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ABSTRACT

'I'he scope of this thesis emphasizes on the need for anlya].s
oi' each 1nd1V1dua1 phase of a power system to reveal u.nbalanced

conditions,

The uée of long EHV high voltage transmisgion lines to
transmit large blocks of electric power from remote gene ra.tmg
stations encounters the problem of unbalanced currents in the 11&1es
due to uns ymmetncal placement of lme conductors. The 'preaen\ce
of la.rge single phaae loads, smgle pole sthchmg and unequal senes
capacitor compensation in long lines add to voltage and: current un- -

- balance. To ensure proper performance of the whole system and

that of the individual elements, the degree of unbalance should be
known. To improve or investigate thege u.nba.la.ncéd effects in detail,

3 phase load flow methods are used, Three phase load flow simulates
each phase of the system separately, thereby revealing the power flow

unbalance in the system.

.

This thesis reviews steady state analysis of balanced sYste‘rn
with a singie phase load flow solution method and unbalances in the
transmission circuit'were considered by a three-phase load flow
method. The analysis is made with pha.se quanhtles but sequence

quantities were also used to show the amount of current unbalance. -

v

The application of three phase load flow with different numerical
methods to sample systems gives encouraging results regarding pre-
sence of unbalance mainly due to untramspeseditransmission lines with

different conductor configurations and unbalanced-loads.

-2
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N - | CHAPTER I
_ . . INTRODUCTION

In the past few years the demand for electnc power has

shown a ateep-nse thereby spurring the trend towards high-voltage
transmission [1] . The most effective and economma.lly desirable
method of ensuring the aupply of electric powei'—tb c;)nsmners is to
centralize electric power production by the developmentra.nd unifica-
\. - tion of power systems [2]. Umﬁed power systema mcrea.se the
reliability of gupply and penn1t better utilization of energy resources .
" and power eqﬁipr‘nent..' Unification is *oBtai.ned by extensiqri and inter - ,
connection of regional pow;.rl.er systems so as to fake advantage of
difference in time zones and diversity among loads of different power
pools. The reliability of supply, convenience, voltage fegulé.tion and
saving in cost of generating and 'protectiVe equipment, justify inter- °
.connection of different power pools on economic grounds. |

To meet the mcreasmg de{:ﬁand for power, new hydro,
ther:mal and nuclear generating stations are being constructed, In :
most of the cases these generating statmns have been located far
from the load cehtres due to high transportation cost of fossil fuels,
non-avaﬂab:,hty of large quantities of wateX near the loa.d centres and
the necessity of conforming with health re tions. These limita -
tions make it necessary to trg.nsmit large blocks of power over long
distances. ‘ '

The interconnection bei:wéen different power pools and the
distant location of the generating stétions from the load centres require
the use of substantial capacit&. multiéircuit transmission lines. To
increase the po\;ve;r loading (capacity) of the électric transmission lines
the voltage muist be raised because i':he pow-cr..loadingjof;-a transmission

line is proportional to the square of the i’olta.ge {27 . The capital

,-vl /
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expenditure and the cost of transmission per kWh decreases with an °

increase of transmitted power and voltage whereasthe cost of the . <

“line and of the termmal equipment increases hnea.rly with volta.ge .
f2]. To transmit large blocks of electric power a technical and
economic compansonkgid be made for the anmnual sawngs o‘bta:med .
by mcreasmg the cross-s tidn area of the conductors with the addi- |
t:ona.l capital investment involved and reduced energy los ses. The
use of conductors with a large diameter in many cases permma )
reduction in aluminium requirernents. but poses rha.ny erection and
handling fiiffai-culties . The power transrﬂitting caﬁac_ity of the trans- )

mission line can be increased with an increase in'the numberyof

circuits.

- An increase in the number of circuits of the transmission line .

involves increased coqsti‘uction cost of the'links, increased corona
losses and inc:"ease'd' losses due to charging currents whe‘r_z e line

is lightly loaded. To overcome ﬂm se difficulties bundle conductors,
are used in which more than one chhase is utilized {17.
Using ‘bundle conductors has the same effect as increasing the
diameter of the wires. ' This ensures an acceptable low level of
corona lo sses. ﬁundle' conductors have the added advantage'of
reducing the indut_:ti've‘ reactance and increasing the capacitive
reactance of the line thereby incrt;aaing ifs pdwer car’rying capacity.

Transmission Imeti can be either transposed or untranaposed

In the case of untransposed lines the position of the pha.se conductors

remams unchanged throughout the _length of the line. If the conduc;tors '

of a three phase line are not equilaterally spaced, then the inductance
- of each pha.éq is different and a voltage of power line frequency is
induced in the neighbouring communication lines. . UntransPc:sed

lines with flat conductor conf:gura.tmn tend to mcrease the current

i

assuming no delays in conétr_uction. -



un})jg.)a.nce among diﬁerent pha‘ses due to t}re iaresence of induced ..
voltages. The out of phase portion of these voltages in the presence
of smail series ‘terminal impedances can cause rels.tivsly hi.gh cir-
culating unbalanced currents to flow between the various circuits [3 ]
The problem of unbalancé can be analyzed by a transformation-of
phase quantit;'ies to s'.ymmetrica.l components by using suitable rrans- E
formations [1, 3] The presence of large unbalances produces
substantial amounts of. nega.tivé and zero sequence voltages and -
current components which can give rise to ‘heating in rnachme rotors,
interference w:.th commumca.tmn c1rcu1ts/ incorrect opers.tion of
protective relay,s and mcreased corona losses [4]. ‘The unbalance
lcha.ra.ctermt:tcs of trans‘rmss:on line 1mpedances are: irr;por'tant because
‘of their influence on generator ra.tmga .unbalanced volta.ge at
the consumer terminals and increased losses within the transmi-
ssion network [ 5] . As the electrical systems becomes lorger |
the problem of unba.lancs beco'mes more and more significant.
+. Transmission lmes are transposed m order to reduce the
unbalance m the three pha.s es, arising from tho unsymmetrical
spacing between the conductors with respect’'to each other, with
respect to ground and ground wires and due to ne1ghbourmg
- commumca.tmn and other power circuits. The unsy‘mmetnca.l :
conductor spacmg causes the magnet1c field external to .the
conductor to b,s non-zero, thereby causmg induced voltages of power
line frequency in adJacent electrical and telephone circuits’ [6]
Transpos1t1on of transmission lines is done by exchangmg
- the position of the conductors, so that within a certam length of
‘the Ime generally termed a "barrel of transpo s1t1on“ R ea.ch
conductor occupies the original position of every other conductor

over an equal distance.! The objective of transposition is to mél:l_ce

J



equal the self and mutual impedances of the trans;nis sion line over

. _the length of the barrel. The transposition of phase conductors has
not-only the desirable effect of reducing out of balance currents in
the termi,ﬂal equipment but alsp of reducing the transmission losses.
This gives a basis for their economic justification [57]. Tra.nsbos'i-
tion is generally employéd for low voltage transmission and distri-

' butioﬁ circuits. Hov_ve_ver, for high' voltagé j_.ines . transpositionl-
becomes undesirable b't;.cause of reduced rélia.bility at the transposi-
tion towerﬁ, and added cost and complexity in the design of these
‘transposition towers. -However‘, due to insufficient investigations [ 2]
on the choice of the length of the tra.nsp‘osition-section as well as on ‘
‘the effect of the d1££e::§nce in the Iength of the individual transposition
sections, and on the mﬂuence of other factors “which may disturb

the bal;éce of phase (self) an interphase (mutual) parameters (impe-

dance and shunt admittance) of g high- 'voltage lines (say 500 kV),

the practical aspect is lost because it is not poamble to have transpb>
sition- sections of equal length [2] . This is mainly based on econo-
mic grounds, nature Kd topography of the grbund.,' type and height
of vegetatib‘ﬁ“ﬁffﬁﬁu‘Zing the route of the transmission line and
the type of Bupportzlng] structures used., |
If the transpo s1t1on aectmns are not equal in length then the
inductance for each phase is different, This = results inanunbalanced
circuit and voltages are induced in the neighbouring communi- . .
cation lines even for balanced currents in the power line. / t
The current unbalance can also be reduced by the proper -
selection of conductor phasing arrangemeﬁt for two or more adjacent
transmissién lines., Fora "a" circuit system there exists
(67)/3 significantly different phasing a._rrangements; which should be
properly tested for multicircuit transmission lines for minimizing

current unbalance [7] .
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After the transmission line has been properly analyzed for

its contribution to current and voltage unbalance, then the other impor-
tant“elements constituting the power system should also be analyzed
for their share in the unbalance of the system. These elements are
generators, three phase trénsformers ,» three phase banks of single
ph;sj .

protective equipment, etc. The purpose of constituting the power

transformers, shunt capacitors, synchronous condensers, and

system with the above elements is to give adequate and reliable supply
to the load centre.

In the case of generabors; the three voltages behind the
machine impedance, will be bala.nce?l in both their magnitude and
angles for a balanced désign of the generator windings, but the
voltages at the generator output terminals may not be balanced and
their effect should be taken into account.

For tiransforme.r'g,their contribution to unbalance will depena
on the type of transformers used i.e. a single thre'e.phase transfor-
mer or a three phase bank of single phase transformers. The trans-
former reactances in the three i)hases may be qﬁite different in the
case of three single phase transformers in éomparisqn to-a three
phase transformer. This will give rise to unbalanced voltages on
their sec'ondary terminals.

It is rather imposgible to represent each load |imli’tividually in
-a power systeni. In most cases, loads 'a.r_e'_repreaented as composite
system loads, obtained from the demand ;netera at the substations ,
The consumer power demands at random times are npt known ang.
the Ioads in ﬂ\me three phases are not balanced. The power system

loads are  modelled either as constant irnpedance or constant current
*

loads.

For most purposes, in _the‘steady state analy/sia of power

7

b
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systems, the'f'.load..ﬂow‘ solution is based on perfectly balanced three
phase.networka 61':era.ted under balanced three phase generation and load .
conditions. ~ An analysis of one phase of the system yields sufficient
information about overall system performance. The load flow used to study
~ the voltage and power flow conditions for a balanced. power ay'stem is
known as .single phase load flow, However',. the present Iérge and extra-
large' power systems are being operated at very high voltages and have,
therefore, a substantial amount of unbalance among different phases
of the system ‘which can not be ignored. It becomes important, there-
fore,on reliability, stability and other grounds to analyze each phase of
the 'lerstem sepa;ra.'tely'.' This can be done with th® aid of a three phase
. load flow’ [see éhapt;r 4] 'fhereby obtaining information about
. current and power flow unbalance armng the individual phases of
“transmission lines and transformers.

| .Chaptef two describes in detail the primitive network
matrices, required to represent the electrical behaviour of the
individual network elements. ' These matrices can be formulated
from the data available frbm' the standard conductox" tables, trans-
.mis’ sion line lay out and from the -interconnections in the network,
The formulatj.op of matrices has be'en discussed in the phase frame
0}; reference, , o
The general theory ﬁﬁderlying load flow analysis has
been reviewed iﬁ chaptey three, which shows the formulai_:ion of
the load flow problem fpr the analysis of balanced aysteﬁ.

Chapter four appli:es the basic load flow techniques to formulate

- the three phase load flow algorithm for the analysis of unbalanced
systems.. The requirement of both phase frame of reference and
sequence frame of reference for the analysis of present large

systems has also been discussed.



e

Chapter five reviews some of the numerical methods
which can be used to analyze the three phase load flow ‘problem,’

The concluding chapter six presents numerical results

for\the two ple systems analyzed with different methods.
The th;eoretical predictiang 're.garding current unbalance discussed .
in earlier chapters héve also\been analytically analyzed in terms
of sequence components, and kesults tabulated for’t}\ze sample
sye;te:m with diifefent cox_lil.c}r ceqpfigurations.

The programming has been done using an IBM 360/ 65
system. . | ' v ‘

~ 4
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.o CHAPTER 1II , &
- .

Vo

COMPUTATION OF NETWORK MATR IGES

s

2.1 Introduction

The first step in the analysis of all electric networks is the
formulation of a suitable mathematical model.? The model must be
sufficiently complete to describe the behaviour of individual network
elements and their interconnection with other elements, For the
. analysis of power systems the mathematical model should relate a
selected set of network voltages with another selected set of powers.

The electrical behavlour of the md:nndual network compo -
nents can be formulated with the help of primitive network matri ces,
The primitive matrices have sufficient informa.t'ion on the electrical
characteristics of individual elements but they are unable to p}ovide
any informa.tion. about location and interconnection of the different
elements. It becomes essential therefore, to transform the primi-
tive network matrices to obtain a final network matrix. by the use of
. a suitable transformation ma.trix; tailored to the requirement of the *
numerical 1'-nethod used. The transformation matrix. depends on the
reference frame used in the analysis of th.e pe'rformance equation;
na.rhely. bus or loop [87] . In the bus frame of reference the variables
are bus voltages and bus currents wherea.s in the.loop frame of
reference the variables are loop voltages and loop currents. The
bus frame of reference has been used throughout this thesis in the
analysis of the performance equation.

The geometrical structure of the network components can be
described by single lme segments irrespective of the electrical
behaviour of the components. These line segments are called elements

and their terminals are- called nodes . The geometrical interconmection



of the elements of a network are represented by a graph.
_ The fo]lowmg matrices are required for the representatmn of

the network, ‘ | '

(i) Bus incidence matrix

(ii) Primitive impedance matrix

(iii) Primitive shunt admittance matrix .

2.2 Bus Incidence Matrix

N
The bus incidence matringis obtained by deleting the column
corresponding to the reference node of the element node incidence
matrix, This matrix is generally denoted by "A" [87]. The ele-

ments of the matrix are as follows

1 If the i element is incident to and oriented away from the-

a,, =
ij \ .
j node
a.ij = -1 If the i’ch element is Incident to and oriented toward the j
mdew.e\\__r_“ | .
a.. = 0 otherwise h
1)

The d1mens1ons of this matrix are ex (n-1}, where e is the
r.'—\
number of elements and n is the number of nodes., The matrix is

rectangular and therefore singular [8].

2.3 I.mpedenee Matrix

The primitive impedance matrix gives information about the
electrical characteristics of the transmission line. The parameters
which affect the performance of the transmission line are '

(i)  Resistance

(ii) Inductance ’

‘(iii) Capacitance
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The primitive impedance matrix depends mainly on the
numerical values of the resistance and inductance of the conductors,
Resistance and 1nductance in turn depend mainly on the Iength of
the line, conductor cross- aectmn, conductor spacing, number of
circuits used and number of conductors per pha;se [17.

The value of self and mutlal impedances for the transmission

line can be calculated by the use of the following relations :

Zio = (trd+ jok(In z;m ) D (2.1)
‘ - . J
‘ De: - ] .
Zij = rd+ jwk In '13-1—- = . (2.2)
' J if j
in which .
T, = resistance of pha.se wire i (available from standard
conductor tables) -
r qa earth resistance (d.ependent on return earth condition)

GMR = Geometrical mean radius of the conductor

Dij = Geometrical mean distance between pha.se iand j

k = constant whose value depends upon the unit of length chosen

and on the logarithmic base used [1]
©@ = \constant whose value depends on the frequency,
D, = Quantity which is a function of earth resistivity p and

-

frequency f and can be defined as

De = 2160 ,'%" unit length, : ‘

The value of .p differs from place to place and depends

upon local earth cond1t10n8 - It can be taken equal to 100 Ohm-meter for
average damp earth. | '
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. The primitive impedance matrix is also affected by the
presence of ground wires. In the computation of the pri_mitive' impe -
dance matrix for the tranamission network with ground wires proper
reduction techniques must be used before the final resultant matrix
is obtained as discus sed in [17]. The dimensions of this matrix are

(b x b), where ‘bt is the number of branches in the network.

2.4 Shunt Admittance Matrix

The prirniti\?e shunt admittance matrix depends mainly

upon the capacitance of the transmission line . The c‘apacitance, in
1 tuf;1., depends upon the geometry of tﬁe cross-section of the line,
| the permittivity of the dielectric present and on the height of the
conductors above the ground plane [92]: In overhead lines the shunt
admittance is a pure susceptance since the conduction current between
phase wires and grouﬁd is negligible. v

The capacitance of the transmission line can be éompute;:l

with the help of potential coefficients [13]. The fo]iowing equation
relates the potential c.oefﬁcients to phase voltages and charges on the

conductors. ’ . \

V1= [P][a] (2:3)

" where
V = is the voltage vector .
P = is the matrix of potential coefficients X
and
q = is the vector of electric charges on the conductor.

w

The potential coefficients can be computed by the use of the

following equations :




- 12 -

‘Self potential coefficients :

i i
P.. = In — , i=j
- ij 2w ¢ T
Mutual potential coefficients :
. - 1 in E’.’j— i # 3
Pij = 2me ° D.. J
. ) ij
where
H, = is the distance between conductor i and its own image
r, = is the equivalent radius of the conductor [9]
Hij = ‘isthe distance between conductor i and the image of
) conductor j ’
fb -
Dij- = is the geometrical mean distance [1], between conductor i

and conductor j .

From Eq. (2.3) the value of the capacitance can be obtained

as the inverse of the potential coefficient matrix as
-1
[c] = [P] (2.4)
The elements of matrix C in Eq. (2.4) are known as capa-
citance coefficients or Maxwell's coefficients. The diagonal terms in
matrix C are positive and all the off-diagonal terms are negative.

_ Rewriting Eq. {2.3) in terms of Maxwell!s coefficients one

obtains -

fe1= [c1[v]  @es)

|

Equation (2.5) can be transformed to a current equation in

D ~ the sinusoidal steady state as follows

T = jwq = jwuCV | (2. 6)

ATl e ot
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The current vector in Eq. (2.6) is the charging current and

may be redefined as

I = Y,V . (2.7)
where

Ysh= jwC

which is known as the capacitive susceptance or the shunt admittance

matrix for the transmission line,

2.5 qumation of Bus Admittance Matrix

The performance equation for a power system network relating

currents to voltages in the bus frame of reference can be written as

I o= WYy oV ) (2.8)

L

The bus admittance ¥hatrix - ¥ - in Eq. (2.8) has a well

defined structure, which makes it eagy ::): lC::onstruct automatically. It
is a squ;\.re symmetric matrix of order (n %x n), where 'n' is the n_ux‘nber
of buses in the system. Two methods wil describeél f:or the computa-
tion of the bus admittance matrix, It is assumed that the primitive impe -
dance, primitive shunt admittance matrix and bus incidence matrix have

-

already been computed.

2.5.1 Meéethod 1. The primitive admittance matrix is obtained from
- \

the primitive impedance matrix by matrix inversiox to give

. ’_1 . .
y = (Z) : = _ -

where

is the primitive admittance matrix

~3
n

”

Tz is the primitive impedance matrix
- . .

The elements of Yigg 20 be computed as follows:

Diagonal éle;r_nent Y is obtained as the algebraic sum of
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all -admittances incident to node i.
* Off-diagonal elements is the nega.twe of the branch admittance
between node i and j .

Except for smal:l networks, very few nonzero mutual admittances

are present, wh.lch makes Y a sparse matrix,

bus
For a 'n! bus system the diagonal and off-diagonal elements

can be mathematically defined as follows :

Diagonal Elements :

Y.. = Yii+yiz+il0 +y_.il(+... +Yin+

ii
Yenit™ Yeniz * o *Vonie ¥ Yehin
Off-Diagonal Elements: ~
S I ' &

For very large systems the compﬁtation of Y by the above

bus

‘method is very time consuming, so the following method is generally

used. .

2.5.2 Method 2: Consider the two forms of prinﬁtive networks in
which the transmission line connected between points p and q ha‘a“been
represented, by z pq in the u'npedance form and by qu in the admitifgnce

iorm as ahown in F:g. 2.1. l

:: l: :jw
ol : : !
[z ] 5
- °n z,, ]I' p q
Vv, g
’ P Pl o Ve
I ‘ '
. e :
et .- B L e e . L . '
- Impedance Form . Admittance Form

_Fig 2.1 Primitive network répresentation. .
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The variables and parameters are

qu o 'is the vo}tage across the element p-q

epq = is the source voltage in series with eiemenﬁ p-'q ) .
ipq -~ 1is the current fhrough element p-q- .

qu = is the soufce current in parallel with element‘p-q %

zpq - '%s t};é self i.mpedancé ';sf ‘etement p-q . S
Yp-q ; _ is th‘(?‘ge‘l"ftednﬁttance of element p-q .

