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ABSTRACT

For a systematic solution of the problems of power
systems, a necessary pre-requite would be a firm
theoretical and conceptual basis fof ideas in modern
pdwer system analysis. This work is an effort in this
‘direction. In this context, Stott's fast decoﬁpled
load flow (FDLF)‘method which is distinctly superior
to the existing traditional methods from the point of
view of both speed and storage is presented. The solu-=
tion is obtained in polar form through P - 8 and Q-V
decoupling and alternately iterating the active and
reactive équations with simplified submatrices of the
information matrix. An algorithm is developed for
conducting the load flow study including all buses

and lines of.a power system network consisting of
N-buses and corresponding interconnections. Provisions
are kept for line charging, off-nominal turns ratio

of transformers, fixed shunt capacitors and-regulated

voltage buses.
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CHAPTER - II
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1.1 GENERAL

Under normal-conditions electrical power system operate
in their stéady—state‘mode and the basic calculafion
required to determine the characteristics of this state
is termed load flow ( or power flow). It is performed
at the stage of planning, operation and control. For
efficient management and control of power generation
and distribution in a lapge power system, learning

some parameters in advance such as the magnitude and’
phase angle of the voltage.at.each bus and the real

and reactive pbwer flowing in each line is of prime
importance. This also -helps the authority to ﬁlan,
design and install facilities that must be provided

to meet the growing needs of the consumers in future.
Hence load flow study is a must in de;ermining the

best operation of existing systems as well as planning

the future expansion of power systems.

With the advent of modern computers,power system engin=-
eers all over the world quickly took the advantage of
computer solution of load flow problems and by today

many methods of numerical solution have been proposed



and practiced. Each me£h0d has its own merits and
demerits. The fast decoupled load flow (FDLF) method
recently developed by Stottl has been demonstrated

to be computationally very efficientz’B. It is consi-

dered to be an attractive alternative to the classical

Newton load flow method developed by Tinney and Hartu.

We should however bear in mird that load flow studies

are not only required in determining the static opera-

ting state of a system but also constitutes part of the =

programmes for studies such as system optimization and

stability.
1.2 LITERATURE REVIEW

In the earliest days of electrical power syétem,they
were operated as individual units and straight forwa;d
cdlculation was sufficient to predict the behaviour

of the system under qormal and abnormal conditions.

With the continued growth of supply network and deQe-
lopment of inter connections, this method became impréc-
tical. In the thirties network analyser had been‘deve-

loped to study system behavior, but the task of using



network analyser was not only very difficult and
tedious but also time consuming and called for a
wastage of engineering tatents. The introduction of
digital computer in the late forties opened a new
ho;izon for faster and more efficient ways ofianalysis

of power systems.

Numerous investigation and studies have been made and
proposed in the field of load flow over the last two
decades., Following are a few of the manyworks dealing
with the development of Fast decoupléd load flow (FDLF)
method in power system analysis.

The founder of the modern FDLF method is Stottl. His

idea originates from the paper by Tinney and Hartq
published in 1967 which describes the solution of loéd
flow problem by Newton's method. A book by stagg and
others5 published in 1968 on computer methods of power
system analysis is a valuéble addition in déveloping
'the computer. aided load flow studies. As a review of

Tinney's paper another paper by Stott6 published in 1971

discusses the effective starting process of Newton's
. i L] B



method and its merits and demerits. In a view to solQe
the P-g and Q-V problems seperately in 1272 5tott7 pro-
posed a new load-flow method. With the further simpli-
fication, modification and assumptions of the Decoupled
method Stottl in 1974 presents " Fast decoupled load

fldw" method. In the same year in a paper Stott8 compéres'

his proposed method with the other traditional methods.

Another two papefs by Sasson2 and Masiello3 published
in 1975 make some comments on Stott's reQiew study. The
paper by Horisberger and otheré9 published in 1276 pre-
sents the static state-estimation procedure of the

" fast decoupled method. A paper by Felixt? published in
1977 discusses the convergence criteria of the proposed

method, The book by PAIll

published in 1379 presents
FDLF method with the others for academic study purposes.
A paper by Rao and others12 published in 1982 describes

13 discussed

‘the method in another form. The same authors
the empirical criteria for the convergence of the method
in 1984, The suitability of the FDLF method for control
purposes is described in a paper by Mescualu published

in 1985,



1.3 SCOPE OF THE PRLESENT WORK

The scope of this project work includes the theory and
practical applications of the latest developed Fast
decoupled method in load flow study using the high

speed digital computer available in BULT computer center .
Incidentally, so far we know, No such attempt has yet
been made in Bangladesh for complete load flow studies
with this method utilizing the locally available perso-
nnel and facilities. Fast decoupled method is, there-
fore, chosen as the basis of the investigations repor-
ted here. One hust bear in mind while one intends to
evaluate this work that this is not a professional

job and instead of attacking industrial grade problems,
it is aimed at to strengthen our commands over the
different traditional methods of computer aided load
fldw study. However, it is expected that the results

of this study will substantially contribute in the
efforts of load flow study of BPDB and others. The
generaiized pfogram is developed with the overall objec-
tive to take the advantage of computer use in the de&e—

lopment of Bangladesh. .

The following facilities are available in the generalized

computer program developed for the proposed work:
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(i) It is able to handle a set of non-linear algebric

equations.

(ii) It is able to héndle system having hundreds of

buses, transformers, lines etc.

(iii) It is sufficiently accurate, speedy and not too

time consuming.

{iv) It can form bhs admittance matrix encountering

all the effects of interconnections,
(v) Determination of Bus voltage magnitudes and angles.

(vi) Computation of MW and MVAR flow in the network.

(vii) Effect of rearranging circuits and effect of

new circuits on loading.

(viii) Optimum system running conditions and load

distribution.

(ix) Effect of termporary loss of generation and

transmission on system loading.

(x) Optimum rating and tap range of transformers.

xi) Improvement from éhange of conductor size and

system voltage.

(xii) Line losses and power mismatches.
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1.4 SUMMARY

Chapter -~ 1 presents generél approach for load flow study,

literature review and scope of the present work,

Chapter - 2 In this chapter there-is a brief representation

of power system pertinent to the present study.

Chapter ~ 3 This chapter is about matrices. Types of matri-
ces and matrix operations required for load flow study.épe'

briefly described here,

Chapter - 4 Discusses the basic mathematical principles for
the solution of load flow problems in Fast Decoupled Method,

staring from the traditional methods.,

Chapter- 5 C(Ccvers the development of an efficient computer GL
program for the present study and the results of application of

the developed program to a sample system,

Conclusions of the study are presented in chapter-6é which
alsoc includes a few suggestions for possible future extension

of the work.



CHAPTER - II
POWER SYSTEM REPRESENTATION



2.1 INTRODUCTION

In this chapter the essential characteristics of some of
the components of a power system related to the objectiQe
study is discussed in brief. What is meant by a single-
line diagram and how it describes a system is the first

attempt.

