous value, the fault must be cleared at or before a swing
value, termed critiecal eclearing angle 5,,.

If the fault is cleared at or before 8, the developed or output
electrical power curve is as shown in Figure C.1. It'should be noted,
as in Figure C.1, that after clearing the fault, the electric power
oeutput abruptly rises to a new value and the machine’s rotor speed
will decelerate. It can be restored back to the synchronous speed and

hence a8 stable 6peration, provided the rotor swing has not advanced
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beyond the maximum limit 8,,, at which the electrical power output Ps
again balances the primemover output Pm.

Mathematically the swing and restoration phenomena. can be
relateﬁ to the fact that whatever kinetic energy was added to the
rotor while it was accelerating (from 8, to 8,) after the occurrence
of a fault, must be released while it is decelerating (from 6,, to
8., after clearing the fault.

ad

Since kinetic energy is ¥Mw and @ = a9 is the angular velocity

relative to the synchronous speed it can be written that

o A,dd

K.E zndt . (C.2)

Multiplying both sides of equation (C.1) by -g% provides
equation (C.3)

d’s db 5y B
Hdt' dt a (P,-P,) — (C.3)
3V . (p-p) R

or, 2M-EE(E (Pu Pe) dt ‘ (0.4)

Multiplying both sides of equation (C.4) by dt and integrating

between two limits of swing angle 8, and 8, provides equation (C.5).

( ) f(p~p)d6 (C.5)

dd - 2 (4% _
or, 'EE JEG: (P. P.)dﬁ (C-B)



Combining equation (C.2) and (C.8) gives

M 8 : , .
K.E JEJL (P,~P,) db | (C.7)

Application of equation (C.7) to the power-swing curve in Figure
B.1 shows that thé kinetic energy added to the rotor is proportional
to the area Ai and the kinetic energy released from the rotor is
proportional to the area Az. Therefore for restoration of the
synchronous speed, these two area, must be equal as in equation (C.8)

AL = A2 (C.8)

or, L"(P,—ripmsinb)db - L‘“(I,Pmsinb—Pm) dd (C.9)

or, Po(8,-8,)+r,P,, (cosd ~cosd )=r,P, (cosd _-cosd,,)-P,(3, ,-8.)

(C.10)
or, (r,-r;)B.,cosd . = P (8 ,-3,,,)-r,P,,cond,  ~1, P, cosd, (C.11)
I;P ; (Oax—d o)+ £zc088,,,-x,c088
or, cosd_ = T7-71 (C.12)
-—’l-(bm-& o)+ 36088, ~r,co8d ,
or, 8, =cos ™= (C.13)

r2-ri

Equaticon (C.13) is the same as equation (4.1).
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