- The variables qu and ipq for the p#saive elements z
and qu of the primitive network are ccrr:plex numbers for alternating

current circuits and real numbers for direct current circuits.

For the impedance form one can write the fol}ow'mg equations:

¥ _ =V _ -V
Pa P d ”

V +e : z .i i . ’
P pa pa" pa ' o

In matrix form the variables are defined as vectors and

passive elements as matrices as follows

vi+e = z. i ' (2.9)

and for the admittance forﬁl one writesA '
i 4+3 . = . v
pa ~ ‘pa  Ypa” Vpq

or

i 4. =y.v (2. 10)

p
The parallel source current in admittance form can be

related to the series source voltage in impedance form by the relation:

: 5= e L (2.1t
> ’pa T Ypg' “pq (1)
Multiplying Eq. (2. iUVKy.the transpose of the bus incidence:

matrix, one cobtains

‘ %
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D

(A%, (14 (A%, 5 1= A% . [ vV

P

(2.12)

The 're ation At. 1 in Eq. (2,12) is a vector in which each

element is m?ﬁigebraic. sum of the currents through the network

elements terminating at a bus, By Kirchhoff's law this summation

of currents at a bus equals zero. - ,

. . t - . -
Similarly A'. j gives the algebraic sum of source currents

at each bus and is equal to the vector of impressed bus currents.

This may be written as :

ssed as

= : t = . _ . “

Ibu:s = AT

Equation (2.12) can therefore be rewritten as

8,1 = 189 (] )

poe 1Y [sel

P .

Similarly, in the bus frame of reference one has

%k t.
Py 7 Upus 3 [Vpyed

(2. 13)

(2. 14) .

‘'For the primitive network the sum of powers can be expre:=

(2. 15) |

(2. 16)

Since the transformation of variables must'be power inva-

riant one can write : %,
Pb = Pp

or * ¢ *_-t
Mpued * [Vpged = [9 15 [¥]

But

l-\»
. t * t
(1,1 = (71 (4

Since A] is areal matrix one obtains

-

(7 raTrerv ) = 8. o)

(2. 17)

~a
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From Eq. (2.17) it'follows that ‘
(V)= [A] « [Vi,,) | {2,18) .,

IHence' one obtains . R :l { P .
[Lb‘usj = B ] VT = (AT [Y1TAT [V, ] (2-19)

From Eq. (2.19) the bus admittance matrix ip the bus frame

of reference can be defined as i

t )
[Ypael = (4] (] [A]  (2.20)
Rewriting Eq. (2.19) in compact form-as .
T Uyged T [¥p,0 TV, .. (2.21)

" In Eq. (2 20), y- refers to the algebraic sum of the adxmttance
ma.tnces of the network and can be defined as

-1

[zpl'im] (2.22)

[y] = ygl +
If the transmission lines of the network are fully transposed'
then the self admittance terms of the primitive admittange matrix *

are balanced. For the system:of untransposed transmission Hﬁ‘&s{ﬂlgﬁ
b

ground w:.rea having phase sequence a-b-c'say; the-selfadmittance of pha
of the pr1m1t1ve admittance ma.tnx is about 10% higher than the self adm:.ttarkce

of phase 'a or c.

2.6 Computationr of Bus Impedance Matrix

_As discussed earlier [ see section 2.3 ], the bus impedance
matrix consists of self impedances and mutual impedances. The dia.gonal*"‘\r
elements of the bus impedance matrix represent the self or driving- .
point impédances whereas the off-dizi‘igbn‘é',l elements are the mutual’

impedances.,

S N\
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Réfer_erice node’,

N

new line (branch)

Passive ® .@

{ . |
| Network 1 new line . .
. {branch) o
i . . o (b)

.' —®"

I o
Passive | | new line
. ~ (link)
. Network © -

1 w0t A{e)

Reference node

new line (Iink) |
(d)

1

.
st “~

RN

Fig 2.2 Addition of a new line to a existi.ng network.
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The bus impedance matrix of a given system can be obtained
by sta.rtmg with a single transmis smn line, addmg one line at a time
aLnd mod1£y1ng the matrix for each line addition. The fu'st step in the
formulation of the algonth:m is to draw a single line dlagram for a
balanced system, an actual line ‘repesentation for each transzmssxon
line of the unbalanced system and the selectmn of a reference node.

All the new lines to be added will be one of the following type

(i) A branch from the reference to a new bus (Fig. 2.22a)

.(ii) A branch from an existing bus to a new bus (Fig. 2.2 b}

(iii) A link between two already existing buses (Fig. 2.2 ¢)

(iv) A link between the reference to 2 new bus (Fig. 2.2d) .

The 'algorithm starts with the addition of a line, from the

reference bus to any other bus of the system. TFor the balanced system

' the mutual impedances between different.phases can be neglected as

single line representation has been used for the system.

2.6.1 Addition of a branch of the reference : Let. to! be the selected

reference bus and let the line op b_e added, thereby creating a new

bus P as shown in Fig. 2.3. ’

v

(O Reference node

oo o| o0 : New Line * .

| Bus p
Passive _ *
‘Network | 1 i p.u. .

s ——— o

e ot e e A 7

Fig 2.3 Addition of a line to the reference bus.



The next step in the formulation of the algorithm is to- inject 1 p.u..
| current at the new bus P and to measure the voltages at the existing
busea wgth respect to the reference bus . In fact,this current will
produce zero volte;.ge ‘at the other busefs which are already assembled.’
’ Further:'no re, if one injects a unit. current into any bus of the system
that has already been assembled, this unit current will produce zero

voltage on the new bus p.\‘ The performance equation yields :

-1 -
[ v, Zyg By e Zyoees Zy Z, 0
v ‘ [ ] u.o. . ® 9 y
2 %1 . %2 Zoxc . Zom  Zp 0
= .2 & z « s » ' -
Vi Zet G kk Ziem ka ' 0
.: ; I ; (2.23)
v y . o - . . 0w
‘m zmi sz zm.k_ me Zmp 0
Z YA v es £ . . s Z Z 1.0
Vp | pt “p2 Pk “pm  “pp
- L. "‘\?' . / - - -
Thus
p = V4
2p = Va2
kp - 'k (2.24)
z = v )
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But ‘ ' e
Vk.‘ = 0 for x # p
and C .
v = Z. +1 = Z = Z
. P line 'p line op

Thus, for the addition of a branch to the reference bus thereby

creating a new bus p, the general relations can be expressed as

2 = Z = 0 for ¥ £ p
Pk kp : : (2.25)

[

pr line

2.6.2 Addition of a branch to an existing bus: If }e element p-q is a
‘branch and is added to the exlstm.g network at bus p, then a new bus q

is created as shown in ¥ig. 2.4. The performance equation for the

Referance node

&
- Pdssive |
Network
’ New line ' ' )
7F1q=|£) ' N
B ‘Tfifﬁi'?: e T?””'; R ZI]I; rV?1n~V o |

T S R ingioult S

Fig, 2.4 Addn‘non of a branch to a exmtmg bus.

D N S
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pr
new network can be expressed as g
}

vi zii Ziz - » 4 Zip - a - zim Ziq 0
Vol |23 Zyp v - zZp e Zyn 2 0 .
» . M - . ,',
Vv = Z Z . . » VA PR Z VA 0

P pi p2 PP pm  pg (2.26)
- L 3 ’ L) .
v Z 2 g 'sz c e Z zmq 0
v z Z e Z. ... Z z I =1

q ] ql q2 qp qm qq | q |

The additional elements added to the impedancemzﬁ:rix can be obtained

by injecting 1.0 p.u. current at bus g = thus obta.ini.ng

Ziq

1

v
V2

. . (2.27)

v
m
v

As is evident from the system diagram

v
a q

)

-

Vv +2Z. J1 =

P line g zpp * Zline (2.28)

/ Y
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hY
Hence the results for this case are as shown.

Z. = Z,
1q 1p ‘ )
_ ' for i £ q
i T P - ka2
. 2 b
qq PP

]

"2.6.3 Addition of A Link Betwefn Two Existing Nodes If the added

a voltage source Eloop as shown in Fig. 2.6, This creates a fictitious

. —ema e . ‘

'

|

!l
(.

Passive : |

Network .
7
® e Circulating —1— @
Current a |
’ | ‘ @ U A, . "/ vtea e
T TTUTYRiGlEs Addition of  timk,
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bus P! which will .‘bo._a eliminated later. .. As the addition

of a link does not add a new bus tfje dimension of the bus impedance

matrix staya u.nchaﬁged. The voltage source E

loo

is selected such

that the cyr rent.through the added link is "1,0.. The circulating current

or loop current of unity can be considered to be produced by a current

I
p
and

I
q

expressed as

Elo o;

1.0

-1.0

- Z

ip iq

2p - Zlq
A A

PP Pa
Z - Z

qp .qq
Z - Z

mp maq
Z .= 7 + Z
loop-loop PP aq

-7+
Pg

The voltages appearing in the system with Ip

and I
q

: .(2.30)

line

Thus the performance equation for the network can be

written as. .

[ Z

1 1"
v, zZ,,
z
vp 1
=]z
V! Z.1
: : Z rZ
l_nlap‘ L Tplat

. 02

12

"2y

q2 -

z

e 0 lp. 'zlq 'L

LRI zzp ZZq sue
2 Z T e

sww PP pa -
Z z -

*** Tgp  Tqg *°

.
evs Zmp Tmg

2

z

im ip T4
T
.'
z -2
Zpm P Pe
-z
zqm-.‘ z'IP 9
[ ]
L ]
L ]
zm
z -z

ey

can be

(2.31)
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Hence the results can be summarised as follows T

' Z, - loop = Z.1 - Z, 8
Zl - 7 p - Z1q i# loop -
loop -7 piL qi (2.32)
and
zZ = Z + Z -2Z + Z..
loop-loop PP qq Pa line
! .
To eliminate the fictitious node sp " one applies the matrix
partitioning technique. Since Eldop = (, the matrix equation can be

4
expressed as {
AV

vbus - zbua Zi -loop I'buza; :
- (old) (2.33)

o

z_loop-i Zloop -loop I1‘3‘0P

From (2.33) the resultant bus impedance matrix can be

obtained by Kron's reduction technique as follows
v . /.
-1

Zhus ) Zi-looi:' Z1c>0p-100p' Z].OOP i

bus fzbus ) 1 (2.34)

' The process of building up the bus impedance matrix is
co&ﬁ:%hugd until all the buses in the system ﬁave been absorbed. .
The bus impedance matrix can be modified to reflect changes
in the network. These changes may be addition of eléme-nts, removal
of elements, or changes in impedance of ei.ements. zbus is considered
as the matrix of the partial network at that stage and the new elements
are a&de’c-ihéne at 2 time to produce the new bus impedance matrix [87.

The procggttre to remove elements or to change the imnpedances

e of the elemenm same. If an element is removed which is not

mutually coupled to any other element, the modified bus impedance-

matrix can be obtained by adding, in parallel with the element, a link
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whose impedance is equa_l t_o_the negat?ive of the ‘impedance of the
element to be removed. If an uncoupled element is to be replaced
by another element of different impedance, tfxen to obtain the new
bus impedance mé.tri.x, a link is added in P raliel to the e}gment. to

be replabed such that the equivalent impedan e of two elements has

the required value,
If the element to be added has mutual c,oupling with one or
__more elements.of the partial network then the majority of the .
elements of the current vector in (2.26) will not be equal to zero but
will have some valie. The relations governing the formulation of the bus
impedance matrix when mutual coupling exists 8] are given in

R

Table 2.1. Thke following notations have been used.

pd = is the element to be added and can be either a branch.
t;r a link. @ : -

Pg = is a variable subscript and refers to all other elements
of the partial network before the new element is added.

. 1 ..
Zqi = is the mutual between element q and i.

. qu, pc = is the matrix of the mutual admittance between the new
' element p-q and: the elements p-¢ of the already existing

partial network.

y = is the transpose of the vector y .
pPa,Ppd CTPLp O
£ = is the fictitious bus created when element pq to be added
is a link. -
k]
m = is the number of buses in the partial network before

2 new element is added.
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CHAPTER NI o ’

REVIEW OF LOAD FLOW ANALYSIS

;(.1 Introduction

Load flow studies are one of the essential requirenfents in%\ s
planning and operation of power systems. Load flow studies provide
information to enable the active and reactive power flows to be deter:
mined together with other pertinent information such as bus voltage
levels, ma.chme excitation, tap changes and reactive compenaatmn
requirements [107. Such investigations allow the optimization of
system losses and provide a check on the stability and security of the
system. To keep pace with load growth, new generators, system
interconnections and new transmission lines will have to be added to
the existing systerh.' Any change in the existing system has a direct
effect upon system voltages and currents, as well as real and reactive
) pow'er flows. In meeting the reqﬁirements of active and reactive
_power the former must be supplied entirely froz_n the generating sources,
but the 1atte§?may be supplied from otixer sources such as shunt -
capacitors, synchronous condensers, etc.

The information obtained from a load flow study is the magni-
tude and phase angle of the voltage at each bus and the real and reactive
. power flows in each line. of .a network for specified terminal or bus
conditions. In general, the power Byateﬁls are assumed to be balanced,
such that single phase r-egresentation of generators, traﬁsformers'.
transmission lines, etc.,"is used to pexrform load flow studies.

In the solution of balanced power systems the starting goint is
a single line diagram. The purpose of the single line diagram isl to

supply in concise form the significant information about the system.
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'i‘he importance of differZ:lt features of a system varies with the
.problem under consideration and the amount of information i'n'cluded
on the dia:grém'depehgls on'the purpoge for which the di_a.gra.in is
intended [11] . \"oltage, current, .kVA and impedance in a circuit
are often expressed as a per unit of a selected base.or reference
'\value of each of these quantities. .Thus a per unit quantity is a normal -

ized quantity with respect to chosen base value [ 6, 10, 11, 12, 13].

. In practice, it is often found more convenient to work in per unit terms

+

than to work with the actual values.

3.2 Load Flow Terminology

-
[}

Associated with each bus of the network are four quantities :

the real and reactive power, the volta.gé magnitude and the phase angle.

" Normally three kinds of buses are identified in a power network and at
a bus two of the four quantities are specified. The first one is the swing
or the slack bus as it is generally named, It has always a generator
of adequate caI;acity connected to it. This is the ﬁus which will respond
first to a changing load condition and will supply transmission losses,
since these are unimown until the final solution is obtained.' Voltage
rﬁagnitude and phase angle are specified for this bus. The ;emaining
buses of the system are designated eithér as voltage ‘controlled buses or
load buses, Th—é}e{ﬂ. powér and voltage magnitude are specified at a
voltage _cont;-olléd bus, generally known as a PV-bus, Ifa generatqr"
is not connected to a voltage controlled bus, a suitable source of |
reactive power must be connected. A bank of shunt capacitors or
synchronous condensers are commonlf used. The real and reactive -
power is specifiedfor aload bus generally known as a PQ-buB; If there
is no load or generation at 2 bus then it can be considered as a 1gad :

bus where active and reactive power are taken equal tb zero.  The three

/
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bus types can be summarized as follows

: LS
(i) PQ - bus- or load bus : real and reactive powerare specified..

(ii) PV - bus or voltage controlled bus: voltage ma.gnitucie and
. and real power are specified .

(iii) .. Type 3 bus or swing bus : vblta.ge magnitude and phase zingle

L.

;. are specifi'ed.

Network connections are described by using code numbers
assigned to each bus. These numbers specify the terminals of trans-
' mission lines and transformers, ) ‘

Load flow studies performed for tht.a.static operating condiﬁon
of a power system requ.i.:;e the solution of nonlinear equations satisiying
' the voltage and power requirements at th.e chosen‘points of th‘e system.
The equations can be established by using either the loop fraxn;a or bus
(nodal) frame of reference. The latter is more amenable to digital
- computer analysis, so that the nodal iterative approach to the solution

of load flow problerrshas now become ﬁnnly establisfzgd [10]. The

advantages attributed to the use of nodal voltage methods are

(2) The number of equations 4s small. \\l

(b) The system is represented in terms of node numbers
.and the intepconnecting impedances and admittances .

(c) Parallel branches do not contribute to the number of
equations . . | |

(d) Crossover branches do not increase the-cozﬂplexity in
the formation of the bus admittance ‘mg:trix.

_b (e) Formulation on digital computer is gomlﬁaraﬁvely ea:sy .
{f) The bus admittance matrix can easﬂ; be miodified fdr

subsequent changes in the network.
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The solution of the algebraic equations describing the pO\;JEI'
systern are based on iterative methods because of their nonlinearity.
The solution must satisfy Kirchhoff's current and voltage laws. The

check on the convergence of the iterative procedure is based on the
‘use of one of these methods. The l\g?q.__d-ﬂc'_)w solutio;}.must alsé include
the fegﬁlaﬁhg ca.pa.i:ility ‘of generators, condensers, tap changing
transformers as well as the net interchange of power between the

| neighbouring systems.

3.3 Power Systerh Equations

1y

The equations describing the performance of a power system

network using the bus frame of reference can be expressed as

- Vius © zbus . Lbus in impedance form T (3. 1‘)
.or _ _ .
Ibus = Ybua . Vbus in admittance form (3.2)

| . | th . .
The net real and reactive power at the k' bus is given by

[

L)

gy . i = P, i (C - Q 3.3
: ) Pk + Qk (ng Plk)+ J (ng 'IK) (3.3)
in which
. ' th
ng is the real power generated at the K bus
ng is the reactive power generated at the Rth bus
P 1 is the real power consumed (load) at the Rth bus
1k _ .
¥ Q 1 is the reactive power consumed at the Rth'-bua
ik : . . ‘
Equation (3.3) can be rewritten as . v
Sk = Pk + ] QR = S'gk-sl-ic : (3.4)
where . . - th -
Sk iz the complex power available at the k ~ bus
and '

sgk and Sl are the complex generated and load power at bus k.
: k '
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Let the injected current at bus K be I}c and the volté,ge at the
bus be’ Vk as shown in Fig (3.1). The complex power injected into the |
power system.network, from bus k can be expressed in the general

form as : - ' {

» To other Buyses

\:’7,_ B Cn mim a4 e e e e can ¢ e = e o -
-

- Fig- 3.1 Complex generated and load .
powers at bus k.,

. |
S =V .1 (3.5)

x Kk K

From Eq. (3.5) the injected current Ik canﬂbe expressed as
o= _S.E*._ ’ ~ ' | (3. 6)
K V;: , . ’

‘where ' %! denotes conjugation.

{ N
i

From the basic performance equations © <

[1] = [Y] [V] | (3.7)

Equation (3.7) can be expanded for a n bus system as

oz
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~
I1 Yli, le s . Yik s e Yin Vi
12 Yzi Yzz LI B sz LI Y an VZ
HEER . - (3.8)
IR YKi Ykz " = ¢ Yl{k . * » Ym . VR
In Yr11 YnZ P Ynk SR Yn.n Vn

From Equation (3.8) one can write the following for the )

k.th buB .

-

Ik = Ykivi + Ykz' vz. . e Ykk. vk+. .. +Ym‘\fn (3.9)

From Equation (3. 6) the current Ik can also be expressed as,

St . P_-jQ
K 3
ot oy T T - (3. 10)
vk vk

.

Equations {(3.9) and (3. 10) can be combined to give the following results,

K TR L oy vy o4 oYV (3.11)
v Kk VK 2y ki i )
'k ifk
Equation {3. 11) can be rewritten as
P -iQ
i n
v = X .5 ¥y V. (3. 12)
X YKR v i1=1 K1 1
' k itk

which is the basic ‘equation for'the iterative procedure.

Equation (3. 11) is the basic equation used in the iterative
solution of load flow by Gauss-Seidel's method using the bus admittance

matrix. Since the voltage at the slack bus remains constant thrbughdut
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the iterative procedﬁre and ‘generally the slack bus is assumed to be

number 1, Eq. (3.12) can be modified to

P -iQ

{ . n _
e Vv = kX .y vy .V ivyv (3. 13)

%
KK v =2 i K1
K )
itk

3,4 _Calculation of Reactive Power

As discussed in section 3,2, ‘the quantities Known for a voltage
controlled bus'are |V |, the voltage magnitude and P the real power.
The reactive power Q at the bus is unknown. To proceed with the load
flow analysis the calculated value of Q is ingerted in the calculation.
The value of reactive power Qk at bus k canlbe computed by using

Equation (3.11) as follows '

* )
Sk node A
e B ii Y © Yy
K =
or
S* . % node 3. 14)
i=1
or I
o x node. i
- i = - : .1
P, iR =V, 1}21 Y. v, , _(3 5)

The reactive power is the imaginary pqa.rt of the complex power

Sk' Thus from Equation (3.15) ope obtains

* node .