Importance is givén towards the introduction of per-unit
quantities, which are used in many calculations,insteéd
of actual units. Although the per-unit concept 1is quite
simple, its application to three-phase circuits requires

clarifications,

The main component for the transfer of power between
different voltage levels is the transformer. The Qarities

of transformer for various purposes is described.

Loads are considered as components of power system eQen
though their exact composition and characteristics ére
not known with complete certainty. For the load flow

study, the prediction of the loads to be expected is reqﬁ-.

ired.

2.2 SINGLE-LINE DIAGRAM

In dealing with power system of any complexity, one of the



first essentials is a single line diagram, in which
each polyphase circuit is represented by a single-line;
Stripped of the complexity of several phase wires, the
main powér channels then stand out clearly, and the

: 1
general plan of the system is evident.

This diagram is é short- hand or symbolic representétipns
of the principal connections,showing the equipment in

its correct elecfrical relationship and usually ha@ing.
indicated on it, data essential for the determinatipn;of
impedance diagram. With the recommended symbols for
apparatus the sinéle-line diagram of a Qery simple power

system is shown in the following figure:

‘ T, ' . T;

o lols Fefze s,

5‘, i r(|> oa
Load A

-+

Fig. 2.1 One-line diagram of an electric system.

The purpoSe of the single-line diagram is to supply in
concise form the significant information about the
system. The importance of different features of a

system varies with the problem under consideratiop and



the amount of information included on the diagram
depends on the purpose for which the diagram is intended.
For instance, tHe location of circuit breakers énd
relays is unimportant in making a load-flow study. On
the other hand, for the determination of the stability
of a system under transient conditions resulting from
a fault, the information about the location of circuit
breakers and relays may be of extreme importance. Thus
the information found on a single-line diagrém must be
expected to vary according to the problem at hand énd
according to the pragtice of the particular company

preparing the diagram.

THe impedance diagram is also a single-line diagram, on
which are indicated on a.common basis,the impedances of
all lines and pieces of equipment related to the problem;
The single- line impedance or reactance diagram drawn
from Fig. 2.1 with proper reactance values on a system

' base voltage and base MVA is shown in Fig. 2.2.

jre.520  ji7e 02 jre-s2n

1111

165.508 ji3-100 (io10) (3012) (jo10) 435
1045) j090) 1+ .

( N I, Gos

- - Neutral bus -

Fig. 2.2 Impedance or reactance diagram of Fig. 2.1



Because of the symmetry of phases it is qually
sufficient to represent only one phase called the refe--
rence phase, or a phase. Under balanced condition of
operation, thé currents and voltages in other two phéses
are exactly equal to those in a phase and merely lag
behind the a phase quantities by 120 and 240 electricél
degrees. Hence, when the a phase quantities have been

determined, the others follow directly.

2.3 THE PER UNIT SYSTEM

In the analysis of power system networks instead of
using actual values of guantities it 1is prefe}able to
express them as fractions of reference quantities,

such as rated or full-load values. The#e fractions afe_
called per unit ( denoted by p;u.) and the p.u. value

of any quaﬁtity is defined as:

the actual value ( in any unit )

the base or reference value in the same unit

Some authorities express the b.u. value as a percentage;
Although the use of p.u. values may at first sight

seem a rather indirect method of expression there.are
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in fact great advantages; they are as follows,

a)

b)

c)

d)

2.3.1

The apparatus considered may very widely in size;
losses and voltage drops will also vary considera-
bly. For apparatus of the same general type the
p.u. voltage drops and losses are in the same order

regardless of size.

It is seen that the use of ¥3's with the use of
p.u. quantities in three phase calculations is

reduced.

By the .choice of appropriate Qoltage bases the

solution of networks containing se@eral trans-

formers is facilitated., The p.u. impedance of a
transformer is independent of the winding

considered.

p.u. values lend themselves more readily to

automatic computation.

Base selection

For use in a power system study, all impedances and

other guantities must be expressed on a common system

base. The base is chosen depending on the size of the

power system. The base voltage for each portion of the



network is usually the nominal Qoltage of that portion
and, if not stated, is thUs understood. Fo? portions of
the network connected throﬁgh transformers, howe;er, the
ratio of base voltage should equal the turns ratio of the
traﬁsformer for the particular tap used, eQen if the turns

ratio differs from the ratio of nominal Qoltages.
2.4  TRANSFORMERS

A transformer is a static piece of apparatus thaf-
i) Transfers electricrpower from one ckt. to another,
ii) It does so without a change-of frequency.
iii) It accomplishes this by electro-magnetic inductiﬁno

“iv) The working condition is that the two electric
circuits must be in mutual inductive influence of

each other,

According to construction and working purposes there may be

different types of transformers.

2.4.1 Two-Winding Transformer:

The equivalent circuit of a two- winding transformer is
shown in Fig. (2.3). Where all the quantities are refered

to the side 1. In the T circuit the series arms represent



the laakage impedances, and the shunt arm, theexci-
ting impedénce. In power transformers, the shunt branch
current is negligible as compared to the load current

and hence can be omitted from the

Fig. 2.3 Equivalent circuit of a transformer.

equivalent circuit. Under these circumstances the
equivalent circuit reduces to a simple circuit as show

in Fig. 2.4

N N
1,2 1,2
Il Rl+ (_ﬁé) Ry Xl+(ﬁ;) Xy
W T I
+ +
I, Req Xeq I,
WA P ——
+ +
1 V2

Fig., 2.4 Simplified equivalent circuit of a

transformer.



2.4.2 Three-Winding Transformers

Three-winding transformers are represented, by Y circﬁits
(Fig. 2.5) such that the impedance of each branch is the
impedance of corresponding winding and the sum of the
impedances of each pair of branches equals the short
circuit impedance between the corresponding pair of
windings with the remaining windings open, Magnetizing

current is negleéted.

The following relations are in usezl’22
Y -
Iy =2 0 2)p % 237 2,3 )
- 1 -
Zp =2 (2, * 2553 - 75)
- 1 -
I3 =2 (23 % 253 = 2y, )
where,
I =R + jx
212 = Leakage impedance of primary with secondary

short circuited and tertiary open.,



223 = Leakage impedance of secondary with tertiary

short circuted and primary open.

213 = Leakage impedance of primary with tertiary short

circuited and secondary open.

3
Fig., 2.5 (a) The equivalent cir- . (b) Symbol for one-line
cuit of a three- diagram.’ '

winding transformer.

2.4.3 Autotransformers

An autotransformer consists of a common windings of’tﬁrns
Nl and a series winding having Nz turns. In Fig. 2.6 1is
shown a three-phase autotransformer. The per phase equi-
valent is shown in Fig. 2.7. Terminals a-n represent the

low
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Fig. 2.6 Three winding ' Fig. 2.7 Single-phase autotrans-
autotransformer former.

. :
voltage and terminals a -n represent the high voltage sides

The overall turns ratio is given by

4

v N2
L -1+ =5 =14+ a=N
Y N

a 1

Autotransformers-have the following disadvantages:

(1) the two éides are not electrically seperated, and
(2) the series impedance is lower than in two-winding
transformers and may result in excessive short circuit
current, On the other hand, its advantage is that €for

the same amount of copper and iron, we can get an auto-



transformer of a higher MVA rating than a two-winding
transformer. This gain is much higher if the turns rétio
is closer to unity. Thus, when the Qoltage levels are
of the order of 2:1 or lower but high MVA is inQolQed

the autotransformer offers a distinct advantage.