=t

where k ¢ {P’V - buses }



3.5 ..I...ine Flow Equations

There is a flow of power from the generator buses to the load
buses through the transmission lines, Power is also transmitted to

- buses having insufficient power generation from the buses with extra
available power. The amount of power to be transmitted through the
transmission line connecting bus p with bus q as shown in Fig 3.2

can be computed as follows

\_.“% . ‘ * ) ~—

.. ® | ,
- g—»Pa — lap o
pq
l'shp iishq |
Wo_L Vq

Yshp ' Yshq =

S——— ' i
n—— ——
— -—

' Fig 3.2 Power flow between buses p and q.
The current injected into transmission line pq. from bus P

can be expressed as

Tg = Vp-Vg) vpq +V (3.17)

pd Pq p * Yshp

Similarly the current injected from bus q into line pq can be
. {
expressed as

I =V—V)- +V.
ap Vg Vo ¥ Y

3.18
qp q sh q ( )

where |
ypq - is the admittance of line pq -

Yp = is the admittance of line gp
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y - is the shunt admittance placed at node p

sh p
Ysh q° is the thnt.adnﬁftance placed at node q .

The linérpriower Spé' measured at bus p equals.

S = v .. I
pa P pd

n

v v -V ). + vV . * 3.19
L Vg ¥ * Y Yehp | (3.19)

The line power qu measured at bus q equals

%
S = v .1
ap q qp
= V_[(V_-V) +V ' ]* (3.20)
q a” p " Yap” g Vshaq )

3.6 Power Mismatch

Figure 3.3 shows a typical bus k having both a generator and
a load connected to it. This bus is also connected to buses m, n and p

of a large power system network.

"Bus K | to Buys m

—»Skm

@Sgk_’ —»Skn

__ ——toBusn

—» Skp

i’O Bus P

Fig 3.3. A typical bus.
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\The power injected at bus k is given by

. _ s ) ]
Sk' Sgk. 1k Plc + JQR

There are threenlines connected to bus k, their line flows are

calculated by the iterative procedure and given by

line km T Slcm = Pk:rn + ] Qk:m
line kn : Slcn = Pkn + JQL&;
line kp : Skp =. Pkp + ] Qk.p

The Power mismatch for a bus can be defined as the algebraic
sum of powers injected into and out of that bus.
Thus,

Real power mismatch

APK = PR - (Pkrn + Pk.n + PKP) (3.21)
. Reactive power mismatch:
= - ‘ . 22
AR Q R, + 2, + QKP) (3.22)
In general form the complex power mismatch at bus k can be
d
gcpressed as a &
"_\Sk = SR - :\: SRi (3.23)
' i=1 -
' ifk

where n is the number of nodes.

3.7 Line Liosses and Total Loagses

The power loss for a transmission line connected between buses
P and g, as shown in Fig 3.2, can be expressed as
Loss

s = §* 4+ 8 = (P +P +3iQ  +Q 3.24
pa pg * Sqp T (Fpq tPqp) HIR 4 +Q) (3.24)
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The total losses are then given by

. |
5-0%% = 5 £ (S. +S_) (pyq) € buses (3.25)
T > q P3P

The losses can also be calculated by taking the algebraic sum
of the complex bus powers at all the buses of the network. Mathemati-
éa.lly this can be expressed as

, Lf;"BB node

S T = = Si (3.26)

. i=1
This method can 'g:ompute the total losses, but is unable to
calculate loss in a particula.r. line. The losses calculated by the two
'methodﬂ will not be exactly egual, the difference ‘betv‘v‘eén the two

numbers should correspond to the total poWer mismatch.

3,8 Slack Bus Power

~The slack bus power can be computed by the use of Equation
(3.5) as follows

s, = Vv, . 1I

i 1 1

For the n bus system Equation (3.5) can be transformed to give
. * :
Sy = Ve (Y VY VY Vo kY, V] (3.20)

1 3
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' CHAPTER IV

'Il-[REE PHASE L.OAD FLOW

4,1 Introduction :

For most purposes in the steady state analysis of power
systems, the unbalance in a power system network can be ignored and a
single phase analysis is adequate [14]. The increase in extra high
’volta.ge lines in power system networks, particularly in areas where
large hydro and nuclea;' power stations supply remote and large load
centres through untransposed lines or lines with very few transpoa.i'-
tions, the unbalance effect becomes quite significant [15] Some
other factors such as unbalanced loads, unbalanced generation,
loss of single phase reactors, unequal phase reacta.nces among single
phase transformers of a three pha.se bank and other factors also
contribute towards the unbalance of the system [16]. Large 'single
phase loads like induction furnaces and traction motors or single pole
switching require a detailed study of their effect on the power systemn
unbalance before and after circuit breaker operation [14]. As i"a.rr
as the power system network is concerned the unbalance may not be
especjally significant but in terms of"indi.vidual components of the
network, the unbalance may have adverse effects.

Unbalanced currents‘can causeﬁserious problems. The presence
of negative sequence current at the generator terminals may cause
overheatmg in the rotor. Ground currents (zero sequence) can cause
malfunction of protective relays. Current ﬂo(v unbalancé affects
power system losses, contributes to ground currents a.nd electro-
magnetic radiation,

To minimize unbalance in the power system network due to

transmission lines the following factors should be thoroughly investigateci:
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number of conductors per phase, spacing between phase conductors,
number of ground wires in the cir"cuit and their iocation, etc. . The
transposiﬁon of tra.nsrnissi_on line at regular intervals can check un-
balance in power system networks, but it is not acceptable on reliabi-
lity and economic grounds [ 1] .
| To check the general performance of the system the usual

load flow analysis is performed; which is based on balanced three
-pha.se networks operated under balanced three phase géneration and
load conditions. Single phase load flow analysis, therefore, is taken
as adequate and unbalance effects in the power system are ignored,
whereas the three phase load flow explicitly simulates all three phases
6f the system thereby revealing any power flow unbalance. Three
phase load flow analysis also allows detajled study of individual compo-
nentsof the power system. |

 The. mei_:liod of solution of the three phase load flow is very
similar to that of the single phase load flow., The main difference is
that each single phase voltage, current and p;wer becomes a three
element vector and each single phase admittance is replaced with a
three by three admittance matrix. The generators, transformers,
reactors and other components are represented in more detail.

 The analysis can be done either in terms of sequence compo-
nentsor phase components. The analysis in terms of sequence or
symmetrical components presents problems in the modelling of gene-
rators and transformers, whereas the analysis in terms of phase
. components is advantageous for unbalanced network elements which
are not simplified by the symmetrical component transformation.
The phase frame of reference also a.voidjs the complications of working.
with'rela.tively sma}ler negative and zero sequence voltage magnitudes

which would create convergence difficulties in the iterative solution.




i, - 41 -
" rl
The symmetrical ‘component representation is most suited for balanced
rd .
elements of the network because the sequences are then decoupled and

the sparsity of the admittance matrix is increased.

4,2 Load Flow Equations -

The three phase power system may be represented in the bus

frame of reference as

-39 3p .-3¢
I .Y v

(4.1)

or Y _ . -
voo- 2P, 1% B ' (4.2)

Fora n bus system Eq. (4.1) can be expanded and exprea‘sed

3
as shown on the next page

th
The net power at K bus can be obtained for the three phases

by using Equation (3.3} in the form

Sa- f _a -1
Se |- Pk + :] Qk
S:: = Pz + QE ’ (4.4)
. s
c c c
+ jQ
LSRJ Pk Jj K

The injected current Ik can be obtained By using Equation (3. 6)

and represented as

’- a’l [ _a% a% |
‘ S
IR K / Vk
¥ b b b
I = ]
K k. / vk (4.5)
[od c¥ ci )
Ik S}é ! Vk
| . L. -

Equation (3.12) can be transformed to represent the three

phase system and can be expressed for the }Eth bus as.
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" a’l " aa ..ab ac | -1 [ a i
vk Ykk Yk,k Ykk IK
b ba bb be b
Ve = | Yo Yoo Y oo I 0"
c ca cb cc c
] Vk— i Ykk Ykk YRKJ I Ik ;
— .. - ab ac'\ Y
node Y!u chi Yki Vi
ba bb ' be b .
i= 1 Y T ki M (4.6) _
. . o..ca cb cc c
- iFk LIRS Yy viJ
E ~
Equation (4. 6) forms the basis for the iterative procedure. “

power can be injected from a three phase bank of shunt capacif‘ rs

or synchronous condensers. To calculate the amount of reactive

power that must be injected to the 'Rth bus, the current injected

at bus k 1is obtained as

from which the reactive power is obtained as

i . -

|-J a’l ' [~ aa ab
e node ki : ki
b - _S.. ' _ba bb
Ty T« Y . Y
c i=1 - ca " _eb
I Ix Ko ki

ac
ki,

ch

ki
cc
ki

T

LR YT . ml
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4.4 Slack Bus Power

0R TR P

P

(4.7)

In the three phase analfsis, the slack bus is generally numbered’

asbus 1 and the slack bus power can be_co;ﬁpiited by the use of

following equations.

- 2] - *T B
a a aa
_ 0 0
'Si' V1 Yii
’ b Node :
b . ba
‘ = v
S1 VO /4 0 2 Yii
i=1
. c c 1 ca
0oV
si 0 1J _Yil

4.5 Line Flow Equations

r

ab

i

bb
i

cb

11

ar
ac a
Yii v i
be b
b 1i__\ ‘ ov‘.l
cc C
Y 1£ _Vi

k4.8)”

The power flow in the transmission lines can be computed by °

thf'/use of the equatxons given in sectlon 3.5, From the bus voltages

which are available after the 1terat1ve procedure and the line admi -

ttances. the power ﬂqw from bus i to bus j is given by

- ‘3¢ 3¢* T~
¢ — o . . ;
3: . = v . . .s
1) 1 4]
where K s
3¢ . .
I is the three phase current vector.

i(4.9), B

i

The current veétor can be computed by using Equaﬁon (3.17}) as

- LI
FE
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where

aa
Yshi .7
ba
Yshi

ca

Yeni
.

Yshi

Yshni

bb
' y-ah i

cb
'Ysh i
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E;‘e:: _ab
ba bb
Yij yij
ca cb
Yi; Yy
ac
Ysh i
be |
Ysh i
1
cc
YEih i

line ij and placed at node i,

Thus

4.6 Power Mismatch

L -

computed in a sim

1)
b b
. . I.
1)
»
A o
1)

in Eq. (4.10} is half of the total shunt admittance of

e

-

The ppwejm'ismatch forsthe three phase power system can be

ilar way to the one expressed for 2 single phase case

in Section 3.6. The power mismatch for the three phase case can be

‘W

L1

 computed by the use of equation 3.23 for the kth bus as follows."
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i . "]
a a a
85 %k %
' de
b b . mede b
85 | = | % T E | Sk
i=1
ifk
c c c
S
A Sy e S ! Sk
L o | .
where ) ‘
S = gives the power flow from line k to line i.

ki
The real®and reactive power mismatch can be computed from

Equation (4. 12) by taking the real and reactive parts respectively of

the complex power mismatch.

%,if/l.ine Losses and Total Losses
J :

The power losses for a three phase power system network can
be c'om.puted from Equations (3.24) to (3.26). The power loss in a

transmission line connected between buses p and q can be expressed as
L]

SLOSSa _ S qa. _ r s @
pq ) | P ap
| b
ghoss = s P4 s (4. 13)
2 pd qp
C . .
sLoss | g € S c | -
_ P4 P4 _ , qap 1.
— - - - -

"~

The total power loss in the system can be computed from Equation

(3.25) as follows.



. - 1

Lossz} . — s - —

s .
T b * 1g a | g a -

SLoss . P4 qp
T ‘ - g b +| s b (4. 14) .
L.os sc P 1 Pq ap :

s 5 ¢ s €
T ] jolt] J qp

The total power loss can also be computed from Equation (3, 26)

as follows, . 3

O
[ Lad® s a7
S_ . S.a/
T b node 1 ‘
Loss - b
ST : = _ E Si (4. 15)
SLoss i=1 .. .
T : 5.
L _ | i

4.8 Power System Element Modelling

A A three phase power system consists mainly of the intercon-

- ” . . - . g
nection of generators, transformers, transmission lines, shunt

. capacitors and electrical loads [177. The representation of thexindi-~

vidual elements of a power system network is comparatively simple,
but proper modelling is required foTWEB elements of a large scale
system. In the past, symmetrical components have been widely used
to simplify problems arising in the analysis of p‘ower systems. As
discussed in section 4.1 the analy‘sis in terms of symmetrical compo-

nents is not always proper and transformation to phase components

is required during the analysis. .This means more computer time,

In certain studies involving phase unbalances”such as unbalanced loads,
unbalanced or faulted series capacitors, open phases, unbalanced bank

of single phase transformers, these can be solved more directly in
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terms of phase quantities as opposed to symmetrical components. In"
the representation of autotransformers, however, the analysis with

symmetrical components is comparatively ‘simpl'e [18] .

4.8.4 Three Phase Transmission Lines Transmission lines are

the most common and important elements of a .power system nétwdrk.
They are the most effective mode of interconnecting different elements
of a power systém. For the steady state analysis of the entire power
system, transmission lines are best represented by a v equivalent, in
~ which the total shunt admittance Yeh is divided into two -equa.l pqrts
(for lines less than 150 Km in length) placed at the sending end and

receiving end of the line. The total series impedance Z is placed

in the centre of the line as shown in Fig. 4.1.

P ———ad -~ . #

Fig. 4.1 Typical line between buses p "and . 4.

The series parameters, resistance and self and mutual
inductances are r;e,preseni:ed in the primitive matrix Equation as
[16] |

v o= Z . I (4.16)

[
—
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where

vser consists of the voltage drop.across the

' single phase branches.,

Iser is the current in the single phase branch..
and

2’.%_r is the impedance matrix of self and mutual

impedances, Coe

The self-and mutual impedances in zser can be computed
from Equations (2.1) and (2.‘2). If ground wires also exist along with
the phase conductors, then the additional rows and columas, explicitly
represented'for the ground wiragsr in the impedance matrix, can be
eliminated by using Kron's reduction formula [1] provided their
entries in V ser afe assumed to be zero. If, however, the earth- r
wires of a line are grounded at one end only and insulated for the
remainder of their length, the voltage at the insulated end of the

earthwire will not be zero. The computation of the admittance matrix

for this case has been discussed in detail in Ref. 5.

N e~

The elements of the shunt admittance matrix can be obtained as
discussed in Section 2.3. The formation of the bus admittance matrix
from the primitive impedance and shunt admittance matrices has been

discussed in,Section 2.4,

4.8.2 Synchronous Machines In the modelling of synchronous

machines (generators)for load flow representa.tmn the three voltages
behind the machme impedance, which are balanced in both their magni-~
tude and angle for a balanced design of the generator windings, are
used [ 157. Since the excitation in this case is equally distributed

to the three windings of the\ma.clune the voltages behind the machine

mPedagce will also be balanced. \\\ . -

~

N
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If the analysis is being done in the symmetrical component
frame of reference then the following two assumptions can be made.
Firstly; that the machine is a source of positive sequence voltage and
secondly that there is no mutual coupling between the sequences [t6].
 The use of the symmetrical component frame of reference requires
the recovery of negative and zero sequence voltage at every iteration
for mismatch calculation or representé.tion in pha.se quantities,

The sequence reactances are normally avaﬂable from the
machine data . The generator 1mpedance matrix is denved from the

sequence impedance matrix defined as

2 o o
Q
z = O. z, o) 3 (4. 17)
, o) O z, '

where = -

ZO' Z1 and ZI2 are the zero, positive and negative s.equence
impedgiéces ‘of the machine. _ '.

The phase impedance matrix can be obtained from Equation
(4.17) by applying the transformation matrix relating phase and sequence

qua.ntltltes [157.  The transforination matrix IT* can be defined as

Iy

T = i a.2 “(4.18)
i a

The operator 'a! is defined as

a = 1 1200; a2=1[240°; a.3=1
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. The phase impedance matrix is given by
-1

Z = T - Z l . T
P 8

and performing the necessary matrix computations one gets

_F(zo YZ, +Z,) (Zy +3Z +a 2;2) - (zo+azzi+ aZ,)
| 2 | | 2
zp - (Z0 + a. Zi+aZ2) (ZO + Z1 + Z2 ) (Zo+a Zi+a z?_) |
| , ) (4. 19)
(Zy +2 2+2°2,) (Zgta“z, +aZ,)  (Z 42 +Z))
- : . -

4.8.3 Transformers Transformezl' equivalent circuits are based only
on leakage reactances obtained either from the manufacturer or from
short cir'cuit me:a.surerhents. The magnetising impedance can be _
obtained from the open circuit measurements. Normally, the three phase
transformer is modelled in terms of its symmetrical components under
the assumption that the power system is sufficientljr balanced. The impe-
dances of the transformer are leakage impedances whereas the magne-
tising impedances are large shunt connected, inipeda.nces ‘which can be
ne:glected for rhost steady state calculations. .

- For a three phase bank of single phase transformers the zero
sefjuence short circuit impedance equa].gs' the positive or negative
éequence impedances. But this is not true for 1':11‘ree phase she_ll"'or core
type transformers in which the zero séquence impedance is less than
the positive or negative sequence impedance [ 177].

. ' The analysis of three phage transformers 'on the basis of single
phase transformer theory is not practicable since most of the present
transformers in use are shell or core tyj:;e integrated three phase devices,
Fig. 4.2 represents the three-legged core type transformer without

any tertiary winding.
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The short circuit admittance matrix for this device is

given by

- — r . — — —

1y Yoo Y2 Yy Yy Yy Yyl | Yy

2 Yor Y22 Yoz Yau Yas Yl | V2

I | = Y%i Y, Y33 Y34 Y Y36‘ v, {4.20)
Iy Yar Yao Va3 Yy Yu Yy V4

Iy Y51 sz Ys3 Ysa Yss Yse| | Vs

LI6- _Yei Yoo Ye3 Yeu Yy Y66 | Lve_

_ Further simplification of the admittance matrix in Eq. (4.20)} can be
don.e by neglecting the flux leakage paths through the steel tank contain-
ing the core. Moreover, a perfectly symmetrical flux distribution can
be assumed [17]. In Equation (4.20) coils 1, 3 and 5 representthe primary
windings and coils 2, 4 and 6 represent the secondary windings. There
is an inherent phase shift in the p'os_itive and negative sequence transfer
impedances in the ¥ grounded a4 and Y - 5 connections. Positive and
negative seqﬁence voltages are shifted'in opposite directions, and the
-, degree of phase shift is dependent on the désignation of the phases;
i.e., the designation of phases on primary and secondary sides of the
transformer determines whether the phase shift is 30° or 90° and so
on.

4.8.4 Power System Lioad Itis not feasible in a2 power system to

represent each load individually. For this reason, loads considered in
a system study are represented a.s'composite' s;lrstem loads.
To minimize los seé, power is transmitted at very high voltages,

but the utilization of power by customers is at rather reduced voltages.
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The transformation from high voltage to low voltag"e is done at .pe riodic
substations by the use of step down transformers. . These substations
are generally located in the middle of the load éentrles. The sub-
station power demand P, Q can-be obtained from the recorded readings
of the demand meters located at the substation sites., In a dynandic
study, one uses (common format) constant ii’npedance or constant
current loads to model the real or reactive power conswmed by a
composite load in the positive sequence network [177. Forlload flow

studies the constant current concept is commonly used.
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CHAPTER V

LOAD FLOW SOLUTION METHODS

5.1 Introduction

Load flow or power flow is the solution for the static operating
conditions of an electric,power transmission system. The power flow,
prbblem can be solved by several differqnt methods [197. These
methods can be classified either as direct or iterative. Basically, all
methods are iterative because pow:;n:{ﬂow probiem involves the solution
of a system of nonlinear equations. The direct methods employ the ‘
direct solution of a related linear system in the iterative algorithm
whereas iterative methods use the principle of successive displacement,
"The direct methods are not subject to ill conditioning and converge in 2

few iterations. The main limitation of direct methods is that computing
time and memory requirements i.nc‘rea.se rapidly with the increase in
problem size thereby limiting their effectiventéss to small problems
(less than 15 buses). |

Some iterative methods converge.slowly. afdd theyy -may. . ...
even diverge. The memory and computer time ;equirements are directly
proportional to problem size. For‘the anaiysis of large power systems
{greater than 50 buses) only ité‘rati\}e methods are pra.cticz;ble.‘

The operating conditions (such as generation, load, line outages
etc.) of a power system network changeAco-ntinuously. To ensure stable
peratxon of a power system network, a load ﬂow analysis must be done

very ;E:requently, dependmg on the system reqmrements. The cho:.ce .

of any method for a load flow solution depends on many factors, the
mést important among these being the convergénce- characteristics,

the storage requirements,. reliability ax_1|d computer time of the algorithm

used [1-5] . The relative properties and performances of different load

Q
.
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flow metho:is can be substantially influenced by the> type and size
of the problem, the progra:mi'ning and the computing facilities
available [207]. ' .

The first step in allﬂload flow methods is- the coding of the
network and the formation of an appropriate network matrix. Information
about network connections is obtained by assignin; numbers to nodes
and to the corresponding te rminals of the network elements [87] in
the bus frame'éf reference. The formation of the bus admittance.
matrix requ'ireg information about the characteristic parameteng of
the transmission line and the node element incidence matrix as discussed
in section 2.4, Saving in computer storage can be achieved for the bus
admittance matrix by storing only the non-zero e1e1"nents of the matrix.
This -can be accomplished by storing non-zero elements a.lbng with an
index vector to relate bud numbers to the corresponding rows and
columns of the matrix. In comparison with the bus impedance matrix
which is a full matrix that has no zero elements except in the row and
column associated with the reference bus, thl_e i)ﬁs admittance matrix
is very sparse. This is specially so for large networks.

. The application of small computers has become Quite popular
in the control installations in small electric utilities [2173. These_
organisations demand load flow methods where minimization of core area
usage is ;-1. critical requ;.rement. The ﬁethods employing bus admittance
matrix in the analysis are most suitable for computers which have.a

practical upper limit of 32 K core memory. '

/u(

The characteristics described in this section will judge the

5.2 Efficiency of the Method

efficiency of the method. For the analysis of large systems computer
time or core mem-ory.will have to be sacrificed depending on the

method used.
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“5.2.1 Speed. The speed is dependent on the method used, pﬁ:oblem |

size, initial guess and kind of problem [19] « In the case of relaxation
and Gauss Seidel methods the spmd is mainly dependent on the pr’oblem
size and the accelerating factor used to boost the rate of convergence,
Buses having high and low impeRance lines terminating on them, large
capacitances encountered with cable circuits; long EHV lines, series -
and shunt compensation, are detrimental to convergence becauae they
wealken the diagonal dominance of the bus admittance matrlx [20].

In the zero mismatch methods such as the Newton-Raphson -
method, the number of iterations required for the solution is virtually
independent of problem size and type. The number of iterations are
incréased when automatm voltage adjustment is reqmred in the network
and flat voltage start is not applied. Newton's method is fast due to its
quadratic convergence properties in compari.eon to successive displa-
cement methods which have linear coiwergence. The n;xethod is not
much aszected by factors causing POOr convergence as is. experienced
in many other methods; such as E:hoice of slack bus and series capacitor
placeme:n.t [207. _

 The decoupled Newton'e metho'ds in which the elements of the

Jacobian matrix having weak couplmg are neglected converge as .

rehably ‘as Newton's method. For very high acduracies it takes

more iterations because the method does not exhibit quadratic conver-
gence.
"In the impedance matrix eilogbrithms, each bus voltage is coupled
with all the bus currents which gives rapid and reliable convergence.
' The presence of PV buses in the system substantially affects the
rate of convergence, but the method is not very sensitive to the position:

of the slack bus.

~

o

/\,
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5.2.2 Accuracy . Round=off errors are the only limiting factor in -

? , i .
the accuracy of the direct solution of the system of simultaneous
_equations for power flow analysis, The accﬁracy to which a solution

is required varies with the method that iB' used, ' \

[

5.2.3 Computer Reqmrements. The ‘prablem size and method used

a’s well as the requz.red accuragy, determine the size of the computmg
system.  The present exwtmg large systems or planned mctra. large ‘va
systems can easily be a.na.lyzed on a.vallable computers, . Spec1a1 pro-

' gra.rnmmg teclnuques such as optimally ordered elimination [19] and
diakoptics [22] become compulsory on small computers for the {
solution of large systems. With optimal ordered elimination the P élem
memory and tirne requirements for large sy;stems vary approximately

‘in direct proportion to problem size [197 « In the analysis gf three phase
load flow problems the word length of the IBM 360/65 comp:uter is not
sufficient to solvelthe problem very efficiently. Fish and Coleman (23]
preferred a CDG-6400 computer in companson lto an IBM 360/65 for

the solution of three ,phase power flow problems .

5.2.4 Type of Problem » = Iterative methods become almost ineffective

in solving problems with negative transfer reactances, the reason being
that the diagonal dominance of the bus a.drn:.ttance matrix is 1o88. The
convergence rate of’ iterative methods is affected adversely for pro-
blems in which high and low impedance branches terminate on the same
noge, systerns with series capacitors and heavily loaded systems with : }
insufficient reactive power to stabilize the voltages. |
When the power sjstem network is balanced, the a;;alysip‘ of

one phase gives sufficient information about the operation of the whole

e

system. ‘An exhaustive review of the different methods being used in . &
the analysis of balanced systems is given by Stc|>tt [20]-. ' L

L
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The following sections review some of the load flow methods

. . which have been proved to be very reliable in the solution to single

phase load flow problems.

5.3 QGayss Seidel Method . ~

The Gauss Seidel ite;'ativé technique used for sol\(il':xg load

flow problems uses a systematic, single sweep successive displace- ’
ment mode of iteration. The method is popular due to its simplicity
and comparatively good performance. There is, n;mreover, no need
to store previous values. A more useful and sufficient condition for

the effective performance of the method is that Y «should possess

strict d1agonal domz..‘pance. For the analysis of balbanE::ed power systems
bus 2T¢ usually
large relative to the mutual admittances and convergence is easily
obtained. But for the anlysis of unbalanced sygstems with a thfkﬁ
phase load flow method, the gelf admittances are not as dominant as
the mutual admittances which can have an appreciable value. Special
techmques Have to be used to obtain the solution. |

The basic iterative equatmn [ see section 3 3]for the Gauss-

Seidel method is

node

v, =/ [ ' - Ty Y.. V.,] N
%*
‘?.lf Yk v i=1 ki1
) N itk .

and for the three phase load flow,Equation 4,6 can be rewritten as

~ a aa ab _ac] -1
vk Ykk Ykk . 'Yzck
| ba bb be
Vi [ = | Yax Yix Vi
c¢c| | sca cb cc
Vi J_Ykk i e
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_ N m
aar ab ac a
- Ylu Yki - Yki Vi |
ba ..bb be b
| E Y vy Y'Ri v, . (5. 1)
i=1 | ca - cb cc . c o -
itk Yoo Yo vl v,
L : - L -

. In the Gauss-Seidel iterative method, an immediate substitution
. a b
for each new value of Vk , V,R_ and ch (subsequently referred to
simply as VK) is used as it is obtained, Thus, in the solution of V

at the (v+1)th iteration, the values used would be -

- (v+i)’ v (v+1) eV (v+i)‘

(v)
1 2 k-l r Vg v Vieqg t ot Vn,
Equation (5. 1) can be expressed for the (v-%-l)th iteration as
" : P e
> ak(v)
o A 42be vl b,
Tk S | KK Pb ) ij
‘ k X
yEtvi) . . 7 | v¥ V)
. . - . X
] T — , d El ol C . Qc
- Pk B A
c*(v) [
_ VK |
-1 [~ : ' ] —V‘é.(v-l-iT
i .
) Ya.l::c v’_b(v"'i)
' Z Ki i
i=1 V.C(V"H)
. i .
node - abe - ] —vja(v) ]
Y . S
-2 Ko v P¥) - (5.2)
jacH L j
o Vc(v)
, i
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In the three phase load ﬂow the voltage of the 3 phases of a
particular bus is obtained at the same time. The iterative procedure
cons:.sts in solving Equatmn (5. Z) for each bus us:.ng the last pre-
viously calculated volta.ge for+it and its adgacent buses. The program

' sequentially calculates new voltages for all buses in one iteration
progressing thrcrugh the system by the order of bus numbers. The
solution is assumed to have converged if '

v Ly 0

Where ¢ is a small { ., 10 4 to 10 5}predetermined

tolerance.

If a generator bus is a voltage controlled bus, for which
reactive power is not specified or voltage magnitudfa must .be-ma.inta.ined
constant, t}_}en the reactive power reqﬁirJ’d in bofh.the cases is calcu-
lated from Equation (4.7) [ see section 4.37. The newly calculated
value of reactive power is uséd in the iterative procedure.

5.3.1 Accelerating Factor The rate of convergence of the Gauss-

Seidel method can be increased by the use of an accelerating factor a

as
l(v+1)
k

(v+1) (v)

_v()+h(v o)

-V (5.3)
'I'he value of a lies between 1.0 to less than 2.0, Itis

very difficult to generalise in selecting the optimum value of acceleratmg

factor, because it depends on the problem size,type of network connections

and on the number of ments present.

5.4 Newton - Raphson
. The geﬁeralized Newton-Raphs N. ) method is an iterative

algorithm for solving a set of simultaneous nonlmea.r equations in an
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equal number of unknowns F(X) = 0. At a given iteration each function

¢ fi (X) is approximated by its tangent hyperplane [20] . This linearized

problem’is constructed as the Jacobian matrix equation

FX) = -J. sX ' ' ' (5.4)

From Eq.(5.4)the change 4X can be computed by the use of
a Gaussian elimination subroutine. The square matrix J in Equdtion (5.4)
can be defined as

=

.]'ilc = a'fi / 33'1‘!c (5.5}

and represents the slopes of the tangent hyperplanes and is a highly

sparse matrix. Programmed ordered elimination and back substitution

‘make the methdd attractive for small computers. The method ‘has a

quadratic rate of convergence which makes it very attractive for single
phase load ‘ﬂva analysis but for the analysis of unbalanced systems, a
p&oper check on convergence hag to be made to avoid divergence as

the method becomes unstable in the presence of Lirge: mutual admittances.

Newton's load flow formulation adopted to date uses the bus
power.or ctf;i'el;t mismatch expressions and designate the unknown bus
voltages as the problem variables- X, -

Mathematically, the complex load flow eqQuations are hon analytic
and can not be dszerentxated in com\;lex form. In order to apply Newton's
method the power flow equatmns are separated into real and'imaginary
parts. The unknown bus voltages can either be expressed into rectangular

form or polar form.

"5.4.1 Rectangular Form: Let the complex power entering node k be
given by °  me
abc abc abc
SR = Pk + j Qk R



- 62 -

2
where
. Y
abc . .
Pk = Real power for phase a, band ¢ at bus k. _
. abe . . ‘
CZlc = ' Reactive power for phase a, b and c at bus k.
. ! LY .
The complex voltage at bus k can be expressed as '
_abc _abe — abc
= + ] .
Vk . e J \fk {5.5)
where ‘
-;1130 =  is the real part of the complex voltage for bus k
and ?,‘_a'bc = is the imaginary part of the kth bus complex .

K
voltage.

Then a general forin of the voltage equation for bus k in an

n bus system can be written as

. __abc _abc _abc* node abe abe
Py - JQK = '_Vk N i}=:i Yilc Vi ‘(5.6)

Rewriting 'Equation (5. 6) in rectangular form as

_abe - -abc _abc _abc node
P - 39, = (e - JE ) =
: i=1
' abe
abc abc - . . abe
(G - By ) e, JE ) (5.7)
where
G _T:’c and Ba:;c " corre spond to ‘the real and imaginary parts,
1 .

N~

respectively, of the bus admittance matrix.

Expanding ."Eqife'ttion (5.7) and separé.t;ing‘into real and imaginary -

parts, one obtains

Y )
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Real part
- _abc node abc abc
= — abc , . abc _abc -
P 5_3:.1 e, (Gik - e, + B £1 )
_abc Gabc —abe  ape - abe
+ fk. £ w "5 - ik " % )] (5.8)
Imaginary part : ‘ -
h.
abc node ' abc - abc abc
= - -.abe -, abc =
Q.R = iE:i [fk (Gik.~ - e 4 Bik . fi ).
' =
X ’
_abc abe - _abc abe _abc
+ ek (Bik - ei - Gik L] fi ) ] (5. 9)

Thus Pk and Qk in Equations (5:8) and (5.9) are functions: of
ek, ei, fl'; and fi . ¢ . ' ’* %

The mismatch calculations or the changes in power is the

difference between the specified and calculated values and is given by
N .

a‘“ B a a T
A Pk‘ Pk(sp) T Pk(cal)
b| _ b b.
8 Bl = | Pxisp) Pie(cal) (5.10)
c c c
& Py ' Pi(sp) Pr(cal) 1
} k=1, 2, .+« node
k £ slack bus number
and - o ' =
Qaw Qa .F Qa ’
b M “k(sp) " ™k(cal)
1 b b ‘ b ;
6. 9| = Qk(sp) o Qca) (5. 11)
’ QC QC - QC
LA k_ L k(sp) . k(cal)

T 1 2, “se nOd.e
k ; slack bus number,




where

P =

k(sp)
.. ;_?k(ca.l) -
Q . - =

k(sp)
and _
Q!:v;(c:a.l) -
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-

is the specified real power,

is the calculated value of real power,

is the specified' reactive power.

is the calculated value of reactive power

The above discussion applies only to PQ buses.

For a voltage controlled bus (PV bus) 'm! for which voltage

magnitude ]le and real power P is specified, Equation (5.9)

representing Qk is replaced by AVK. _ari‘d computed as follows

a

.lvm(sch)
b 2
Wm(sch)f‘

d

Cc

¢

(e %P

m

Then

lvrn(fsc

a
I m(o)

b

lVm(o)

C

lem(o)

2
hy |

-

-
2

\

2

1

\2

e .
! (em(o))
I a 2"
l m{sch)‘
_ b . 2
- ‘ m(sch)l :
‘c lz

.2 |
(£ )

b .
(€ )Z (5.12)
. 2
¢ _)

d
(5.13)
c 2
(fm(O)
a 27
- |Vm'( )‘
2 L
- |vm(0)| (5. 14)
C
- ! Vingoy |
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Where
abc . - '
= is the scheduled voltage at bus m,

m(sch) . :
abe . A

Pm = is the scheduled power at bus m. ;
o)abc |

' vrix-) b = 1is calculated with initial estimates e(o)abgnd fg)abc.

F'he equations for PV - buses can be expressed, therefore, as

abc _ .abc abc ‘ .
Apm(o) B Pm(sp) Pm(cal)
e (5. 15)
© abc )
: abe 2 abc 2 4
a| vm’(o) | = ]vm{sch)‘ - |V (o) l

Changes in real and reactive powers are related to changes

in e and f,

Equation (5.4) can now be transformed

a P a e
....:. . - J 2% & 8 0w (5.16)
. . ol |
| £
| e

For sysf:em having both PQ and PV -buses Equation (5. 16) can be

expressed as

p— T - . - .L.:\i_ s a—

A PR ‘ _ A e ,

A Q = ] v (5. 17)

K \
af
2

& V|

L- o - “— —

Equation (5. 16) can be expa.nded to give the following in

partitioned form

C
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Equation (5. 18) can be rewritten as

3 and .]'4 are defined

InEq.(5.19)ﬁ1ematrich1. J'2 s J
according to the pa.rtitionéd matrix in Equation (5. 18).

. '

The Jacobian matrix in Equation (5.‘17) is seldom inverted
in typical load flow studies, The fundamental method whi;h is used for
a direct solution is the Gaussian Elimination method, There are.a
variety of choices of methods available for the solution of simulta.néous
equations [32], the best suitable for a particular problem can be
chosen on the basis of computational efficiency and accuracy.

" The v.olta.ge' correction for the vth iteration is given by

\
. -1 .
BA’ etV . J(v) : & P(‘_r)
LI Y = ‘asrens (5:‘20)
L) s 0¥

From Equation (5.20), pe and A f are obtained.

The new values at the (v+1)th iteration for bus k can be given

as
LA ae |
, . : (5.21)
c (v+1) _ . (v) ; (V)
. (k) - ‘-J’SR ) + . b Kk

The procebs is repeated until AP and AQ are within the

prescribed tolerance limits.

s P T T A e _
..‘..7.. = ......'..... ..-.'.. ' .:.. - (5. 19)
4 Q J3 E J4; . A f - .
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5.4.2 Pbié:r Form This is the most 'v;'idely used of all formulations

and is comparatively more efficient than the rectangular form [see
section 5.4.3]. In this formulation instead of using the real and
imaginary parts of the bus voltages the bus'voltage magnitude and phase
angle are used as variableq. The complex ,voltagé for this%ase can be

expressed as
v = erl& . - S (5.22)

The complex power for bus k can be expressed as

abc¥ abe . _.abc abc abe
"N VL A Y "0k
node ' abc - abc abc .
R IR S 5, ) (5.23)

Expanding Edquation (5.23} and sepa‘.ra'ting real'and imaginary parts

one obtains

~ abe abc node abc abec . be
P = vl = [Vi‘ [(Gl_ci) . Cos (b,k-fiﬂ
i=1 . iy .
S~
ab ) : abc N '
- (Bki) » Sin (s K -6i) ] (5.24)
abe abc B abe .. , abe
Qk = ‘Vk| iE=1 |Vi] _[Gki . Sin (6, - 8,) -
abe &--° abc
T By . Cos{s -s) ] (5.25)

For programming purposes if each phase of 2 bus is considered

as an independent node then Equétions (5.24) and (5.25) for the kth

bus can be expressed as . » \




-4 N

P = V.| ;‘1 |V, ] [GCos (5,-8,) - B,.- Sin (5, - 5 ) ].

node

1= .
' (5.26) | f

node

Q- = Wx‘ T 1vi| [G; Sin (8 -6) + B Cog(ek-ai)]

' L
The power mismatch can then be expressed for PQ buses as __—— >

Real power mismatch :

_ 5(Sp) _ (Cal) '
AP, = Plc Pk {5.27)
Reactive power mismatch :- ‘ ~_
Pl g tO20) S 2.

AR =
K K K o

Expanding Eqs.(5.27) and (5.28) by a Taylor. series expansion one obtains:

aPk node aPR § ,
P = B . + . . .‘
AP T R TR T, 8 <
' . ifk .
= P a node 2 Pk '
+ —i‘f LAV |+ = Tt AlVil ‘(5'29)
. - '- BQK - \ n;de an N
k a‘VKl Kk i=1 CEN i
iFK
an node an
$ o= AN |+ 3z oo e AV (5.30)
a]vk-l 3 o1 alv.{ i

L ' itk ' ™,

In matrix form one can then write -

AP H & N as, | S
a9 88 = ....:‘-.'. a8 s (5.31)

AQ J * L
A M

L]
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In Eq. (5.21) the square partitioned matrix is the Jacobian matrix ,
t

Where the elements of the Jacobian matrix can be defined as

. [

ki 36, ki ¥8;
3P 3P '
k k
= —— V and. = =2

| 1
Similarly other terms of the matrix can be obtained.