2.4.4 Representation of Transformers HaQing
off- Nominal Turns Ratio { ONTR)

A transformer with off-nominal turns ratio can be repre-
sented by its impedance, or admittance, connected in

series W1th an ideal autotransformer as shown in Fig.2, 8;'
An equiQalent % circuit can be obtained from this repre-
sentation to be used in load flow studies. Thé elements
of the equivalent circuit,,then,can be treated.in the

same manner as line elements.

Two considerations arise when we consider the case thét
the off-nominal turns ratio is real.

(i) The P.u. Qélue of series impedance of the tréns-
former is put in series with an ideal transformer to
allow for the difference in voltage. The off-nominél
ratio represented by the symbol 'a' would assume a
value around unity.

(ii) It is assumed that the series impedance of the

transformer is unchanged when the tap position is varied.



Yt
53— 3o
(a)
s a:l
Y
O—C :Z
_ g 52 ©

{b)

Fig, 2.8 Two ways of representing off- nominal
transformers.

There are two ways in.which an off-nominal transformer
can be represented as shown in the aone figure. The
series admittance in the two representations are reléted
by

Y; - Ytlaz
With the ransformer ratio being normalized as a:l the
non-unity side is called the tép side. Thus in the
first instance the series admittance of the transfor-
mer is connected to the unity.side and in the second
case it is connected to the tap side., The equiQalent

circuit is now derived from elementary considerations.



Let us consider Fig. 2.9 where the series impedance is
connected to the unity side of the tap changer. To

derive the equiValent,

Fig. 2.9 Off-nominal transformer representation.

Circuit in terms of the two terminal elements the

following procedure is followed. At node P

1 = (V - . t
pg = Vpm avg )
a?_.
VY vV Yy
= p_t _ q t
2 a " e (2.1)

Similarly at node g

y
I = (v - Y
pa = Vg - ) Yy

. (2.2)

1l
<l
0
-
rf
]
[}

ct

The above equations can be represented by means of an

equivalent circuit as shown in Fig. 2.10 (a)



lpq
'QE — @ Writting node equations in Fig. 2.10(a) we get
Ve Yz Ys oy }
I = V Y V - V Y s e 2.3
pg = Vpl2t (V- Vg 1y (2.3)
1
I =VY, + (V-V Y ces 2.4
pq q 3 ( q p ) 1 - A )

Comparing equations (2.3) and (2.4) with
equations (2.1 ) and (2.2 ) we get

Y
= =t
Yl + Y2 = >
a
Y
Y t _
1 - and Yl + Y3 = Yt

(c)

Fig., 2.10 Equivalent circuits of off-nominal transformers.



Hence
Y Y
Y, = t t B Y
2 - - T and Y3 = Yt - _t
a . a

The equivalent circuit is shown in Fig.. 2.10(b). It is
to be noted that all the admittanées in the eduivalent
circuilt are functions of the turn ratio a. Furthermore,
the signs associated with Y2 and Y3 are aiways opposite;
For example, if Yl represents an indﬁctance, then for
arl, Y2 is an inductance and Y3 is a capacitance; For
a<l , Y2 is a capacitance and Y3 is an inductance,

The equivalent circuit in terms of Y; is shown in Fig;
2.10(c). As a approaches unity, the shunt branches in

the 1 - equivalent both become infinite impedances and

the series admittance approaches the value Yt'

2.4.5 Phase shifting Transformers

A phase shifting transformer can be represented in loéd
flow studies by its impedance, or admittance, connected
in series with an ideal auto-transformer haQing a com-

plex turns ratio, as shown in Fig., 2.12, Then the

terminal voltages Vp and VS are related by



v :
VR = a_ + jb_ = a(Cos¥ + jsin¥ ) eee (0 2.5)
)

where, a = Turns ratio

¥ = Specified angular displacement

® © ® @

]

Ipr 15G

Fig. 2.12 Phase shifting transformer representation.

When a phase shifting transformer is connected between
buses P and q, as shown above the self-admittance at

bus P is: .

y '
Y = + - e . 2 e c|(2.6
pp - Yp1 T Yp2 * —%——— 2 ¥ Ypn ‘
: a_. + b :
s s

The mutual admittance is

Vop = ° R4 (2.7

ap a5+jb5 e .

Similarly, self and mutual admittances at bus g are



Y = + fee e 0 + o.u(2|8
aq - Yql” Yq2 T Yqp Yqn
and
Y = - yeg '
pq - * e (2.9
a.- Jb5

If the phase shift from bus p to bus s is positiQe,
that is, if the sign of ¥ is plus, then the Qoltage'

at bus p leads the Qoltage at bus s,

: 24
A phase shifter regulates the flow of active power by

Qarying its phéée angle Y.

In a phase shifting auto-transformer, the primary and
secondary windings. belong to different phases, thus
resulting in both a chaifge in tap ratio and a phase

difference. This is illustrated in Fig. 2.13(a) which
2

shows a simplified diagram for one phase of a3<¢ phase
shifting transformer. In the figure it is seen that
phase a secondary winding is excited by a voltage

which is 90° out of phase with phase a to neutral

)

o phsc

voltage. Fig. 2.13 (b) shows that, as the tap is varied
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Fig. 2,13 Three-phase-shifting transformer

from R to A, the voltage across this winding changes
A
from zero to aa ., Consequently, the secondary line to
) :
neutral voltage veries from oa to oa . Thus, there is a

phase shift as well as change in voltage ratio., Similar-.

ly, the phase b to neutral and



phase ¢ to neutral voltage on the secondary side will
' .

. 1
vary from ob to ob and oc to oc respectively.

As can be seen from the Qector diagram the Qoltages.in
the series windings are advanced, a condition tending
to cause more power to flow in the line in which the
phase-shifting tfansformer is installed. By reQersing'
the polarities in the series windings the Qoltage cén
be made to lag, with the result that the line would

- carry a reduced load.

2.5 TRANSMISSION LINES AND CABLES®

In power system analysis a section of a transmission
line is often represented by an network. The series

arm of fhis circuit represents the normalized resisténce
and inductiQe reactance of the transmission line while
each of the shunt arﬁs represents the half of its totél
shunt capacitiQe susceptances., The éircuit is shown

in the following figure:
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Fig. 2.1% Nominal-7 circuit of a section of

a transmission line,

2.6 MISCELLANEOUS EQUIPMENT

In the load flow analysis of a power system, equipment
like23 buses, current transformers, switches,circuit-
breakers etc. are‘considered as having negligible
impedance and shunt elements like ﬁotential transfor-

mers, lightning arresters and coupling capacitors are

considered open-circuited.