If:'the system being considered has both PQ and PV buses, then

the following procedure is followed

If bus k is a voltage controlled bus, the correspondmg row in Eq,
(5.31) of the left hand side vector part refernng to reactive power
replaced by the follow.tng equation

2 Sp 2 Cal 2 |
A_lvk._l = AV - vy - (5.32)

The reactive power is. computed by using Equation {4.7) and checked

against the constraints (Q y Q - ..Equation (5.31) can then be
{ max’ min

modified to include both PQ and PV buses resulting in

AP H N | | a8 .
8.Q | Ty Ll alvy (5.33)
sVEL T, L, v

The variables 4 g and -LA—-]- “are obtained from Equation

1

(5.33) by the use of a Gaussian E11m1nat10n techmqub‘,

-~

"t
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| Ky
K .ot The new valu:as at the (v:l-i)th iteration are then given by
T av.
lv(v+1)‘ i iv-(v) i | V), .
) w5 e '
K . . (5.34) .
W) L (9) (v)
GK = ‘61< A 51{

The procedure is repeated until AP and AQ are:less than a-

prespecified tolerance. B : . : - -

AN

5.4.3 Acceleration of Convergence: It is not possible to increase the

rate of convergence of Newton'a method by the use of some acceleratmg’,
factor. The standard tech.mque for accelerating Newton's method is to
reuse the Jacobian matrix of one iteration for several successive cycles
without recomputing it [19] The above process can be continued until
a solution is obtained or the de_creasé in the rate of convergence indi-
cates that the J‘adobiaﬁ should be reevaluated. The efﬁciency of th;a
method also depends upon prt_)gramrning tecl’mi.ques and consfrucgion and
solution of the Jacobian matrix equation, especially for large system

(larger than 20 buses).

5.5 Com"pa.risox_l.of Rectangular and Polar Forms “of N.R. Methc'vd.

It has been shown by Van Ness [25] thatthe/convergence
behaviour will be basically the same with both re'cta.néﬁzigr and polar
co-ordinates, pq:ov{ded one is sufficiently close to the solution. But for
a.. system ha.v'u.zg voltage contro]léd buse'?‘ualox_lg with load buses, itis
better to use polar co-ordinates. If feétai:gula.r co-ordinates have been -
used for the computation of the variables for PV buses, the number

of equations are increased, thereby increasing computa.tiozi{i‘fne. A
- . :

difference in the rate of convergence for the different /fcﬂ'mula.tions of
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the method is to be expected because the complex nodal power equatlon

on which the Jacobian is based is not an analytic function [197].

Stott [20] also ‘admits that the rectangular version is slxghtly less

. reliable and less rapid in convergence thancthe polar version. The

diffe rence in rate of convergence between the two methods for the

three pha.se load flow analysis is discussed in the next chapter,

5.6 Fast Decoupled Load Flow Method

.,"

The 1nher,ent charactenstm of many practical electnc-power

systems in the steady state is the strong interdependence between A N ‘

-

//
active power and bus volta.ge angles, and between reactwe power anzy.

volta.ge magnitudes [20/].

There is a wéak coupling between reactiv

power and bus voltage a.ngleia, and between voltage magnitude and

active power. The Jacob:.an matrix terms representmg wealk couphng

have relatively small nmer&cal values, and therefore may be neglected.

. In comparison to Newton!s methods which require skillful

.- Programming, ordered elimination and exploitation of network sparsity,

- the present method has increased speed, fast convergence and requires

less storage.

This makes it very attractive for conti

studies, whe re

a system is tested for each pOSBlble vulnerable state and to seek and

suggeat relief operations if the system takes any undcceptable sta.te.

The method has the .decoupled property of giving a very good approxunate

solution after ﬁrst one od/wo 1terat10ns a.nd cénverges very rehably,

; | usually in 2 to § 1tera.t1.ons for practical accuracy on large systems [(20] .

Followmg Stott and Alsa.c's formulation to rewnte Equation (5.3 1),

and taking the m1sma.tch equatlon as 1:he startmg pomt for the derivation

- one gets’_
A P

‘e e s aw

A Q

~

-
H . N

-
As -

INIAY

Mo

“(5.31)
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Since the Jacobian submatrices [ J] and [N“] represent the
weak P-V and Q- 8 couplings the first step in applying the decoupling
prmc:.ple is to neglect the coupling submfatrices. [N] a.ncl [(rj. The
resulting equation takes the following £ |

(s P CHT [46]

and I o (51 35)
6 Q1 - [r) 8V/vy

il

In Equation (5.35) the slack bus.is not included, The sub-

matrices [H] and [L7] can be computed as foliqws.

Diagonal terms :

2
Hex = IVl By - 9 .
(5.36)
2 .
Lo = |Vk| By * Qk .
Off diagonal terms : i . \
H = 1Y) IV (G Sinto - 8 +
B Cosls, - 8.) I kEL . (5.37)
: ' ’ -f
b = Hy : - |

To further su’nphfy Equations (5. 36) and((S 3'?) the fo].low:ng

a.ssu:mpt:ons are made.

Cos(ak-a_) R, i

1

L )

GR'i Sin (ak - 5i) < Bki ' 2 _ (5.38)

and : ' -

2
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This results in )
Hy = Ly ~ |V | V. B, k£ i
S
- 5.39)
2 (//

The first two assumptions are valid only for a single phase
load flow and can not be applied to the analysis of an unbalanced system.
With these simplifications one gets for any bus k the following

e node
AP = H _+4A68

K Kk T Hki &6
’ 1=1 [y
ifk (5.40)
alv. | node alVl
. K j
AQ = L » + E L ..
k k% Ivkl i=1 K W&‘ )
. C itk |

Equation (5(.4}6) can also be expressed as
node

. |
AP = ‘,VKI E‘kkﬁak +.1__‘_81 lvk‘ ivil'BKi &6,
itk T (5.4
e ) 2 AV, | n | N 5 alv;/
29, = Vel By Tl LI P T
. B ifK

Rearranging variables in Equa.t1on.(5.41) one gets

APR o v 1B node .

vl | kl Bracd 8 ¥ E Vil By 885 -
4R &V, | od &IV

—K = [v_|B KL% n%e V.|« B, 5

7 By Y N TR
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By assuming the nommal voltage level to be 1.0 p.u for the

slack bus, further sxmphﬁca.tlon in Eq. (5.42) can be obtained by lettlng the

o ‘voltages in the right hand side be 1,0 p.u. One then obtains the

following equations

APK : node
- = B A6 + z B .. AS.
ivkl Kk i=1 . X t
ifk
(5.42)
‘I.\QK A Wkl node Alvil
~71 - B + £ B,
Vi ooRe [V =1 &Vl
” ~, itk
or in matrix form che gets o : .
AP . ' . )
[IVI 1= [ B ] [as) _
) (5.43)
and
AR n
Ar IR S I A
| . | v
The matrices B and B are both real, square and are

elements of the matrix B, .which comprises’the imaginary component of
[27]. . ' |
‘The above method is discussed in order to make a comparison
" between the analysis of the balanced systems with three pliase load

flow and single phase load flow analy-sis , whicheyer is applicable,

5.7 Boot-Sffép‘ Gauss-Seidel Method.

. ny

The boot-strap Gauss-~Seidel method [24] is a combination of
Ga.uss-S‘gidel and Newton Raphson methods. The method is mainly
empirical and is a modified form of Gauss Seidel method, : The method

can be outlined by the following st-eps:

A
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1) Before starting the i.tgré.t‘we cycle, mismatch calculations
for each bus are-performed for the real and reactive power,

using initial voltage estimates and specified powers.

Thus,
s = PP - p |
(5.44)
AQ - = QSP _ Qca.l .
U
where 7
. LSp. Sp o .
P " and Q are the specified real and reactive powers
respectively

agd :‘Pcal and (.'}.ca'1 are the approximately calculated (see Equation

- 5.,26) real and reactive powers.

2) The speciﬁed real and reactive powers are now replaced by

pseudopowers obtained as follows

. ) Sp ) o : : \T)
PP = P \Q\ AP 5. 45)
Sp ' .

PQ Q . - BoAQ

&

where

is a boosting factor used to increase the rate of

W
1

convergence.

Rewritiﬁg Equation (5.45) in terms of complex power one obtains for

-

the complex pseudopower the following

PS (S - BM ) o (5.46)

where

M = isthe complex power mismatch .

- The term BM in Equation (5.'46) represenfs a decrease in generation

and increase in load, o . ‘ 7
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\ N
(3) The Gauss-Seidel iterative method is used to obtain new

voltages for the buses where P and Q appear in the iterative
equations in'which‘ the pseudopowers are used,

(4) Before starting the next iterative'cycle, a mismatch calculation
is (sdone » New pseudopowers a.re obtained by using the voltages
obtained fron: step 3 and the pseudopowers obtamed from step 2
now become fﬁ-g;;eczﬁed powers, . _ '

(5} The procedure outlined in steps 2 to 4 is repeated, until the
voltage mis atch between the last calculated and the one

pPrevious iterition is within the pre-specified tolerance limits.

(6) Paeudopowers are repla.ced by the original speczﬁed powers

-~

and final power mismatch and power flow calculatmns are done,

The boostmg factor used to increase the rate of convergence \3 f
lies between (0.8 - 0, 9) and can be reduced in steps durmg the iterative '\"L
cycle according to requirements. The above miethod was tried for the
analysis of unbalanced systems, The power mismatches for all the node‘s ‘
were very large, and the steep reduction in the boosting factor did not
help. The method starts divergi;g because the latest power mismatches

are raised to some power of the pPrevious mismatches,

5.8 Z- Matrix Method

This method is also an application of the Ga.uss-SeJ.del method,
Instead of using the bus admittance matrix, the bus impedance matrix . -
(Z}is used. The dommatmg feature of the Z-matrix method is the
need to obtain, store and iterate the whole matnx\ _As each bus voltage

is coupled with a.ll bus currents, the convergence of the algorithm is -

rapid and reliable, - . . :
. Pl 1 e - /’\/ . .

The sta.rtmg point for the a.lgonthm is the computation of the

‘bus Lr})pedance ma.tnx obtained by a bus building algorxthm { see section

2, 5] The fo rmation of the bus impedance matrix with the bus bmldmg
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algorithm is quite tedious in comparison to the comptlita.tion of the bus
ad:xnitta.nce_matrix. The bus admittance matrix can be obtained with

ground as reference, neglecting shunt connections. Thén deleting the

rows and columns which correspond to the slack bus,one reduces the

order of the matrix. The inverse of the new matrix is cqm;;uted to give the Z
matrix, by Gaussian elimination or i::y some other inversion technique.

For thfa implementation of the algorithm on a computer, the elements

of the Z matrix will have to be renumbered.

The basic equation for bus K can be expressed as

Ve “Vgp = Zy- 1% t Z,I, + ce Jr‘zm{-lk-l’.-‘--+an-1n
(5.47)
where
. vR= . is the reference bus voltage,
But s* b -iQ 7
' ; =)
R K k . [
I, = —— . . = ——— .
K = ch Vk = ‘ Yk Vk ~ (5.48)
Y4 v
X Kk

'Ihus one obtains

node . Pi ---jQi . :
Ve = Vgt T w2 (T sy - VL) (5.49)
' 1=1 V. .
iFR .

The variables in Equation (5.49) are either vectors or a squa.re:
matrix of order three. In each application of Equation (5 fﬁ) all the
three phase voltages are obtained at the same time. For use in_three

phase load flow, Equation (5.49) can be expressed as follows



v

-7
—_ -1 '- =
a a
Vk VR
. + T
c < i=1
v -V
Ry | R iR
” a -
P - "j'Q.‘a' W aa
1 1 _] Yi
v &* |
i
.ba
b b )
P. - jQ. Yi
i At )
v.r
b <
c e ca
P - jfQ. Y5
1 ” 1 ,.—j ) L
| |
vc

Thus in the solution of Vk

scheme can be expressed as

a(v+l)
Vk |

b(v+i)
VR |
c(v+l)
k

[ _a
P.

.1

¢ b
- P

i

Cc

P,

1

oooa .
"JQiéiw+9*

b
/vi@(vé-i)*

-JQi

. . B
[

- QT clvHL)®
llv.i\_/

aa ab
zk.i Zlci
z>? zPP
Kt Kl
752 z°P
: ki k1
R ab ac
Yi Y1
bb be
Yi Yi
‘ c‘r? cc

ifFR

ac |
i
be
ki

cc
ki

(5.50)



. [~ a
node Pi 1/ a(v)’i . .
' abc |
+ 2 _ z Pb B A 8 . k
L . Ki | i 1/ PV
1= ‘ 1
iZR R C s [o]
if | ) Pi j ey
- 4 L i -
i [ aw)
b i
abc
y, v P) (5.51)
- i i . .
v.C(V)
] ) R

An immediate substitution for each new value of V. is used

as it is obtained-in the iterative algorithm.

When the system has both PQ ‘a‘.nd PV buses, then for PV buses

the reactive power must be obtained . The feactive power can be computed

from KEgquation (5.48) by a rearrangement of variables, One obtains .

Vk node Pi -J Qi
Q = L, T [Vie- Vg - = N S b
kk i={ i
itk
R | (5.52)

In comparison to Newton!s method, the Z Matrix method can
prove to be more efficient for cases in which the Jacobian matrix is close

to being a singular matrix,

. ¢ The other methods used for analysis of the unbalanced systems

were: o

(i) € coupling method [287.

. : ‘ 2, |
: : (ii) Hessian Matrix [297,'[307 .

but these methods did not prove.to be smtable for three phase load ﬂow -

_ . | ( ) |
. - el .
. . . ) ~— -

. . . /‘\
. . . .
Lrer o ien S e T T B T o= e -
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analysis either. du§ to phage shift in the initial volta'ge estimates or
the method itself was not that effective, '

Thus finally it can be concluded that the best methods fér
. analysis of unbalanced power sysﬁém networks with three phase

load flow are the Newton Raphson method in polar form and the

Z Matrix method. ~ These conclusion arcy,zawn entirely‘_on experience

with the test systems given in next ¢hapter.
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. CHAPTE R VI

-  COMPUTATIONAL RESULTS -
7

6.1 Grener;tlll :

In this chapter the thre{phase load flow formulation discussed
previously is api:lied to sample problems to s{how the effectiveness of
the algorithms. The de{tcfibed a.lgorith;l considers each phase’ at any

. bus bar as a’'separate bus, being linked to all such buses through rela-

‘Q‘_t\ionships that correspond to the given network. The voltage unbalance

in the individual voltages at the buses eﬁst both in magnitude and pha.se
angle. THe choice of method for the load flow solution de.pénds on many
‘factors , the fnost important being convergence characteristics, storage
requirements and computer time. In the analysis the Newton-Raphson
method proved to be the most efficient and reliable . It possesses good
convergence characteristics as well as great generality and flexibility
in comparison to the other methods. The 'z Matrix method is efficient
for small problems but as the computatmn of Zbu ~gl&t:z'z.:vc is compara-
twely time consuming, this method is only accepta.ble where storage
reqmrements ‘are not of prime importance. - .

The starting process for the algorithms ni_a.y be outlin;d by the
following steps. ; ;

(1) Cp:npute Ybus or Zbus as dia.cuss'ed in chapter 2,
2y . . Tl:xe transmission lines in the network are ta.ken in their
~ natural unbalanced ;nutually coupled form without. any -
approximation .. ‘_ .
(3) Each of the threef ¢corresponding phases at a bus take the specified
voltage magnitude, but an angle that is shifted 0, 120° or 240°

respectively depending on the phasing arrangements used.

R
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(9)
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For the generator buses if the complex power is specified

for each pha.se tha.n that value is used in the analysis, but if
total power generated at'a bus is specified then a 3-phase
starting process could be adopted by assuming power:to be
equally d1str1buted in the three phases at the genera.tor rodes.
For the load buses it is essential to have power requirement
for each phase of a bus separately, so that bala.nced or unba-
lanced conditions can be considered according to the behavmur

of the system.

"I p- Y tfinsformers exist.in the network then the voltage " *

angle ‘on the high voltage side can be adjusted By 36° or -30°
according to the connéctions being used.

The analysis is doneﬂin‘ terms of phase quantities.on the basis
of convenience and accuracy. N : }
Network elements are represented as lumped complex impe-
dances at rated frequency (e.g. tranﬂmiseion lines, in-phase
transformers, series and shun reactors and capacztors)

Tra.nsm:.ssmn lines Wlthout negl ible charging capacitance are

-

. represented by their =« equwalent networks [ see section 4. 8 3].

The choice of slack bus is ‘made among the vJe&tage-controlled
buses {(P-V bus-es)_. At the slack bus the net active power is
designated as being unknown.

6.2 Numerical Examples

The three phase Newton Raphson algorithm h?(b-.been success -

fully applied to a 3-bus and 5-bus power gystems and the effect of

unbalance is revealed. - : C

6.3

3-Bus Power System The system consists of {wo three-

phasa ‘generators, two three-phase or six single ~phase loads and three, .

\ ' ) N D) . .
- Ry . . ' . - ]

~

t - ) o (_, '
.I )

~
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three-pha.se transmlasxon lines as shown in, Fxg. 6.. 1.

©o ® .

- Slack Bus : a | 1 d

Fig. 6.1 Three bus power system - .

. ;"
i b

Each phase of a transmission line consists of 3 ;:onductors per
‘ ph'ase with grouﬁd wires, Figure 6.2 shows a cross-sectional sketch
of the transrmasmn line opera.tmg at 500 KV Spacing d1men91ona
and,conductor type remain constant for each transmmazon line of the
system over the complete 115 mile-section.. The spec1f1ca.tzons for the

conductor&and the ground wires used for the transmmsmn line are
as followm_ . /o .o | &

. ' . . . s n. ‘
. P ‘ o . . . o .
i o w ‘ -, . - .
' ‘ ' o . ’

m"*.*’r-"%* s e e e mmes — i = g
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Conductor; 2156 MCM ACSR 84/1‘5 "BLUE BIRD" ,
. i 'l <
_____Outer dia = 1,762 .

'7‘7“ _.‘-.“ ' /
- I

o . o
: . b c
(o] Q- - o o ' e I 0. ;
*7 . z . P - | ) )
. I 32 .;ll.. ™ ' 32 L 8
) * -'P /—h\%;‘ LY

_-%
//////////////////, LL/ -///////////,,
Fig. 6.2 Cross-sectional. sketch of% le c'u'cmt
transmigsion line. / _‘_‘ ~
oA ¢
3 conductors located at the corners bf an equ;latera.l
— ! tnangle w:.th each side equa.l 18" ". LI
 Ground wire : 7 No 6 AWG ALUMOWELD\ o". o
" ., 0.486 inch outer dia.. - ' . )
-- ‘7&\ - "‘\
‘Reswtance = 1, 536 Qj..mfle at 25 b C. 4
v . N .
'@- The numencal cognputatzon o,f p§r1m1twe\1mpedance and shun’t
- a.drmttance mattix is dJ.SCUB sed i m Re? 31 for d;fferent canducton
‘ conhguratmr;d with and without grouud wn'es. i In - the computatmn‘of the
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bus admittance matrix the mutual between different transmission
lines'. being very sma.ll..- is altogether neglected.' The systern has
been analyzed with the fdllowing condluctor configurations used for
the transmission l#nés. Stnce the bus admittance matrix is symme-

trical zaince y.j = ) w the upper tr:angular matrix is shown,

(a) Two conductors per phdse without ground wires, for each
'latra.nsrmsB;on line of the system. The,bus admittance matrix for
the system is.shown in Table 6.1,
(b) Each transmiss’iou-line of the system witl} two conductors per
- phase and with ground wires. The bus admittance matrix
for the system is shown/\a Table 6.2,
(c) . Each transmission lme of the aystem with t‘nree conducfors
- per phase and without ground wires. The bus admittance
ma'tr{x for the éyst‘em is shown in Eable 6.3,
(d) ° Each'transmission line of the system with three conductors
per ﬁhase and .with ground wires,.. The bué admittance matrix
for the system is shown in Table 6.4, . |
(\e)- Each transmission line of the systermn with four con.ductore‘ S
\ per phase and without ground wires. The bus admittance
1 ;natri:é for the system is shown in Table 6.5, _ -
(f) Each transmission line of the syatem_ﬁr_i’_th'four' cond\t_llgg_c_{x_-\s__ per
. phase and witﬁ ground wires NThe bus admittance matrix for the
system ig shown in Table 6.6, K
(gl)l ‘ Each transmission 11Le of the- ey tem is tra.nspo sed and with .

three conductors per phfise thho t gronnd wires, ' The bus

admittance matrix for the aystem is shown in Table 6.7.
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In the computation-of the bus admittance miatrix for.all the above

cases the Ioﬂowing base values have been uged,

KV BASE = 500KV
MVA BASE = 300 Mva
Z BASE = 833,34 Ohms.

Imt1a11y a flat voltage sgart (1 e. voltage miagnitude = 1, 0 p-u)
is given in the computation of the volta.ge profile- for the buses. The
voltage phase angle is shifted by 0%, 120° or 240° ,» respectively for
the three phases depending on the phase sequence used. To study
the effect of unbalance due to untransposed transmission lines, the!
generatmn and loads are assumed to be balanced. Table 6.8 gives
the generation and power loading schedule for the system in per unit,
As the power generated at the slack bus is computed after the load
flow solution is completed; 80 initially it is designated as being

unknown,

Table 6.8: 3-bus system loads and initial generation,

Bus Phase . Geﬁeratipn | Load
1: v §1+30.5
1 1° . N
(Stack) | * L€ | ] 1+ 30,
B 22 ' 1 +3j0.5 0 + 30
2 P 1+30.5 0 430
2¢ | 1 430.5 0450 -
.32 0 + j0 1.3 4+30.8
3 LN 0%350 | 1.34j0.8
3¢ | 0+30 [ 1.3%50:8N
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To further emphasize the effect that different phasing arrangements
have on the unbalance of the system the ana.lysis was done for the
sample system with three different phasing arrangements, As suggéatad
by Hesse [7] , for a n cxrcuxt‘ syatem. (6")/3 significantly different
pPhasing arrangements are possible, For the system being analyzed
only two a;:ra.ngemente will exist aﬁd the third one will be a repetition
of any of the other two,  The final bus voltage magnitudes and phase
angles for the system with two phasing arrangements is listed in Table
6.9. _

The effect of phasing arrangement o‘n the system total real losses
and the unbalance in power generated it the slack bus is revealed due
to the presence of uhtranaposed tra.nsmisaion 1inés in the system is
listed in Table 6' 10, Itis clear from the table that one of the phasing
arrangement is a repetition of a.ny of the other two phasing arrangement
and does not serve any useful purpose in the analytical determination

of the best system design,

6.4 Current Unbalance L <

It has been already revealed in Table 6, 16 that uﬂtranspo sed
transmission lines in the system have appreciable effect on the power
unbalance and on the re«l losses of the system., If the system would
have fully ‘transpo sed lines and balanced loads, the power generated
at the slack bus WOuld also be balanced. The effect of unbalance in
‘the system can be checked to some extent by the proper choice of
phasing a.rrangement. For a small system every possible phasing
arfangement can be tested but the determination of the best Bystem
for large systems with double or tn?le cxrcult transmission lines can
be a formzdable task evenon a. d1g1ta1 computer, To study the effect
of unbalance in large aystems use is being made of Bymmetncal

components., The following method 18 generally used for estimating

=



A
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unbalanced curi"Q‘t components in paralleled untrangposed multi-

circuit transmission line section. The unbalance in thé system gives
[ .

r.isggg to the flow of unbalanced currents between different buses.

The power flow equation for a single circuit line between

buses i and j can be written as follows //
S LY i T LT
” Iij - abc [ Ava
1771 = b = . b
L ij ] Iij YIJ AV
- c
c : AV
I.. 4
H . L
. . T M. 2] |
o ‘ abe . Vi : .
. s + y b (6.1) "
- sh i . V.
i
c
. v,
A L L AL

.

tc‘)z simplicify one considers the first quantity on the right
hand side y and makes it equal to the left hand side, the reason

being that the shunt admittance for the syst

gm is very small and it will
not change the current vector appreciably, &:curacy is required

in the analysis then second term on the right hand side can also be

included in the computation of the current vector. Rev)riting quation
§ i A

"(6.1) as
) ‘ ’- a . . - |
I E’u Yy Va3 | &Va | . . !
. b . .
c [}
I y y y av s
B B AT U LI E] I .‘

The aubécripta 1, 2and 3 in Equa:ticn (6.2) refer to phases a,
b and c respectively, Equation (6.2) can be converted into sy:n:unetric:al
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component form as follow *
Sy I Yoo "Yo1 Vg
(o = | = ~
1 o Vi1 Yy
e | I
o Yo Y21 Y| |

W

v
4%

AV'1

AV

2

(6.:3)

The subscripts 0, 1 and 2 in Equahon (6 3) refer to the zero ,

pos1twe and negative sequence respect:.vely. Equatmn (6.3) can be

-

rewritten as : -~

sy sy B
(71 = vy fav®y
. [~ i
where 1 |
8 )|
7y = sitf=g [ 1 .
-1 La
- 8
5\
" .
[aY77 = .87 [av?y
T
8 _ : -1
(v 1= (8] [v®3 83
. The current unbalance can be defined asg
) . . I‘o‘
m, = complex absolute [—I-—] x 100
&
_ 12" .
m, = complex absolute (7 1 =100
i

(6;4)

(6.5)

(6.6)

(6.7)

(6.8)

The ratio m, and Jm, is calculated 28 a percentage because

IO and 12- are génerallylvéry small, .

..



- 98 -

As the sample system is being analyzed for-different conductor
coﬁﬁg&rationa a.nd phasing arrangements, to compute thel sequence
curre?fs for different‘ angements the following method is used,

- Since the hnpeciapce mitrix, primitive admittance matrix and the
. shunt‘ admittance matrix, are fuﬁction of the conﬁuctor material and
geometry the latter will be same. Let the new phasing arrangement

be * .bac" for the same conductor copfigﬁration. Equation (6.2) for

[N

this case can be rewritten as

b i 7 T
6. ) 11 Y12 Yy3 b ¢
(171 =|,2| = | = v%rav?y (6.9
! Ll Y21 Yaz Va3 avVa | L
- B Y y y av
: 32 . |
REE 33 | o

Before tra.nsform.ing. Equation (6.9) into symmetrical compo-

nents, the current and voltage vectors must be converted into -appro-

priate form as follows

0 1 o [} 1” |
R (132 1 0 0| | I = I° - (6. 10)
g | RETN I 1°]
where - - 4 k- -
R is a rotation ma.tr'ix,'lcapable of rdtating a :vector or
e . matrix in clockwise direction,
' Equatiox,i {6.9) can be cofnbleteiy tramgformed as follows
(R 70121 = ¢k 0y?rR 17 (R [av?) (6.11) *
¢ ¢ ¢ ¢ !
Beforeta.syfmnetrical component transfomaﬁon can 'be per-
(.‘ formed to Equation (6. 11), it is rewritten as * . ’



. . ¢"l - | -.1 Sy - | -1 ;1
(8] (IR ITI T2 ((SICRILEY Y (Y THSI IR ILS] ]
’ o o o ' [S]{[RJ[AV 11 612y

Equa.txon (6 12) can be expa.nded to gweA

| ' . F'AVO' | .
(R, |;_YCJ C Rc]-l vyl . R (6. 1?) t&v -
: . AV%J_, .
. [R.] = [[51[351[53-9}_" | -
" and ~ | i |

-1 ' Ca=1
[(RJ° = ([8) [RJ [8))
. LY
Frorn Edquation (6. 13) the current u.nba.la.nce ra.tm can be

| calculafed for-any type of conductor conﬁgura.tmn or pha.smg arrangement.
For the final analysis the transformatlon is applied to Equatr.on (6. 1).
A similar procedure is followed for, the tra.nsfonnat:.on of . shunt
a.dnuttance matrix, Table 6. 11 shows the cum-ent unbalance for the

diffe rent conductor conﬁ.gura.t:.ons and phaamg a.rrangementa.

'. .

0



- 100-

0960° LEZ $9559%6°0 } ©° 2 -
LSEZBS T~ €68¥%96°0 q ! E
OVIE"LIT ¥69Z56°0 , e
. ovez-tIve 60000° 1 o ’
ETS80°T , 8ovo0°T q z
OvOoT 121 9EP00°T L2 ,
ove i 0°1T 2
- 0 0°T q T
o oetT " 0°1 e 00¥Z'00/6502T
0E9E"LET 169256°0 o .
0BTV LTI L98¥%96°0 q €
BZEO6' T~ £65596° ® ) \\. -
0£0T° 1T 9€400° T > \ 3 4
0980121 90%00° T q . A '
68¥6Z°1 F IT000°T. e
- . . SOITM
ove - 0°T 0 punoxb jnoylya
0ZT 0°'1 q T oo¢w~oomﬁ.o oseyd xad
0 0°T - : SI03OoNPUOD OAMg (e)
. ) . .
(se22abap) spngfubeq (o 'q ‘®) ! "e18k8
°Tbuv @seyq - . aseuUg sng @2ouanbag’™ dY3} UT SIUTT °5%D
abp3ToA aseyg UOTSBTUSURI]
4 o go ad&y

.—.
-7

burseyd jueoTyTubrs om3

‘*sjususaburzave

103 we3sAs snqg 991yl I0F 59H6e3TOA sSng g9 IIqel



ZEVOO' T

5I0312NPUOCD OM],

09L6°0V2 )
0096°021 06£00°T q. z :
86991 T T0000°1T e
ove 0°T o] _ B9ITHA punoxb 3no
ozt 0°1 q 1 o0PZ /0021’0 -u3fm aseyd xad {2)
o] o1 e ) SI03OoNpuUC). 299aYL
0090 “LEZ £I6096°0 o
(L-T-3 2-R 44 99E¥96° 0 a £ . N
096E"LIT EL9ES6"0 L3 :
o€BzZ 1¥E 85000°T o
6TS90°T 8LEOOT q 4
0SZT°TeT ZEVOO°"T e
t . -
° ove 0°1 o
H 0 0°T q 1 .
0Z1 0°1 e o0bZ ‘00002
OV6E"LET TL9ES6°0 2 f
0SSP LTIT 6EEFI6°0 q
8V6E6°2~ £EP6V96°0 e £
Vo
ovZI IVE ZEVOO'T °
0990 TZT 9L€00° T q 4 - .
STIV8Z T "09000° 1T '
ove 0°T o SOITM
02t 0°1 q 1 ‘ . punoxb y3Ta _
. 0 0°1 L 00¥Z 002T 00 oseyd xad {(q)




“ 102 -

ove 0°1 )
0 . 0°1 q
.ozt 0°1 e o0VZ 00’002T
, ///wntl\\\\
- gz6e9-LET . 0L06S6°0 o
o8bL" LIT L2S5696°0 q -
16EV9° 2~ ZETO0LE"O e
. — " )
0L66°0¥T 9Z¥00° 1 o , -
0Ir6° 0TI 09£00° T . q =t .
689ST"1- 5000° T e .
Rk \\ )
/ 3
ovz h 0°T ) . SOITM
0zt 01 q . punoxb y3jTa
0. kN 0" 1 e 00FZ*00ZT’ o0 aseyd zad N
~ , . §£3030NpUO) SEIYL (p)
0Z6E"LET SP80L6°0 o
s0882°Z- 9800L6°0 q
0§59 LTT 0ST8S6°0 e
0991 T¥Z $66666°0 o . ’
I1656°0 Z6E00°T q .
LL6° 02T "ZEPOO"T e )
ove. 0°T1 o )
0 0°1 q
0z o 1M e o0bZ'00°002T "
0v99° LET -6¥ 18560 o
0ZTIL LIT 1900L6°0 q .
£0L09° 2~ TL80L6"0 e )




0L8G"LET 9tIVLE O o . .
6£60°2Z- 66ZELE"0 q X
0£98°LTT 867 T96°0 - o
0Z80° " IVZ 16666°0 > .
v9LB8 0 18€00° T q - .
v68°0CT . LZv00°1 e 4
.,
ove 0°'T o . .
0 0°1 q . o
0zt 0T e 00¥Z ‘00’0021 .
/_/
0198 LEZ 96V T96" 0 o .
0L06°LTT . 9LTELE"O q :
9EZIv 2~ ZYIvL6*0 e _ - .
- - - - .!
Qg 0Z68°0VT 8TV00° T 2 .
~ oLLB'02T 6LE00°T fq .
v 18280°T EE6666°0 e ’
) SaaTAa .
orvz 01 o PUNOIbL AnOYlTH
02T 0°1 q - @seyd zad . -
0" 0°1 e o0%Z’ o021 00 S1030NpPUO) Anog” )
0SSE"LET §020L6°0" 2
rvZ§T e~ 75569670 q
. 0E69°LTT £L06S6°0 e
. AN
095T THE 6¥000° T o )
L6EG0 29€£00°T q )
0666°0ZT 9Zv00° T e -



O¥E0" TPT 0LZ00°T 2
- 0SE0°TCT 0LZ00"'T q
BEVEODO'T + 2L200°T e SOUTT
_ . pesodsuerzl ‘saITM
ove 0°T ] PUNOXH InoyzTa
0¢T 0'T q . ‘ageyd xad
. . 0 0°1 e o0¥Z 002100 |- SX030NpUO) . 9IYY, (b)
- ’ ©
0TSS° LEZ 1isech-o o
9¥LS0" 2~ T8LZLE O a .
"0268° LTT TEPEO96*0 e
QZLOTI¥Z I¥000°T 2 -
Sv958°0 0SEQ00°T q
0ST6°0CT CCcv00°T e
1 — -
-« . . .
S . ove 0°T 2
1 o 0°T q
y 02T 0°1 e o0¥PZ’'00’ 02T
0068° LET EPZ96°0 = }
OEVE LTI 9LTL6°0 q
ESLEYY 2. rSseL6°0 e
A . ) n_..\l °
DET&°0O¥%C 2T¥00°1 4
0LS8°02T 8PEQO°T -q
vPZLO0"T FPr000° 1 e :
. . . 5 S9ITM
Ove 0°% punoxb yiTs -
0zt o.H d P . oseyd xad
0 0°T e o0¥Z 0021’00

”~
8I030NPUOD JInNOJ

(3) .




- 105 -

\/ )
w [}
J
; —
) [} .
068S°LET p8T996°0 - 2
LA S A A 81€996°0 : q B
006S°LTT 7 162996°0. e
.. 8 ' . )
OVED " TIVZ 0L200°T ‘ =
EVVEO"T ZLTO0'T q z
0S€0° 12T 0LZ00"T ® §
. ove 0°T ) -
0. . 0" 1 q T L
0z1 0°1 e - o0FZT 00’0021
~ ' ) '
0685~ LEZ - . L8T996°0 o
. 006S°LTT LBZ996°0 q I >
LEOTVP Z- 8I€996°0 ®




3

LSELTZ6°0L + BEEBTIE " TI=5T
9LTT606° 0L + LVSPOE"T=ql

coLYSTO 0

-~ 106 -

95886T6°0f + 829262 T1=,T o0¥Z ‘o0 ‘o0vT € )
BT66T6°0f + £926Z T=5T _
L0606°0L + PSVOE"T=qT -
SLTIZ6°0C + LEEBTE " T=,T ZLLYSIO O o0PZ ‘507,021 v
: | QN .
8ZLTZ6 0L + 9EBIE T=oT ' S9xTa punoxb
LOT606°0L + SVOE"T=qT . : uyats eseyd
886T6°0F + SZ6T T=5I ZLLYSTO"O o0¥T ‘02T ‘40 £ asd szo3onpuod gz q
. »
;
S66226°0f + Y6TE " T=,1 ‘\\>.
S6606°0f + G6EEO0E"I=gT ’ . .
EPBI6 0L + BZLIGT T=pl Z60£¥T0°0 o0ZT 750 ‘o0V¥E v
-
’ v
TPTIv8T6°0C + €LT62°T=5T _ . ’
¥Z6606°0f + 98EE0E"T=qT i
STOEZ6 0L + ZVETE T=,1 Z60SPTO"0 00¥%Z ‘o0 ‘02T £
0EZP6 0L + 9SPETE T=5T " SexT#4 punozb
- 660V6°0L + 96£E0E°T=ql & 3noy3TA aseyd
’ £8T¥6°0f .+ LT6Z T=pT €90S¥T0"0 o0¥%Z ‘00ZT ‘00 v - x2d sxojonpuod g e
‘n*d ut uoy3ntos |’ T
— aajzsis ay3ly sasbel oA syl xo03% wa3lsis as®D
(*n-d) xemog sng YOBIS Uf sS9ssoT 103y SUOT}eIDIT 8y} Ul SIUTT
: Tesy TIe30%L souonbagraseyqg 30 IaqunN | uoFssTusuexl JFo odAL

-

speol psoueieq Y3lTA wWa3sAs sng-¢ 98Ul I03J sjuswabueaze burseyd pue

Io3onpuos JUSIIFITP I03 xomod sng YOBTS PUER SISE0T BT WI3IEAS Telon

20T9 9aTqed

[



[

i

19568° 0L + S¥6BZ T=oT
S8ELBB 0L + 6Z0T0E"T.=qT
9668°0L + E€T966E T=pT

I
r

65668°0L + €€L9TE"T=o1
£TvL88°0f + 8ZOTOE"T=qI
629568°0LC + $68Z T=pT

ELETLO07O

ZBETLO07 O

00¥Z ‘o0 5021

o0ve

15021

hoo

mmhaB.@:ﬂOhm
anoya s aseyd
z8d s5I03DNPUOD P

e

6609L06°0F + ZS9TE T =T
ELESEB 0L + LTEGZOE " T=qT
£LS0906°0C0 4+ BOT6Z X =T

£20906°0f 4+ 960T16Z T =5T
L9€568°0F .+ 9VEBTOE " T=qT
609L06°0E 3+ 9TSOTE " T=,T

96T9L06° 00 + SS9TE"T=5T
E0VS68°0f + TV6ZOE " T=ql
9Z0906°0f + LSOT6Z T=pl

\/

PO6V0T 0

y06¥%0CTI0°0

vI6¥0T0"0

002T /0 ‘Jove

’

60¥Z ‘00 ‘o021

o0VZ ‘o0ZT ‘o0

S9ITM umaoum
yjTts aseyd
Iad sxojonpuod g

’

1969806 0L + 6SLIE T=oT
161968°0f + 6ST8T0E T=qT
"6ESV06°0L .+ pTZO6Z T=,T

v

905v06' 00 + 2062 T=51
€81968° 0L + £IBTOE " T=y
SSLB806°0L 4+ -9LGLTE T=pl

89806°0C + BTILIE TI=5T
zzoegs ol + TI8T0E" T=4T
ZST06°0C + 9LTO06Z°T=,1

w

T

YY¥95600°0

$€5959600°0

‘$€95600°0

00TT ‘o0 ‘,0%C

o0%Z ‘00 ‘o021

00¥T ‘502T ‘ 6

o

S2ITM punoab
Jnoyata aseyd
g9d sIxo3lonNpuUod £




y0v868°0L + 9Z9STE " T=oT
s6v988°0f + TVIZOE " T=qT
6¥0L68°0L + 9TED6Z T=,1

*

avE£0L68°0F + £E£06T " T=0T

9¥988°0( '+ PTIZOE" T=qT
8E868°0F + TEISTIE“T=¢T

'

‘$868°0L + 996TE T=oT

915988°0L + STZTOE " T=qT
.686968°0L + 8Z06Z T=,T

»

LOY0800°0

LL6EOBOO" O

rv0800°0

o0ZT ‘o0 ‘o0FZ

o0FZ ‘00 ‘o0QZT

t

- BBITM uﬂuowm
y3Tsa eseyd zod

S8I0JOTIPUOCD JXNOH"

.609668°00 + SOL9TE T=,T
6LEL88"0E + E0TOE " T=qT.

T9568°0f + G¥68Z T=pT

SZBETLOO' O

-4




67T ER °01

qo®

aouanbas oseqg (1)

928%%°1 €1098°9 12592°1 €-2
90L¥V 0T | T118E"T 696z0¢°L 80¥8¢€°T £-1 SOITM qQ
. Lo . - .punoxd u3Im oseqd
¥¥98°L ¥8492°1 809¢9°8 E68LY T -1 1ad szojonpuod om],
ST¥85°01 92LY "1 2¥€29°8 79862°1 €r2
. ~
28695°0T | €£98€°7 PIEGL'S | ¥SLEZF'T -1 s> .
. : - aouanbeas aseyd (11)
69€€°6 | 8882°1 86675'6 | ¥15805°J -1
! L6FPL0T|LyEEST T E6¥IT "L 9L6¥2 ”ﬂ £-2
S - - | b
1“. qgow®
S0T9% 0N LS¥9E°T 1079S°L | 8¢18¢°Y €1 aousnbos aseyd (1)
. BOIIM y
. . punoaf jnoyjim aseyd ®
682%¥1°8| B8L¥Z"}T 78616°8 EBZLY "} 2= 1 1ad szojonpuod om],
I I : ¥ : )
. M\N.m % .m\OM % m\Nw % m\o.m % sosng : aury
wOIsSTWISURI} 9} I0F ase)D

pury Surateday

puy Sutpusg

ussmiaq auIl -

TOT8STUISUBL T,

uotjeInduoD 1030NpUCD

.