2.7 LOADS

Generally, the term load refers to a device or a combi-
nation of devices that tap energy from the network,

The magnitude of the load varieé from a few-watt night
lamp to a multimegawatt induction motor.The load varies

second by second and with millions of consumers each

t



using energy individually%sHowever loads are assumed

to be lumped on the buses of major stations and sub-
stations., They should be expressed as vector power

P + jQ, where P is the active poﬁer, and Q the reactiQe

power.
2.7.1 Load Representation

In the representation of loads for load flow studies,
it is important to know the variation of real and reactivé‘"
power with variation of voltage; At a typical bus load

may consist of

1. Induction motors 50 - 70%
2. Heating and lighting 20-30%

3, Synchronous motors 5-10%

For analytic purposes there are mainly three11 ways of

representing the load:

(1) CONSTANT POWER REPRESENTATION: Here both the
specified MW and MVAR are assumed constant. This

is the representation used in load flow studies.

(ii) CONSTANT CURRENT REPRESENTATION: In this scheme

the load current I is computed as

1= 2208 0 1) < (8- 9)



1 is the

Where V = |V|< 8 and ¢ = tan %

power factor angle.

The magnitude of I is held constént.

(iii) CONSTANT IMPEDANCE REPRESENTATION: This 1is the
most frequently used representation of loads in
stability studies. If the load MW and MVAR are
assumed known and to remain constant the impe«

dance is computed as

vl

2
-jQ

v
l = -i".‘—

o

or, the admittance is given as

I p
Y=93 -~ 2

| v

.
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2.7.2 Concept of Complex Power

If the phasor expressions for foltage and current are
known, the calculation of real and reactive power is
accomplished conveniently is complex form., If fhe
voltage across and current into the certain load or
part of .a circuit are expressed by V = |Vl< @ and

1= |I| <8, the product of voltage times the



conjugate of the current is
*
VI' = Vea x I< -8 = |v| [I] <a-8 ... (2.10)

This quantity, called the complex power, is ﬁsually

designated by S, 1In reactangular form

s = V] |T] cos (« - B) + §IV| II| sin (o -B )(2.11)

where @-B = 8 = The phase angle between voltage and AT

circuit.

2.7.3 Sign Considerations

The complex power can be written as

5 = P + jQ .. (2.12)

Reactive power { will be positive when the phase angle

(a - B) between voitage and current is positive that is,
when q)B s, which means that cufrent is lagging the Qol-
tage. Conversely Q will be negative for'B>q, which indi-
cates current leading the voltage., This agrees with the
selection of a positive sign for the reactive power of

an inductive circuit and a negative sign for the reacfi&e-
power of a capacitive circuit. To obtain the proper sign

N * . :
for ¢, it is necessary to calculate § as VI ,rather than

. .
V' I, which would reverse the sign for Q.



CHAPTER - III
MATRICES FOR LOAD FLOW STUDRIES



3.1 INTRODUCTION

In recent years, the use of matrix algebra for thé formu-
lation and solution of complex engineering problems like
load flow studies has become increasingly important with
the advenf of digital computers to perform the fequired
calculations. The application of matrix notatlon provides
é concise and simplified means of expressing complex net-
works. The use of matrix operations presents a logical
-and ordered process‘which is readily adaptaﬁle for a
computer solutlion of a large system of simultaneous

equations.



3.2 MATRIX AND TYPES OF MATRICES

A matrix is defined as a'rectangularlarray of numbers,
called elements, arranged in a systematic manner with

m rows and n columns. These elements can be real or
complex numbers. A double- subscript notation aij is
used to designate a matrix element. The first subscript
i designates the row in which the element lies, and the
second subscript j gesignates the c¢olumn. Some matrices
with special characteristics are significant in matrix

operations.
3.2.1 Square Matrix

When the number of rows equals the number of coiumns,
that is, m= n, the matrix is called a squafé mafrix and
its order is equal to the number of rows ( or columns ).
The elements in a square matrix aij for which i=J are
called diagonal elements. Those for which 1i# j are

called off-diagonal elements.
3.2.2 Sub- matrix

The matrix formed from a main-matrix with the rejection of some
of its columns or rows is called a sub-matrix of the main.
The order of the sub-matrix is always less than the main-

matrix.



3.2.3 Column matrix

Matrices may have any number of rows and columns. A
matrix of m rows and 1 column is called a column

matrix and is designated as m x 1 matrix.
3.2.4 Transpose of a matrix v

If the rows and columns of an mxn matrix are intercha-
nged, the result nxm matrix is the transpose and is

designated by At if the original is A.
3.2.5 Cbnjugate of a matrix

If the elements of a matrix A are replaced by their
complex conjugates ( i.e. replacing an element a+jb by
a-jb), then the resultant matrix is the conjugate of

A and is denoted by AT
3.2.6 Adjoint

If each element of a square matrix A is replaced by its
co-factor and then the matrix is transposed, the result-

ing matrix is an adjoint which is designated by At.



3.3 MATRIX OPERATIONS

Manipulation of matrices is governed by operations

known as the rules of matrix algebra. These rules pro-
vide for an orderly method of solving equations. The

| definite rules and orderliness of matrix algebra afe

" especially desirable in programming digital computers.‘
The great importance of digital compﬁtefs in power-
system analysis makes an understanding of the basic
matrix operétions essential to power-system engineers,
and matrix algebra is frequgntly the basis of load flow

study.
3.3.1 Multiplication of matrices

The multiplication of two matrices indicated by C=AB is
defined if and only if the number of columns of the
first matrix A equals the nﬁmber of rows of B. Thus if
A is an mxq matrix and B is of dimension gxn, thén the
resultijg matrix C is of dimension mxn. Any element Cij
of C is the sum of the products of the corresponding

elements of the ith row of A and the jth column of B,that.

ils,

b
19 "qj



= _iik bkj i = 1’2, --o,m;j=1,2’-i. ,n

i
ol e =

c. .

1]
The commutative law does not hold for matrix multipli-
cation, i.e. AB { BA.

However, the following is true:

i}

A (B+C) AB + AC ( Distributive law )}

A (BC } = (AB) C = ABC ( Associative law )

3.3.2 Inverse of é matrix

Division does not exist-in matrix algebra except-in the
case of the division of a matrix by a scalar. Bﬁt the
objective of division in solving equations 1s accompli-
shed by obtaining and manibulating the inverse matrix

we must first define the unit-matrix.

A unit matrix U is a square matrix all of whose elements
on the principal diagonal are 1 and all of whose off-

diagonal elements are o

Let us consider the set of equations:

a; %Xt A%, t .o ay X, =Y
X A% ¢ T In*n = Yn



Which can be written in matrix form as

P ] - [~ T
31 %22 . 321 X2 | Yo
anl an2 ann xn yn
| Jd L | S

AX=Y where A is now a nxn matrix, ‘X is a nxl, and Y is

a nxl matrix.

We define the inverse of a matrix A as that matrix which
when post multiplied by A results in the unit matrix.

The inverse of A is denoted by ATE,

Thus

We make use of this fact in the matrix equation

AX = Y

We pre-multiply both sides by A~l

-1

A AX = ATTY
ux = a~ly
But, Ux = X
1

1k

>
1

-,

Hence, X



Thus the concept of the inverse of a matrix is useful

in the solution of matrix equations.