. *guoTjrINS UOD I03ONPUOD
JUSISIFIP YiTm urajshs ardures ayj I0F 20Ue{eqUN JUSIIND : []°9 SIqel



- 110 -

€92L°TT 682€5°1 29018°6 F€89¢°T €-7 : fVA\ .
L669°TT LGSP'T 9696°6 19987 °3 €-1 .
_FL05°07 | 929¢°1 T€2L 0T | 2T6¥F°T 2= qe?2
. X aousnbas aseqyd  (I1)
+ LZI0GTT [ 9%01S"¥ L2€£20°8 9061€°} € -2 -
"LZEZ°TT | BE6OET T _LPESP 8. €8LET "] €-1 ;
: . - . ~
PIF0°6 | 650Z%°1 ZIFLL 6 2226°1 z-1 . qo®
aousnbos aseyd {1)
*gax1m punoxd .
) motm aseyd xad -
- ) §I030Npuod Jaay],
-
£00%°07 | P688F%"1 L16997°8 960%0€°1 €-2 i
£026£°07 | 22¥0%°7 6519°8 2E0EP"T € -1
1662°1 £L0LE"6 S1516°] z-3 qed :

LZSL1 %6

aousnbag aseqd  (I1)




-~ 11t~

01X0£52°9

x L] : . % [ ] -
. ,.v.m: LESL'E .vb«u.nmNmN 9 wuno,wuﬂﬂmm Z £€-1
. -1
- N -. N L M L ) - -
,.07X¥0€5279 | . 07%888"¢ ,015252°9 | L 01 ¥Xerp e €-1 ;
,-01x5252°9 | 07%.900°8 | 01%5252°9 | OVX661°S 2-1  qoe
~ - . ‘..wo._nuﬂ.mum mm.@&,\ﬁv
. . uif pasod
- sued) g511m puncad
- notta aseyd xad
B8I0JOTPUOD IIIYT,
69FES TT LTLI9S"T 8121996 G9GBERT £-2
ZEIS°IY  BE98P'I 20806L°6 FI667°T £
SEEE ‘0T 68G8E"T E¥ES 0T S08L4°7Y Z2-1 qged
. o ’ souanbas aseyd - (I1)
LYESTT, 9BOBES'T LY AT L9GEE T £ -2
: 8ST6'0T 8109 798L1°8 |  2025¥°7 € -1
F2sL°8 982ZPE"T. 98LY*6 "8¥0PS°T -1 ) qo® .

sousnbos sseyd (1)

: *soITM
punoaf y3m sseyd
z2d saojonpuo> saayl




i‘\

- 112 -

yasv 2l

: 1129°% - 2585°071 96371 €£-72 —
652¥°2F | €S7SS°T . 8FEL"0T 66755 "7 €-1 _
) Aras ) ‘ . ) ~ ' 0
- 6L9TFT | -62SP°1 LETLETT 90€9°1 2-1 uonoammm oseqd (11
" G1G8°TT | €565°] 1525°8 886€"7 € - 2 o -
$666°11 { ¥E€2s'T 1LE6°8 6905°T €-1 ‘
. . qo e
. @Mﬂmoo 0w0¢-ﬁ 802 oo.ﬂ - h.ﬁmvm-.w ) 2" ¥ aousanboas deﬁﬁm AAV
- sox1m punoas ym
.. . ) aseyd aod s1039NPUOD INOJ
N 5 S . . .
019921 | 0LL5°77 8L9L 01 906T¥%° T € - ¢ .
$929°21 | LS05°F | -+ 8926707 119251 €~ ¥ qeo
SSpSIT|  LSTPT SELY*TT ¥L6S°T , 21 sousnbos sseud (11
N IR E L£18°8 $69¢€°7 €-2 ‘
0LZ6°1F 0€2°6 66L7°1 € -1 \
L8186 2025°07 L6551 2-1 qoe
T sousnbes oseyd (1)
b J
T *E9ITM
) punoad jnoygim omm.ﬁm A
1ad gxojonpuod anog
0TX9L50°T OTXET0°S 01%95¢°8 |, 0TXI¥EE"2 €-72
£ - - -
0T*L9T T 01X782°G OTXBEBL L | OIXE6IT € €1
€= ¥ V- )
...\.cigm,_..m : om«xmmpw.m pOTFLO0 8 | 01XEF6E rAl : qeo

aouanbas ommamr. (11)




- 113 -

6.5 Current Unbalance With Unbalanced Loads:

In a power aystem it is impossible to represent every loa.d mdw:.-
‘ dually. For this reason, loads cons:.dered m a system Btudy a.re a .
representatxc__)_q of composite ,s.ystem;.lo:i.ds. In practlce it is rathér
impossible.fo balance.loads equally on each phase. There always
‘exists an unbal,a.hce amon.g diffe::ent phases of the transmisbsioniine due
to presénée of unbalanced loads, ‘
In the following sections the effect of un_balar_xc:‘d along with un-
traﬁsposed or transposed transmission lines is stidied. - Té.ble 6. 12
gives the generation and loadink schedule for the 3-bus system. The
analysis for this case ha.s also been ‘done with two different conductor
conﬁguratmn and two phasing a.rra.ngements. Table 6.13 shows the
final bus voltage magnitudes and phase ahgles. Table 6, 14 gives the
system total real losses and slack.bus power and Table 6.15 lists the

current unbalance.

™o
oy
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¥

Table 6,12 " 3-Bus system, unbalanced loads
‘ ' and initial generation. !
Bus _\,'Pixéise ‘ ..G@Iﬂler.a.ti)on ‘ Load
Y a ) - T 1.14j0.55
(Slack) b - 1.04j0.50
‘ c - 1:14j0.55
‘ -~
] - . . .
: a 1 +j0.5 0 +30
2 b 1 +j0.5 0 +j0
_ c ) 1+ 0.5 0 +j0 .
a’ 0+ jo 1.32 + j0. 82
3 b 0 +j0 1.30 + jO.80
c 0 +j0 . 1.32 + j0.82
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6.6 5-Bus Power System:

. In order to see the results on a larger power system, a 5-bus
system shown in Fig. 6.3 was analyzedf 'i'hj_g ?ystem conSiSt.s of two
3-phase generating units, four 3-phase composite loads and seven
3 -~phase transmission line$; Table 6: 16 gives the length of the different

transmission lines of the system.

Table 6. 16. . Length of the different transmission lines used
a for 5-bus system o o

v
Bus -, Transmission " Length (Kins)
Line code »
1 -2 1 v 32.0
1 -3 2 ' iZEf,O
T 3-4 3 16.0
2 -5 4 64.0- o
4 -5 5 128.0
2 -4 g 6 20
: 2 -3 - 7 - 96.0

N 3
The spacing dimensions and conductor type used for all the transmission
~lines is as follows :
Conductor . : 23.5 mm ACSR 26/7 "DOVE".

Quter dia 1._4.832 cme.

4 conductors per phaée located at the corners
of a squa.fe of side 45 cm.
Ground wire: 7 strand ordinary steel wiere
Outer dia : 0.8 cm,
Resistance : 4,3 Ohms/mile.

Fig. 6.4 shows a cross-sectional sketch of the transmission

line withtground wires,

. -
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Fig. 6.4 Cross-sectional sketch of single-circuit
500 kV line.

a

bus admittance matrix is symmetric, the upper triangular matrix is only

able 6.17 shows the bus admittance matrix for the system. Since the

listed. Table 6.138shows the generation and power loading schedule for
the system in per unit., Since the slack bus power is computed after the
load solution ig__c\ompleted, it is initially designated as unknown. The
system was analyzed for three different phase configurations, to emphasize
their effect on system 1053?5 and unbalance. But any significant change

in the current unbalance was not noticed, because the length of the lines

is small enough to-show any effect of nontranspostion. Table 6. 19

shows the final bus voltages for the system for different phase arrange-

ments. The slack bus power and the total system real losses are
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listed in Table 6.20. Finally Table’ 6'.21 shows the line power flows
and current unba.ianc'e ratios for the phase sequence' a-b-c., The
d.ifference in values of power flows at sending end and receiving end
;for different phases of the transmission ‘line is due to the pha.se.

rotation of 180 degrees introduced in the computation of the current

vectors.
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5-. Bus systemns initial load and generation

Bus Phase Generation . Load
d T 0+j0
1 adk i
0+j0
c 0430
3,0+j2.0 1. 0+j0.5
2 3,04i2.0 < 1.040.5
c . 3,04j2.0 1. 04j0.5
_ .
3 a 0+j0 1. 0+j0.5
L , b 0+30. 1. 04j0.5
c 040 1. 0+j0.5
a 0+j0 1.25 +j0.75
c 0+j0 1.25 +j0.75
0+j0 1.54j1.0
5 b . 04j0 1.5+j1.0
c 0+j0 1.54i1.0

r
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Table 6.20: Slack bus power and total System real logses.

. Slack
Case Phase Phase Bug power: Total Real
'sequence System
;35-§~loasea (P.u)
. -
a 1.7798 4 5Q.7107
@ .y | abee |B / 1.7760 + j0.6713 0.03829
c ' 1.7748 + j0.7008
|a 1.7748 + 0.70079
(1) a-c-b c 1.7758 + j0. 6713 0.03847
b 1.7799 + j0.71076
b 1.7796 + j0.71069 |
(iii) b-c-a c 1.7761 + j0.67129 0.03843
bl a . 1.7749 + j0.7008
|\._ N
.
-
.
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6.7 Conclusion :

This thesis inv;:stigates the effect pf-unbala.nces'in transmission
lines on the power flow. The unbaldnce is caused mainly by uﬁtransposition
of the transmission lines or by outage conditions. Thih unbalanced condition
leads to generation of nega.ti._ve: and zero sequence voltage and purreni:s
which may have adverse effects sufficient to require line transpo.a‘ition_ . -
Basgically the emphasis has been given to the unbalance ‘effect of un-
transposed transmission li.ne.s on the overall performance of the system.

As it is not possible'to transpose every existing or planned transmission

line of 2 power system, attention must be given to the proper selection

of conductor phasing a.rraﬁgexnent, so as to avoid large line current

unbalance. The current unbalance in unti-ansposed overhead transmi-

ssion lines with flat conductor arrangement typical of extra high voltagel

construction is not significant in the case of singlé‘éircuit lines, but the

m;balance effect becomes apprecia.bie for multicircuit lines. The unba-
lance becomes - worse. when power system loads are unbalanced, or

| there are different phase impedances from a three'pha.se bank of single -

‘I.Jha.se transformers or there is a difference in the impedance of generator

windings for different phases or unequal series capacitor compensa.t:.on

of transmls sion lines or large single phase loads like mcluctmn furnaces..

The added 12 R losses in the Bystem caused by unba]fnce may be

auiﬁment to justify transposition of transmission lines.

« ° The current unbala.nce ratios are rétaced: by a factor of 10"'3

(approximately) for tra.nsposed. lines in comparison to untranspos ed line

with the same conductor arrangement for the sample system. The

presence of ground wires also affects the current unbalance ratios m L

. and m, . For the same conductor arrangement the ratio m, is large

and the ratic m, is small for transmission lines with ground wires,

~

’



functions are elimina.ted. There is an increase in storage,
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o .

N

-in comparison to transmission lines without ground wires, The

presence of unba.lanced loads as predicted in this thesis increases

" the amount of unba.la.nce in the syetem.l The unbalance is decreased as

the number of conductors Per phase are.increaged. The reason being

that the power carrying capacity of the transmission line is increased

but the amount of power to be transmitted remains the same.

P

The number of iterations required for the solution of the
voltage proﬁle for the sample systems with the Z-matrix method and

Newton's V-5 are almost equal. The dominating fea.ture of the Z -

- matrix method is the ncnsparsxty of the Z-matrix. This makes

the method unattractive for analysis of large systems and for small
computers with limited core area where a sparse Y -bus matrix is _
easy to gtore. Newton's e-f method 18 not efficient for a system thh
large number of volta.ge contro]led buses. The e-f method can prove
to be more useful than the V-5 method when storage and time limita -

tions are important since the operations involving trigonomXe

requirement for the S-bus system in comparison to the 3-bus: system.
The current unbalance in different lines being primarily a function of-
bus voltages is not affected by the size of the system.

The Boot Strap Ga.uss Seidel method did not pProve to be

effective fo;r the analysis of three phase load flow problems. Even by

reducing the value of the boosting factor below 0.8, the power -mis-
matches were large enough to avoid convergence. The ¢- coupling
method in wh1ch the Jacobmn submatrices N and J are used asg
correctmn factors in the computation of power mismatches were

small enough to make the algorithm conve rge slowly,. -

The analysis of a large power system with three phase load
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flow method is not practicable for ai:;eady state operating conditions,
but can be used for short c'ircuit and stability studies. To check
the degree of unbalance in the system the- -th#ee phase load flow analysis
can be doné after suitable ix_lt.:erva.ls.éi time. The methods which proved
to be effective for the solution of three.phase load flow problems are

Newton's e~f and V-§ methods and the Z-matrix method.,
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INTEGER BRANCH T

COMPLEX AoAT.ZPRIH.ZPRIMloYSHUNlcYSHUNTgYPRlHIoYPRIHoYBUSoV.S-RO-
$CMPL X

COMPLEX 5FLOH.YF1.YF2|VF1oVFasPFL.PFa.PF

DIMENSION A(9:9) sAT(9¢9)+ZPRIM(949) »ZPRIML(9+9) s YPRIM1(94+9) »YSHUNI
$(9+9) s YSHUNT(999) o YPRIM(F+9)sYBUS(949)3R0(F:9)2PG(9)eQG(F):+PD(T)
$,AD(9) s V9 +S(9)sG(F9)eB{F39) + VRID) + VIM(D) 4+ PSP(9)»Q5P(9) sVMAGL9)»
SDEL(9)sP(9)sQ(9) +DELP(F)I+DELQ{S)+DEL.I(F)+DEL2(9) s X(12,:1):A1(9.:9)

DIMENSIGN RJ(12,12) ‘

DIMENS ION SFLOW(9:9)sYFL(393)sYF2(3+3)eVF1(3:s1)sVF2{341):PF1(3,s1)},

SPF2(3+1)4PF(3,1) , | _
LOAD FLOW SOLUTION BY NEWTON RAPHSON®S METHOD

ALPHA=1+0

KVBASE=500 .

MVABAS=300

zaASE-((KVBASE}*:z)/(MVAaAs)

1 TER=0 _

EPS=5.0E~5

PI=4.0%ATAN(1.0)

RAD=180.0/P1 .

READ NUMBER OF BRANCHES AND NODES -

READ 5 4NODE  BRANCH
FORMAT (215)

READ THE BUS INCIDENCE MATRIX : . o

DO 10 I=1.BRANCH
DO 10 J=1+BRANCH
READ 15+A(1.+J)
AT(J:1)=A(1+4)
CONTINUE
FORMAT(2(F16,8))

' READ PRIMITIVE IMPEDANCE MATRIX AND CHANGE ,TO PER UNIT VALUE

DO 20 1I=1,.BRANCH

DO 20 J=1.,8BRANCH

READ 15+ ZPRIMI{(I +J) :
ZPRIM(I s J)={ZPRIM1(1,J))/7(2ZBASE)
CONT INUE

UBTAIN THE PRIMITIVE ADMITTANCE‘MATRIX

LB=2%BRANCH
CALL MATINV(YPRIM1,ZPRIMsBRANCH, LB}

READ SHUNT ADMITTANCE MATRIX AND CHANGE TO PER UNIT VALUE
DO 30 I=1,BRANCH .

DD 30 J=1.BRANCH
READ 1S,YSHUNLI(I,J)

. ¥YSHUNT(I s J)=YSHUN1(I+J)%({ ZBASE) : @

CONT INUE SRR
CALCULATION OF FINAL PRIMITIVE MATRIX

DO 40 I=1,8RANCH ’

DO 40 J=1,BRANCH

YPRIM(IsJ)= (YPR:M1(1.4)+YSHUNT(I.J}l

FORM THE BUS ADMITTANCE MATRIX

CALL ADMIT(A,AT,YBUSsNODE sBRANCHsYPRIMsRO)
READ THE BUS POWERS ' |

DD SO I=1,NODE

READ 16+PG(I),QG(I) +PD(1},QD(I)
CONT INUE
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2s
35
4s
.55

57
65

75

70

85
95

80
105

114

100
125
110
135
145
155

200

"DEL(1)=ATAN
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FORMAT(4(Fj6.8)) C . L

READ INITIAL ESTIMATES FOR BUS VOLTAGES !
READ 1Ss(V(I)s+I=1sNODE)

PRINT ouT OF INPUI,DATA .

PRINT 25

FORMAT (1HO )

PRINT 35

FORMAT (1H1 43X, * INPUT DATA®) ,
PRINT 45 4NODE ¢ BRANCH

Fg?n¢r(éao.-nuuaen oF Nooes--.la/llx.'NuuaER OF BRANCHES=",13)
P 55

FORMAT( 1HO,'8US INCIDENCE MATRIX® /)

DO 57 I=1sBRANCH

DO S7 K=1,BRANCH

AL(I+sK)=REAL(A(I X))
IF{CABS(A(I+K))eNELO40) PRINT 65.AI(I.K)
CONTINUE ‘
FORMAT(9(F10.+3)) : )
PRINT 75

.FORMAT({1HO0,*PRIMITIVE IMPEDANCE MATRIX'o/)

DO 70 I=1.+BRANCH

DO 70 J=1,B8RANCH

IF(CABS(ZPRIM(IuJ))oNEoO-O)PRINT BS-I-J.ZPRIM(InJ).
CONTINUE :
FORMAT(IH -'ZPRIH('-Izo ’12!')='olPElG-B."?J'plPEIG-Bn/)
PRINT 95

FURMAT(IHO.'SHUNT ADMITTANCE MATRIX'!/)

DO 80 I=1+BRANCH

DO 80 J=1,:BRANCH

IF(CABS{YSHUNT(14+J))NE«O «O)PRINT 105.19J.YSHUNT(I.J)
CONTINUE 3 X
FORMAT (1 HO o *YSHUNT ( r12.'o'.12.'l='.19516.3.'+J',1P516.8)
PRINT 114 :

FORMAT (1HO,°"8BUS ADMITTANCE MATRIX".:/)

00 90 I=1.NODE )

DD 90 J=1 ,NODE

IF(CABS(YBUS(I‘J”.NE 0.0} PRINT IISUIoJoYBUS(IsJ]
CONTINUE -

FORMAT(1H 'YBUS('.IZ-':'3120')"-IPE1608|'+J'-lPEIGoB)
00 100 I= .NUDE

DO 100 J=1.NODE . .

SUMI=PGLI )=PD(1}

SUM2=QG(I )—-QD(I)

S{(1)=CMPLX(SUM],SUM2)

CONT INUE .

PRINT 125 :

FORMAT({1HOQ,"BUS POWERS %)}

DO 110 I=1,,NODE

PRINT 135+145(1)

CONTINUE -«

FORMAT (10X *S{( %312+ )="41PE1G.8+s%'¢Jd 43,1 PE16+8,:/) .
PRINT 145

FORMAT (1HO,*INITIAL ESTIMATES FOR THE BUS VOLTAGES® ./}
PRINX 155.,(1+V(1).1I=1,.NODE}"

FORMAT(1H 110X0‘VBUS('012.')— P9 1PELS«B s ' +U* 4 1PELS+80/)
NODE1=NODE=3 \

NODE2=2%NODE 1

DO 200 I=1,.NODE '

DO 200 K=1,NODE .
G(I+sK)=REAL(YBUS(I.,K)) !

B(IsK)==AIMAG{YBUS(I:K))

CONTINUE

DG 210 I=1,NODE .

VR(I)=REAL(V(I

})
VIM(I)=AIMAG(V(I)) '
PSP{1)=REAL(S(I))
QSP(I)=AIMAG{S5(1))
CONTINUE '
CONT INUE

DO 220 I=1,NODE

VMAG(1)=CABS(V(I})
V.IM{I)/VR(I))
1)215.42

(
IF(REAL(V(I) 20,220
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‘DEL( I)=DEL{I}+PL
CONTINUE

. CALCULATION OF REAL AND REACTIVE POWERS

230

240

« DEL1(I)=ABS{DELP(

DO 230 K=1 ONQDE . .
P(K)=0.0 ‘ *
‘DU 2301=1+NADE

P(K )= P(Kl+VMAG(K’*VMAG(Il*(G‘KoI)*CQS(DEL(K] —DEL(I})=B{(K+I1}*RSIN(
SOEL(K)-DEL(I)])

ONTINUE

240 K=1.NODE

Q{K}=0.0

DO 240 I=1..NODE

Q{K)= Q(K)+VMAG(K)*VMAG(I)*(G(KoI)*SIN(DEL(K)-DEL(1))+B(K013*COS(
SDEL(K)}=-DEL(I}))

CONT INUE"®

DO 250 1I=1,N0ODE1

K=I+3 ’

DELP(I )=(PSP(K)~ ) *ALPHA
JXALPHA

PlK
DELQ{I)=(QSP(K)-Q(K
i

DEL2(1)=ABS{DELQ(I
X(Is1)=DELP(I)
%X(I+NODE1+1)=DELQ(I
CONTINUE

CALL MAX(DELI-NDDEI.DVMAX)

CALL MAX{DELZ2,NODE1,DVMAX1)

PRINT 225:DVMAXsDVMAX1
FORMAT(10Xs*DVMAX=% 4 1PE16+8s10X+*DVMAX]1 =%,1PE16.8)

)
) .
)
)
)

. IF(ABS(DVMAX)—-EPS)101,101.,102

300

IF (ABS(DVMAX1 )=EPS) 2000420004102 -
CONT INVE ‘ '

- S
CALCULATION OF JACOBIAN MATRIX

Do 300 K=1,NODE1

KK=K+3

DD 300 I=1,NODE1

I11I=I+3

L1=K

L2=1

CALL RJACBI(G.B.RJaVMAG.DEL PoQoNDDE NODE1 s NODE2+KiKs 1oL 1,L2)
CONTINUE '
0g 310 K—l-NODEl

KK=K+3

DO 310 I=1,NODE1

I1=1+3

TL1=K

310

320

330

L2=I+NODE]

- CALL RJACBZ(GuBoRJ-VMAG.DEL.P.Q-NDDE.NDDEI.NDDEZ-KK.II-LI-La)

CONTINUE

DO 320 Kgl.NODE1L

KK=K+3 .

DD 320 I=1,NODEL -

II=I+3 j\
L1=K+NODE1 . . -
L2=1 -
CALL RJACB3(G.BtRJ.VHAGoDELvPDQtNODE.NODEloNDDEZ'KKpIl-Ll L2)
CONTINUE

DO 330 K=1,NODE1 : '

KK=K+3 . '

DO 330 I= loNODEl , .

I11=143 ) .

L1=K+NODE1 .

L.2=I +NODE]

CALL RJACB4(G.B’RJ.VMAG'DEL'P.Q'NDDE’NUDEﬁvNUDEZQKKQIIOLIDLE)
CONTINUE

.GELG SUBROUTINE 1S FROM THE SCIENTIFIC SUBROUTINE PACKAGE AND 15 U
EE?M}:ET?ghUTION OF N SIMULTANEOUS EQUATIONS - WITH GAUSSIAN .

EPS=50E=-5
M=NODE2
N=1
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IER=0
CALL GELG(X.RJ.M-NcEPS-IER)
DO 340 I=1,NODE1L
K=I+3
DELI(K)=DEL{K) +X
VMAG{K)=VMAG(K)
VR(K)=VMAG(K);(
VIM{K)=VMAG(K }*
. VIK}=CMPLX(VRIK
340 CONTINUE .
ITER=ITER+1 Q.
IF{ITER,.GT,100) GO TO 2000
‘IF((ITER/ZS)*ITER.EQ.ITER) CALL MONIT‘ITER»EPS:V!NGDE'S,
IF({ITER.GT.S) GO TO 2005°
CALL MUNIT(ITER.EPS.V:NODE.S) )
GO TO 2005 : o
2000 CONTINUE . . . _
PRINT 350 - . ‘
350 FORMAT(1H1) - . o
CALI. MONIT(ITEREPSsVsNODE,S)Y ° L B
PRINT 350 . , '
DO 42 I=1,3
S{I}=CMPLX(P(L),0Q(1)) )
' PRINT 43+1.P{(1I)sI4Q(I) )
43 FDRMAT(IOXQ'P('112-"=!|lp51608|'0('0121')= '3 1PE16484/)
42 CONTINUE ‘ ' :
S00 FORMAT(3X/7777) '
DO 707 I=1.NODE * ' .
DO 707 K=1,NODE ‘ ’ :
SFLOW(I+K)=(040450,0)
TO7 CONTINUE

(I:1)
+{X{I+NODE1+1))I®VMAG(K) . .
COS(DEL(K)))
(SIN(DEL(K)))
JaVIM(K))

CALCULATION OF LINE POWER FLOWS

PRINT 350 . _
CALL PGUER(SFLGU-YFI.YF2.YPRIM1-YSHUNT.VFI-VFZ-V:PFIoPFZ-PF.BRANCH

$,NODE} _ . -
PRINT 350 ¢ e A

. CALL SLACK(SsSFLOWsNODE) N -

CALL MATCH(P4+Q+5+PG+0GsPD+QD, SFL.OW, NODE)
RRINT 500 ‘
END
SUBROUTINE ADMIT(A.AT.vsus.NDDE.BRANCH.YPRIM.R)

COMPLEX YBUS, YPRIM»sA+AT,R .

" INTEGER BRANCH . | _
DIMENSION YPRIM(BRANCH,BRANCH),YBUS(NODE sNODE) s A{ BRANCHyNGDE)'s

1 AT {NODE» BRANCH ) » R(NODE ¢ BRANCH )
CALL MATPLY(Rs AT »YPRIMNODE» BRANCH, BRANCH) .
PRINT 500 K
CALL MATPLY (YBUS sR s A+ NODE s BRANCH, NODE ) N
PRINT 500

500 FORMAT(2X,////)

RETURN
END

SUBROUTINE MONIT(ITER:EPS.VoNDDE.S) , -
COMPLEX V,S5 .
DIMENSION V(NODE),S(NODE)

- PI1=4 ,0%ATAN(1,.0) ~

RAD=180 40 /PI . : v

PRINT. 800s.  ITER,EPS , L

800 FORMAT(1HO0,2X+*ITERATION=%314, % TOLERANCE FACTOR=* 1PE11 ¢3)
DC 1I8US=1,NDDE - -
VMAG= ° CABS(V(IBUS)) ' .
PHASE= RAD*ATAN(AIMAG(V(IBUS))/REAL(V(IBUS)I)
IF(REAL(V(IBUS))J 43555 .

4 PHASE=PHASE+180., .
S CONTINUE L
1 PRINT 2 »  IBUS,V(IBUS)3VMAG »PHASE _
2 FORMAT(1H ¢2Xs*V(®412,%)="y1PE1345,"+4% s 1PE1345+s" =% ,1PE13e5,
19EXP(® ¢ 1PE1345,%)9)
PRINT 3 , (I+SCI)sI=1,NODE) -
3 FORMAT (2(3Xe¢*S(* 412+ )=%,1PE1345, "+ 1PE13e5))
RETURN : )
N L .

SUBROUTINE MAX(AsN,BIG) - :




T AP i T

10

. - - 140 ~.
P A .
g%gEgSéoN A(N) : .

=0e¢0 .
.00 10 I=1sN ra
IF(A(I).GT.BIG) BIG=AEX) ;
CONTINUE .
RETURN
END
SUBROUTINE MATPLY(RsA+BsNaMsL ) , oy .
DIMENSIDNR(N:L).A(N.M’aB(M'L) . : o 7
COMPLEX Ry AsBySUM . .
DO 1K=1N ‘
DO 2I=1,L
SUM={0.,0,0,.0) ‘ ]
DO 3J=1+M" o, A .
SUM—SUM+AGK1J)*B(Jol) ' . : )

3 CONTINUE . 4

=N

10

20

30

40

20

R{K+I)=SUM

CONT INUE

CONTINUE . .

RETURN . : -

END "

SUBROUTINE FLDU(SFLOH.YFl.YFZ.YPRIMI.YSHUNT.VFI.VFZ.V.PFI.PF2-PF.

1K1 +K2:K3+BRANCHs NODE)

COMPLEX CDNJG-SFLUWOYFIOYFE'YPRIMIUVSHUNT'VF1|VF2!VUPF1QPFZQPF

INTEGER BRANCH

DIMENSION SFLOW( NODE ONDDE Js¥YF1(343)+YF2(3+3),YPRIMI(BRANCH,

1 BRANCH)QYSHUNT‘BRANCHQBRANCHIOVFI(S:l)'VF2(3tl’oV(9) WPF1(3s1) -

1+PF2(3 1 sPF{(3+1) ) -

DO 10 »3
’

l-'h.-

PRIM1({L1,.,L2))
SHUNT{(L1.,L2))/2.0

W o<«

CALL. MATPLY(PF1lsYF1sVF1sN1sMLlyL 1)

CALL M TPLY(PF2-YF2-VF2.N1.M1oLll

DO 30/1=1,3 : _ o .

L=I*K2 ) :

K=I+K3 . '
PF(1s1)=CONJG(PF1(1+1)+PF2(1,1)) - : :
SFLOW(L+K)=VF2{(1+1)}#*PF(Is1}) . N ,

PRINT 40+LsKeSFLOW(L+K) o

CONTINUE . .
FDRMAT(IHOaZX.'FRDM NODE® 4 1243TQ NUDE'.Iz.ax. 016.8.'¥J' PDIG.B)
RETURN o . ‘
END e
SUBROUTINE PGHER(SFLOU.YFI ¥F2.YPRIM1.YSHUNT-VFI.VF2|V.P#1o, .t
1 PF2+PF yBRANCH ; NODE)

 COMPLEX CDNJG.SFLOU YFI.YFa.YPRIMI.YSHUNT.VFI.VFz.v.PFx.PFa.PF
INTEGER BRANCH ‘

DIMENSION SFLOW( NODE,NODE ).VFI(3.3).VF2(3.3).YPRIM1(BRANCH.

) § BRANCH).YSHUNT(BRANCHaBRANCH).VFI(3.11-VF2(3.11.V(QI _.PFl(B.ll
1tPF2(391).PF(3'1’

PRINT 20 , &
F?RgAT(lHO.'POUER FLOW BETUEEN BUSSES Y24 B

K S .

Kg-o . .
K—- .

CALL FLOU(SFLOH.YFI.YF2.YPR1M1.YSHUNT.VF1.Vonv.PFl.PFz.PF.Kl.Kz
$sK3.BRANCHNODE).

K1=0 ‘ :

K2=3 ‘ ’ .

K3=0

CALL FLOW(SFLOW.YF1l, YFanYPRIMIoYSHUNToVFI.VonV.PFl.PFaoPF¢K1.KZ
$£T358RANCH.NQDE) N

-
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K2= . . .
K3=6
;> CALL FLDU(SFLDH,YFI.YFatYPRIMI.NSHUNT-VFI.VF2.V.PF1.PF2.PF.K1.KZ
$ ¢ K3 » BRANCH,NODE)
K1=3 : , :
K2=6 , .

. - . K3=0. t
\\\\ . CALL FLDu(SFLuw.YFl.YFz.YPRIMI.YSHUNT.VFl.VFa,v.PFl.PF2 PF.Kl.Ka
.. $sK3,BRANCH,NODE)
S K1=6
Ka2=3 _
K3=6 %@ o
CALL\,FLON(SFLOWoYFloYFZ-YPRIMl-YSHUNT-VFI,VFZ-V-P 1+PF2:PFsK1sK2
$oK3'BRRNCH'NODE) -
K1=6' -
K2=6 .
K3i=3 *
CALL FLOH(SFLOU.YFl.YFa.YPRIMI.YSHUNT.VFl.VFa.v.PFx.PFz.PF.KI.K2
vK3oBRANCH.NUDE)
RETURN :
END N -
SUBROUTINE MATCH(P.G.S.PG.QG.PD.OD.SFLDU NDDE)
COMPLEX S.SFLOW
DIMENSION P(NODE).Q(NDDE)oS(NDDE).PG(NODE).QG(NDDE)oPD(NDDE)-QD
1 (NODE)  SFLOWINODE « NODE)
PLOSS=0,0 - , ’
QLOSS=0.0 ~ .
SUM=0.0 . X
DO 1 I=1,NODE a : -
DO 1 J=1,NODE - -~
SUM=SUM+REAL(SFLOW(IsJ))
1 CONTINUE (
PRINT 70S,SUM .
705 FORMAT(1HO,'REAL. L0OSS FhOM LINE FLOWS=",1PE16,8)}
DO 10 I=1.NODE
P(I)=REAL(S{I
Q{I)=AIMAGI(S{
PG(I)=P({I1)+PD
QG(I)=Q(I)+Og
Q

o

PLOSS=PLOSS+
QLOSS=QLOSS+
10 CONTINUE

faon

CALCULATIGN OF THE LDSSES AND GENERATED POWERS

PRINT 20 » AI+sPG(I)»1,QG(I)s1I=1,NODE) - - .
20 FORMAT(1H0,'REAL 'GENERATED POWER AT BUS *+16s1PE1S5e5/1H »°
1REACTIVE GENERATED POWER ATBUS':1241PE15.5)
. PRINT 30 , PLOSS.0LOSS
30 Eg?:#TiéHO.'REAL LOSS= +4Xs1PE15+5/1H »*REACTIVE LOSS=*,1PE 15.5)
40 FORMAT(1HO)
- SUM1=0.0
DO 50 I=1,NODE ,
TEMP1=0.0 . : - v ,
TEMP2=0,0 :
D0 60 J=1,NODE '
IF(I+EQsJ) GO TO 60 = N
TEMP1=TEMP1+REAL (SFLOW(IsJ))
TEMP2=TEMP2+AIMAG(SFLOW(I +J)) “.
60 CONT INUE ‘ '
PMM=P(I1)=TEMP1
QMM=Q('T1)=TEMP 2
SUM1=SUM1+ABS (PMM)
50 PRINT 601 +IsPMM,QMM ‘
601 FORMAT(1HO,'8US"s12,*REAL POWER MISMATCH=®41PE13,3/1H +6Xs *REACTIV
1E_POWER MISMATCH=', 1PE15.5)
PRINT 602 4SUM!I -
602 FORMAT (1HO, *TOTAL REAL POWER MISMATCH=',1PE13.3)
. RETURN .
. END N
SUBROUTINE SLACK(S,SFLOW,NODE}

CALCULATION OF SLACK BUS POHER
COMPLEX SFLOW,S

alalsl
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DIMENSION SFLOW(NODE.NODE }sS(NODE)
DO 10 I=1,NODE
S(1)=(0.0,0.0) . '
DD 10 K=1,NODE : : . :
stx)-sct)+5FLou(x.Kl : - :
10 CONTINUE : : L T
DO 20 I=1,3 . :
20 PRINT 3041+5(I) -
30 FORMAT(10X.*NET SLACK BUS PDNER( o120} =, 1PEL16,84 '+ 41PE1646,/)
RETURN : ‘
END )
SUBROUTINE MATINV(ZsYsNsM2d~
COMPLEX Zs+YsBosD,E
D:MENSIQNZ(N.N).Y(N.N).B(10.20)
DO 10I=1,N
DO10J=1N - L
10 B(1.J)=Y(IsJ) :

" LODCATE MAXIMUM MAGNITUDE A(IoKl bN OR BELOW MAIN DIAGDNAL

Ml= N+l .
DO 100I=1eN D
DO200J=M1 s+ M2

M3=1+N
IF(M3=J3) 12s13,12
13 B(I+J}=(1.0:0,0) -
GO YO 200

12 B{I+J)=(0e0+0.0)
200 CONTINUE
100 CONTINUE
DO 6I=1sN
D=B(I»1) i
DO 7TJ=1sM2 '
7 B(lsJ)=B J)/D

REPLACE EACH ROW BY LINEAR COMBINATION WITH PIVAT ROW
DO BL=1,N , ,
" IF: {LeEQsI) GO TO 8 . . _
E=B(L,1) . : _ . .
DO 9J=1+M2 /

a(L.J)-B(L.J)-E*a(I.J) ) . .
CONTINUE
CONTINUE
DO 17 I=1,.N : . -
DO 17J=M1,M2 ‘ -
17 2(I+d=NI=B(1,4J) ‘
RETURN .
END
SUBROUTINE RJAcan(G.B.RJ.VMAG.DEL.P.Q.NODE.Noosx.Nooez.K.M.Lx.La)
DIMENSION G(NGDE.NODE).B(NODE.NQDE).RJtnnoez.Nooezl.VMAGtNODE).DEL
$(NODE )+ P{NODE ) yQ{NODE)
IF{GI{K M} sEQueO 40 sAND +B{MsK)+EQ0.0) GO TO 10
IF(K.EQ.M) GO TO 1
RJ(LL1L.2)= VHAG(K)*VMAG(M)*(G(K.M)*SIN(DEL(K)~DEL(M})+B(K.M}*C05
1(DEL(K)I=DEL(M)})) .
20770 20 ,
1
JILILLR) = (VMAG(K)*VMAG(K))*B(KsK)-Q(Ki
GD TO 20
10 RJ(LLsL2)=0,0
20 CONTINUE
RETURN
END )
SUBROUT.INE RJACBE(G.B.RJ-VMAG.DEL.P.Q:NDDE-NDDEIoNUDEanK.MoLloLZJ
DIMENS ION G(NODE.NDDE).B(NUDE.NGDE).RJtnoosa.Nuosz).VMAG(NDDE).DEL
$(NODE)..P(NODE) +Q({NODE) ‘ .
IF{G{KsM) .EQ.0,0 .AND «B(M.K) ,EQ.0.0) GO TO 10
IF(K<EQeM) GO TO 1
RJ(LISL2)I=(VMAGIK)®*VMAG(M) I*(G(K, M)*COS(DEL(K)—DEL(M))-B(K.H)*SIN
1{DEL(K)=DEL{(M}))
GO TO 20
1 CONTINUE. ‘
RJ(LISL2)=(VMAG(KIXVMAGI(K) )XG(KK)+P(K)
G0 TO 20 ' -
10 RJ(L1:L2)=0.0
20 CUNTINYE

(o] lTe ]
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L

SUBRAOUTINE RJACB3(G|BoRJ|VMAG.DEL.P.QcNODEpNDDEl-NODEZ.K: wl1lsl2)
DIMENSION G(NODENODE) +B(NODE+NODE } 4+RJ{NDDE2,NODE2) s VMAG{NODE) +DEL
${NODE}»P(NODE) +Q(NODE)
IF(G(KgM).EG-0.0-AND .B(MoK)-EQ.OoO) GO TO 10
- IF(K.,EQ.,M} GO TO
RJ(LloLa) (VMAG(K)*VMAG(M))*(-GIK.H)*CDS(DEL(K)—DEL(M))+B(KsH)*
ISIN(DEL(K)-DEL(M))I
< GO TO 20
1 CONTINUE
RJ(leLZl—-((VMAG(KI]*VMAG(KI)*(G(K-KIIOP(K)
° GO TO 20
10 RJ(L1.,L2)=0.0 . : ’
20 CONTINUE : ¥
RETURN :

\' END

SUBROUTINE RJACBA(G-B;RJ.VMAG.DEL.P.O-NDDEoNDDEloNODEZnK.M.Ll.LE}
DIMENSION G{NODEsNODE)+B{NODE«NODE},RJ(NODE2,NODEZ2)» VMAG{(NODE} ,DEL
$(NODE) +P{NGODE) +Q(NODE)

IF(G(KsM) sEQe0+0+AND +B(MsK)eEQ.0.0) GO TO 10 M
IF{K.EG.M) GO TO 1

RJ{L1+L2)=(VMAG(K) *VMAG(Ml}*(G(KoMI*SIN(DEL(KI-DEL(M)lfB(KoM]*CDS
I(DEL(Kl-DEL(M))l,,/

GO TO 20 { ‘ t h . "
1 CONTINUE '

RJ(L1.L2)= (VMAG(K)*VMAG(K))*B(KsKl+0(K) 2

GO YO 20

10 RJ(L1,L2)=0.0
20 CONTINUE

RETURN
END .
3 9
1.0 0.0
-1.0 0.0 : o
1.0 0.0 .
-1.0 0.0 S ) . : :>$@
_l.o _0‘00 ) .
=140 - . . 0.0
. ’
1.0 0.0 )
o
-1.0 0.0 .
1.0 " 0.0
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