1

It may be shown that the inverse A"~ of A is obtained

by applying the following rules:

1. Evaluate A  the determiﬁant of the matrix A

2. Replace each element of A by its respective

co-factors, i.e. replace aij by

_ i+j .
Aij = ( ~1) ( minor of aij )
3. Transpose the matrix of the co-factors, thus

obtaining the adjoint A" of A.

4, Divide each element of the adjoint matrix At by

the determinant A . The resulting matrix is
. +
the inverse of A. Thus A™1 = 2 .

3.3{3 Singular and Nonsingular matrix

If the determinant of a matrix is zero then the inQerse
is not defined. Such a matrix is called a singulér matrix.
If the determinant is non-zero then it is called a noné

singular matrix and a unique inverse exists.



3.4 BUS ADMITTANCE MATRIX

Thg network matrix obtained by the bositiQe sequence
admittances between the buses of a power system is
called a bus admittance matrixzo. The bus admitténce
matrix gives the mathematical representation of the
layﬁut of a power system. The bus admittance matrix is

a two dimensional array of the self and mutual admitta-
nces of the buses. The number of rows and columns of
this matrix is equal to the number of the buses in the
system. All the diagonal elements of this system-matrix
are the self-admittances of the buses and off-dlagonal
elements of this matrix are the mutual admittances.
Depending on the system study the admittances of gene-
rators, transformers and loads very sometimes be omitted
from the bus admittance matrix. However, for study of
the overall system, these quantities will be considered
along with other admittances in forming the total admitt-

'ance'matrix. The elements of the bus admittance matrix

are often complex.

I be the
n

currents supplied by the buses of an n bus system, their
voltages belng Vit Vo1 V3 ‘e A If the admitt-

ance between a pair of buses say 1-2, 2-3, etc. is Y120



then

I,= ylz(v¥:y2) + yl3(vl-v3) + e +yln(vl-vn)

(Yyp% Yp3 * =++ * Y1) Vim ¥io¥o oo+ Yip¥a

=
-

-
1]

ynl(vn~vl) * Y (vh-v2 Y 4 .. o+ yn,n-l(vn'vn-l)

= Ynlvl + Ynzv2 + s + Ynnvn

These equations can be written as a matrix equation in

the form:

(1] [y Y v. 1 [ v.

1 11 ‘T2 In S
I, Ya1 Y22 - Yon &
In Ynl . Yn2 Ynn vn

or I = YV



The matrix Y is termed the "Bus admittance matrix". The
diagonal elements of Y are termed the self admittances

and the off-diogonal ones are the mutual admittances.

or, self admittances can be written as

-
n

11~ Y12 Y Y13t e * Yin
Yoo = Yo * Y3 * e * Yon
Ynn =Yar Y Yn2 e * yn',n-l

and the mutual admittances

Yi2 = Y312

Y =

23 etec.

“Y23

3.5 FORMATION OF BUS ADMITTANCE MATRIX

To determine the elements of the bus admittance matrix
YBUS from the transmission line and line charging
admittances with ground as referenée, the transmission
line admittances are obtained by taking th¢ reciprocal

of the line impedances along with the total line 6harg1ng

27
admittance to ground at each bus . .



Ygyg Matrix consists of diagonal Ypp composed of sum of
all admittances incident to node P and off-diagonal ele-
ments qu equal to qu which is composed of negatiQe of

admittance conneted between node P and q.

Tﬂe admittance matrix for shunt elemenfs is. usually dia-
gonal as there is normally no coupling between the compo-
nents of each phase. This matrix is incorporated directly
into the system admittance matrix, contributing only to

the self-admittance of particular bus.

Let us consider the following sample system to illustrate

the method of formation of the bus admittance matrix.

North
OR . Lake Main

Okns 7@ - ®

South

Fig. 3.1 Sample system for the formation of YBﬁs



Assuming no mutual coupling in the system many of the

elements of the matrix will become zerd. The diagonal

element of the bus admittance matrix for bus 1 is

Y17 Y12 v Y13ty

The off- diagonal elements associated

are just the sum of the corresponding

with negative sigﬁ.

where Yy

] 1
= v1af? + vp53/2

with different buses

branch admittances

Bus q
Bus p 3 4 5
1 Yi1 | Y12 Y13
2 Yor | Yaz Y3 Yao | Yas
3 Y3 | Y32 Y33 LET
4 Yy Y43 Yao | Vas
> Ys2 V54 Vss

Fig. 3.2 Bus admittance matrix

The general representation of the elements in accordance

with network configuration may be written as :



Y = Y = - for off-diagonal element
pq ~ gp Ypg P F g

1
7
<
+

Y : for diagonal elements
and Yo, pg T Yp g

1
h = I 2
where y, ypq/

3.6 ADVANTAGES OF Y OVER ZBU

BUS 5

ZBus matrix is a full- matrix where as YBus matrix is highly
sparsels( A-2).It is relatiQely easy to construct and the
methodoiogy of solution being straightforward, progrémming
becomes an easytask. The computer memory requirements for
storing the YBus admittance matrix is very low. It need
store ounly a Qery few non-zero elements, it need not store
the zeros of the matrix. Again the bus admittance being é
symmetric matrix along the leading diagonal, the computer
need store the upper triangular bus admittance matrix only
and,in iterating only these entries are called for, through
an efficient scheme of ordering and compéct storage. The -
.computations per iteration are small and are roughly propor-
tional to the number of buses n, Inspite of all the abo&e |

facilitles of Y sometimes 7 is used 1in load=-flow

Bus’ Bus

studies and is extremely valuable in fault calculations.



CHAPTER - IV
SYSTEM EQUATION AND SOLUTION TECHNIQUE



4,1 INTRODUCTION

Load flow studies form an important part of power system
planning and operation. The load flow study of a power

system is the determination of the magnitude and phase

angle of the Qoltage at each bus and the real and reacti#e
power flowing in each line under existing or contempleted
conditions of normal operation. The two primary considerét-
-ions in the development of an effecti#e engineering computer
program are : (1) the formulation of a mathematical descrip-
tion of the problem; and (2) the application of a numericél;,a
method for a solution. The analysis of the problem must élso

consider the inter-relation between these two factors.

The mathematical formulation of the load flow problem results
in a system of algebraic nonlinéar equations. The solution

of the algebraié equations describing the power system are
based on an iterative technique |Appeﬁdix - A|because of
their nonlinearity. These are done in different ways.'tven
though many methods have been suggested over the past two
decades, the Gauss-seidel G-S and Newton-Raphson HN-R
method are the most widely u5eq. However, the Fast decoupled
load flow ( FDLF) method is gaining more popularity in recent
years because of its simplicity, speed and low memory requir-
ements. The latest method is developed starting from the

Hewton's.



4.2 ANALYTICAL DEFINITION AND BUS CLASSIFICATION

The complete definition of load flow requires knowledge

of four variables at each bus k in the system.

P, - real or active power
'Qk - reactive or quadrature power
V, -« voltage magnitude

Oy - voltage phase angle

In a load flow solution two out of the four quantities are -
Specified aﬁd the remaining two are required to be obtained
through the solution of the equations. Depending upon 'which
quantities have been specified, the buses are ciassified

in the following categories:]'l’29

(i) Load bus ér P-Q bus: A P-Q bus is where the total
injected complex power is specified. It is desired to find
out the voltage magnitude and phase angle through the loéd'
flow solution. At such a Kth bus we have |

% _ &Sp _ psp s5p
v I =57 =P "+ 307

sp sp . sp sp Ll
(PGk - PLk ) + J ( QG"( - QLk) «aw (4.1)

H

The subscripts Gk and Lk refer to generation and load res-
pectively at the Kth bus, In the physical power system this
corresponds to a load centre such as a city or an industry,

~where the consumer demands his power requirements.



(ii) Voltage controlled bus or P-V bus or Generator bus:
A P-V bus is one where real power P is specified and Qol-
tage magnitude is maintained at a constant vélue by reac-
tive power injection., It is required to find out the reac-
tiQe power generation QG and the phase angle of the bus,
Qoltage. At such a bus we have

* 1 _ pSP_ pSP__pSP
Re |Vk1k [ = P.l= Pop-=P Lk ( 4.2 )

(iii) Slack, Swing or reference bus: It is a bus where
voltage and phase angle are specified. The concept of 5
swing bus is necessary because, the I% losses are not
known in advance, and hence it is not possible to fix
injected real power at all the buses.-It is customary to
designate one of the voltage controlled buses, generally
haQing the largestrgeneration as the swiné bus. At this
bus real power Ps is not specified but is calculated at
the end of the computation; Since we also need a reference
phasor in the system, the phasor angle of the swing bus 1is
also specified, generally as zero degrees., Thus the complex
voltage V is specifed at the slack bus but Ps and Qs are
determined only after the load flow computation has con-

verged, The following table summarises the aone discussion:



Bus type Quantities.specified Quantities to
' be obtained

Load bus P,Q lQ|,e
Generator bus P, | v 0, ®©
Slack bus lvi, e P,0Q

4,3 DATA FOR LOAD FLOW STUDILS

Either the self and mutual admittances which compose the
bus admittance matrix YBus or the driQing point and tréns-
fer impedances which compose ZBus may he used in solving
the load flow problem. However, we haQe confined our study

to methods using admittances.

The information requred for a load flow solution is divided
into three partss. First is the base data which describes
completely the network and operating conditions of the
power system. This data includes line and transformer
impedances, generation, loads, transformer taps, static
capacitor and shunt reactor admittances, as well as infor-
mation pertaining to the swing machine and the Qoltage
regulating capability of the system., To facilitate data
preparation all power system facilities are identified by

actual power plant and substation names. Second are the



study title, case number, and control statements which

gerrn the sequence of operations for the calculafion of

a series of load flows. Finally, there is the data required
to effect changes in the system representation and operé-
ting conditions for tbe calculation of subsequent cases;

For interconnection studies network connections are described
by using code numbers assigned to each bus, these numbers
spacify the terminals of transmissioh lines and transformers;
Code numbers are used also to identify the types of'busés?8
the location of static capacitors, shunt reactors, and those:

elements in which off-nominal turns ratioes of transformers

are to be represented.

4.4 FORMULATION OF LOAD FLOW EQUATIONS

The mathematical formulation of the load flow problem resﬁlts'
in a system of algebraic non-linear equation§§ As the-number
‘of unknowns are large and the nonlinearity in the equétions
make it impracticable to use any direct method, such és
Gaussions elimination method16 or cramer's rule17 inQol;ihg
determinants. IteratiQe technique ~are the only alternatiQé“
and are of specigl help because of large number of zero

elements in the nodal equations of the power network, The



solution must satisfy kirchnoff's laws, i.e. the algebréic
sum of all flows at a bus must equal zero, and the-algebréic
sum of all voltages in a loop must equal zero. one or the
other of these laws in used as a test for convergence -of

the solution in the iterative computational method. The
author has used the former. The bus current equations for-é

n bus system can be written as

Y A4 P:lZ DN n L) 4-3
:l pq q’ y -3 ’ ) ‘ ( )

- Conjugating equation (4.3) and multiplying by Vp we get

* n * . . :
V I = S - V z Y v " (4.4)
PP~ P T TP gy PA A

Mathematically speaking, the complex load-flow equations
are nonanalytic, and cannot be differentiated in complex

form. 50 seperatihg into real and imoginar parts

P = Re |V
p p

2 M3
-
<

* .
:1 pq q P = 1’2, «se ’n ’ (4.5)



Q 1 v o1 oyt P - 1,2 | (4.6)
= v = s Far .
p - ml} p oo PAd 7 &
In polar form
V = V <e 9 - -
p v, | > “pa ep °q
d Y = G + B
an pq - “pa " pq

Equations (#.5) and (4.6) can be expressed in terms of

the polar components as

n ) _ :
- |V I G C 8 Si = o (0.
¥ v | : (( <0 ®pq +-qu in epq)l Vq|) 0 .(4.7)

Nt
1}

0 .. (4.8)
p:l,'Z, ssseayghne

This formulatlon results in a set of nonlinear simultaneous
equations, two for each bus of the system. The real and |
reactive powers Pp and Qp are known and the magnitudes énd
the angles of Qoltages are unknown for all buses except
the slack bus, where the voltage is specified and reﬁéins
fixed. Thus there are 2(n-1) equations'to be solved for a

load flow solution.



4.5 NEWTON-RAPHSON METHOD USING YBUS'

The power flow problem involves the solution of a set of
honlinear simultaneous_equation. Taking the first deriQétiQe
of these egquations a second set of variational equations

are fOrmed which are linear, and the iteratiQe process 1is
applied to the second set of equations. This process of

18. Taylor's

solution is called the Newton-Raphson method
series expansion for a function of two or more variables
is the basis of this method. Rational derivatives of order

greater than I are neglected in the series expansion. e

The set of linear equations for Newton-Raphson method
expresses the relationship between the changes iR reél énd
reactive powers and the components of bus Qoltages. In

polar form the change in real power corresponds the chénge

in voltage angle while the change in reactiQe power Ccorrespos-

nds the change in Voltage magnitude.

The linear set of equations is solved to célculate P ét
eQery bus except the swing bus and Q at thosé buses where
reactiQe power is specified., The differences between speci-
fied and calculated values are used to determine thelcorrec-

tion of bus voltages. The process is repeated until the



calculated Qalues of P and Q at every bus differ from.

the specified Qalues by less than the chosen precision

index.

4,5.1 Derivation of the equations

Of the n total numbers of nodes,let the number of P-Q

nodes be nys P-V nodes be n, and let there be one slack

n +

so. that n = 1 n

bus, >

find the unknown voltage magnitudes |V] , (n;

at the P-Q and P-V buses.

unknown |V ] and 8,

+ 1.

Qur basic problem is to

in number)

Let X be the vector of all,

and Y the Qector of all specified

variables. The dimension of X is 2nl N, and that of

+ an + 2 , thus

Y is an
|V] on each-
G P-Q node
X = on each
0
L P-V node

'D

J
ol
|
i)

on slack node

on each P=Q node

on each P-V node




4-10

"From the set of equations {(4.7) and (4.8) we select a
number of equations equal to the number of unknowns in
X to form the nonlinear load flow equations F(X,Y) =0,

Since Y is specified we may suppres it from the equations.

we form F (X) as follows:

Eq.(%4.7) for each P-Q and P-V node with Pp = P:p

F(X) = ' =
Eq.(4.8) for each P-Q node with Qp:sz (4.9)

Thus there will be 2nl + N, equations, and this number

is clearly equal to the number of unknowns in X,

These equations can be written in a different notation as

AP

= 0 N (4.10)
AQ

where

Ap = PSP_ |v |E((GC__ Cos 6 __ + B Sin® V T (4,11
p o = | Vot (Gpq Cos Oy pg SEn Bog) Vg )

p - 1,2, .o ’no
P £ 5 . _
n
bg = Q3P-|v1Z((c__ sSin © - B Cos 0 V 4,12
% = 9" | pIqif pq 1N Opq 7 Bpq Cos Opg) Vgl ) (4-12)
P: 1’2’ s o ’n

P #£5S, P ¢ P-V node



Then the linear equation in Newton's method is giQen by

AP T N X
pg | T Mo L av| ( 4.13)
Y '
{k) _ (k) (k)

4D is the suerctor of incremental angles at P-Q and

P-V buses.

The variable corresponding to voltage magnitude increment

_A]VIat P-Q buses is divided by ‘V
symmetry in the elements of the co- efficient matrix. The
submatrices H,N,M,L represent the negated partial deriQa-
tives of IAP |and |AQ| with respect to releQant 8's énd
V's . The square matrix of partial derivati@es is called
the Jacobian. The element$ of the Jacobian are found by
taking the partial derivatiQes of the expressions for Pp
and Qp'and substituting therein the Qoltages assumed or

calculated in the last previous iteration.

For P# q
5P , .
Hoo %p .
= = v G Sin 8 -8B Cos : 4,14
P9 7 50, | q| (Cpq pa Bpq €08 9pq? ¢ )
ap o
N =V .=B= |V ||V |(G__Cos © B Si (4.,15)
pa ~ Tadv | ol [Val ¢%pq®°% %pq *Bpg°in Opq) (#:15)

. This brings about a - I
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Sin 6 )

= -|v v | (G _Cos © + B .
p q Pq pq pq Pq

b qu'a%

RRL S -B_C
l o| |Va] pa®i" Opa” Ppae® ®pq’

where
; = -g. and V_ = |V Cos +3Sin a._ )
®nq = %p78q p = |Vp| (Cos eprisineg
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(4.16)

(4.17)

(4.18)

(4.19)
(4.20) -

(4.21)

(4.22)

(4.23)
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All quantities in the linear equation (4.13) pertain to
interation k, The linear equation when solved for A9,

—%% gives the correction to be applied to 1V| and-90,i.e.

Ivi(k+l) v (k) L alv| (k) . (4.24)

and

(k+1) (k)

g (K) , ag (k) cen (4.25)

2

Next we get anew set of linear equation evaluated at
{k+1) th iteralion and the process is repeafed. Conver-

gence is tested by the power mismatch criteria.

4.5.2 SYSTEM HAVING VOLTAGE CONTROL BUSES

We know that voltage controlled buses are those where
voltage magnitude and real power are specified. The
reactive power Qﬁ is initially unknown at these buses.
A deviation from the normal computational procedures
is hence, required to take into account tﬁis type of

buses.

In the Newton-Raphson method, the reactive power at a
voltage controlled bus is calculated at the end of an
interation using (4.23) and |V| is held at the specified

value. If reactive power source (capacitor bank or



synchrbnous condenser ) of sufficient capacity cannot

be provided then it is required to take into account

the limits of reactive power source at the voltage

control buses, when the calculated Qg exceeds the

max". Capability Qp (max) of the 5ource, the maximum

value is taken as the reactive power at that bus. If the
calculated value is less than minimum capability Qp (min),

the minimum value .is used.

The sequence of steps required to include the effect of
voltage controlled buses in the Fast decoupled 'iteratiQe

method is shown in the flow-chart in Fig. &4.1.
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4.5.3 Decoupled method

An inhérent charactefistic of any practical electric
power transmission system operating in the steady-state
condition is the stronginterdependence between acti;e
powers and bus voltage angles and between reactiQe powers
and bus voltage magnitudes correspondingly, the'coupling
between these 'P-0' and 'Q-V' components of the problem
are relatiVely wéak. An emerging trend has therefore

heen to solQe the P-9 and Q-V problem seperately.

The most successful decoupled load flow is that based on
the Jacobi&n matrix equation for the formal Newton method;
The first assumption ﬁnder decoupled load flow method

is that real power changes ( AP) are less sensitiQe to
changes in voltage magnitude and are mainly sensitiQe

to angle. Similarly, the reactive power changes are

less sensitive to change in angle but mainly sensitiQe

to change in voltage magnitude. With these assumptions

the submatrices N and M of equation (4.13) are neglected,
since they represent the weak coupling-between 'P-9! énd

Q-V, the resulting linear equation becomes



,__
B>
-
[ )
H
| |
=
e
™
=g
@
—
.
-
—
=
n
o
o

-
>4
[ =]
[
1t
m
Inm
"
}i
Lol
—_
.
—
£
.
[p¥]
N |
o

where for p £ g

L = V I(c_ _Sin ® - B_Cos B e .28)
Hog=Ltpg= [Vpll ql( pa i Opq™ Bpgtos 8pg) (4.28)

and for p=q

_ , o
"B V - 00 4.29 e
|_p|‘ Qp. _ ( )

H
PP (Y

L B |v |?
pp pp ''p

+ Qp * e ) (4-30)

There are two ways to solve equations (4.26) and (4,27i

{1) Solve for A6 and é+%! simuitaneously

(2) Solve for A6 first from (4.26) and use this
updated 6 in (4.27) to solve for A-'H-I.since.

L ié a funetion of 8.



4.5.4 Fast decompled load flow

By further simplifications and assuﬁptions, based on
the physical properties of a practical system, the
Jacobians of the decompled method can be made constant
in value. This means they need be evaluated once only
at the beginning of the study or for a particular net-

work.

Fast decompled load flow method is derived from the polér
decompled version (eqs. &4.26 & Eq. 4#.27) with the follow=

ing assumptions:
(i) v_, V = 1.0,p.q, initially for all buses,
except the P-V buses.

(ii) & = 0.0 initially for all buses,except
the slack bus. ’

iii) Cos & Cos(8 - v 1
(iii) Co b (,ep o_ )

q q

iv) G Si = G Si - 8
(1v) G g31n 844 gSin(e,-6g) <<

p Pq

(v) 0 <<8 |V |°

p pp ' p

with the above assumptions the Jacobian elements now

become

For p # q



Hpq = qu =-|Vp,|Vq‘ qu ‘o (4.31)

For p=q

= L = - B V ) 4-32
PP ‘ p| ( ).

Matrices H and L are square matrices with dimension

(nltn ) and ny respectively.

2

with these equations (4.26) and {(4.27) become

(2P| = _|vp| IVql B[; ] [ 20 ] (4.33)
’ (a0 | = lvpl |vq| B;)E] 4 ¥|_ (4.34)

it

¥
where B and B are the elements of [-B 1 matrix.
Pq Pq Pq

Further decompling and finalization of the fast decompled

load flow algorithm is achieved by

] .
a) Omitting from [B ] the representation of those net-
work elements that predominently affect MVAR flows,i.e.
shunt reactances and off-nominal in-phase transformer

taps,
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1

(b) Omitting from [B ] the angle shifting effects

of phase shifters,

(¢) dividing each of the equations (%.33) and (4.34)

by lvpl and setting |Vq]= 1.0 p.iy. in the equations, and

(d) neglecting series resistance in calculating the

elements of IBW.

with these modifications the final fast decompled load

flow equation becomes

- AT | ‘
-—QE - B Ae LI ] (4-35)
VI ] L :
— —‘ — -1 ™
AQ " . '
——— = B AIV " (4.36)
— IVI_ - - L. I]
1 -
Both [B|] and [B ] are real and sparse ‘and have structures

of [H] and [L] respectively. They are of order (n-1)
and (n-m) respectively, where n is the number of busbérs

n
and m is the number of P-V busbars B is symmetric in

. . 1
value and so is B if phase shifters are ignored; since
the two matrices are constant and do not change during

successive iterations for solutien of the load flow problem

they need be evaluated only once and inverted once
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during the first iteration and then used in all success-

ive iterations. It is because of the nature of Jacobian
. f ] n

matrices [B] and[B] and the sparsity of these matrices

that the method is fast.

4.6 COMPUTATION OF LINE FLOWS AND SLACK BUS POWER

After the computations of iterative solution have conver-
ged, line flows énd slack bus power are calculated as

follows:

Let the line connecting bus P to bus q (Fig. 4.2) have
'a series admittance of ypq and a total line charging
admittance of y;q. Then the current in the line is
given by

= (Vp -Vq) y + v y [2 ces (4.37)

'pq Pq p “pq

The line flow from bus p to bus q is given by

P +50Q v v - vy« vy %2 (4'335
+ - - + aew .
patI%q T 'p [ p” Vg’ Ypa T Yp Ypg ] '

Here qu is the real power flow from bus p to q and qu

is the reactive power flow from bus p to q.



v i v
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Fig.i+.2 Equivalent circuit of a transmission
link for evaluating line flows,

Similarly, the line flow from bus q to p is giQen by

*

P Q v oty -v )T Viylt e (4.39)
+ = - B aew .

ap © Y%qp T Yq ["a7'p’ Ypa t Vg Ypg . .

The line less (power loss) in the line p-q is given by

the algebraic sum of

(qu_+ Jqu ) and (Pqp+ Jqu )

The slack bus power is calculated by summing the flows

on the lines terminating on the slack bus,

Mismatch power is the power difference between the specified

values and the estimated values.



. CHAPTER - V
PROGRAM DEVELOPMENT AND TEST RESULTS



5.1 INTRODUCTION

In this chapter a computer program algorithm is presen-
ted incorporating the theory described in the previous
chapters for the solution of load flow problems by Fast
Decoupled Method., Following the algorithm a computer
program in FORTRAN-IV language is developed to be run -
in IBM-4331 computer available at the computer center,
BUET. The program-which is capable of handling any power

system is attached in Appendix-B. The subroutine "INVERS"

for the inversion of any well- conditioned matrix is lis---

ted in Appendix-C. The developed program is tested with

a very simple network shown in Fig. 5.3.

The results of the load flow study for a 6 bus and 7 line .

system has been given by Dhar24

has been tabulated in
Table 5.1 & Table 5.2. The data as given in Table 5.3
and Table 5.4 for the system were fed into the compﬁterl
and the print out results are reproduced in Table 5.5
thfough Table 5.%. The two sets of the results were

found to be almost identical. This check was'undertaken

in order to verify the program developed for this work.



5.2 BASIC ALGORITHM OF A LOAD FLOW PROGRAM

The basic algorithm which a load flow progrém use 1is
depicted in Fig. 5.1.5ystem data such as busbar power
conditions, network connections and impedances, are reéd
in and the admittance matrix formed. Initial voltages are
specified to all buses; for base case load flows, P,Q
buses are set to 1 + jO while P,V busbars are set to

vV + jO.

The iteration cycle is terminated when the busbar Qol?
tages and angles satisfy the specified conditions. These
conditions are accepted when power mismatches for all

buses are less than a small specified tolerance; When a
solution has been reached, complete terminal conditions
for all buses are computed, line power flows and losses

and system totals can then be calculated.
5.3 FEATURES OF THE COMPUTER PROGRAM

The program incorporatés many automatic features to
facilitate their use in power system planning, operé-
ting and interconnection studies. The principal object-
ives of these features are to make maximum use of compu-
ter's capability and to minimize the number of manual

operations required by the engineer is specifying and
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ANPUT

Read system data and the specified loads
dnd generation Also read the voltage
specitication at the regulated buses.

Form system admittance matrix from
system data.

]

Initialize all voltages and angles all
system busbars

Update voltages and angles in order to
satisfy the specified conditions of load {teration

. cycte
and generation .

Are
specified condition
satisfied

Output busbhar voltages generation and
all line power flows losses etc.

FIG. 5.1 FLOW DIAGRAM OF BASIC LOAD FLOW
ALGORITHM

B N



maintaining system data for the initial and subsequent

load flow cases, The main components of the program are:

I, INPUT PROGRAM: The input program provides the computer
with all known informations about the power system, Qiz.

Number of buses and lines.
ii) Base values
iii) Bus name and number

iv) Specification of the Bus- i.e., wheather it is a swing

bus or .voltage controlled bus or load bus.

v) Bus voltage magnitude and phase angle with reference
to the slack bus, .

vi) Value of the tolerance limit to be reached and the

maximum number of iterations to be allowed.

II. DATA ASSEMBLY PROGRAM:

This program prepares and checks data and performs all
preliminary computational works to the iteratiQe calcula-

tions.

ITI. PROGRAM FOR VOLTAGE CONTROLLED BUSES:

By this program at the begining of the iterative cycle
the voltage controlled buses are checked according to

their reactive power limits and recatagorized accordingly.



IV.. PROGRAM FOR VOLTAGE AND POWER FLOW CALCULATION:

This is to instruct the computer to perform iterative
calculations to obtain bus voltages & to use them for
computing power flow in different lines and hence the

line and transformer loadings.
V. OUTPUT PROGRAM:

This program includes the instructions to print oﬁt the
system and station names together with assigned bus numbef;
to identify the load flow results. The bus volfages with
their angles, the bus powers, line flows and powef mismétches

are printed.
VI. ADDITIONAL INPUT INFORMATIONS:

The additional input informations which may be included in
the program are: |

i) Existing capacitop banks.

ii) Phase shifting transformers.

iii) Upper and lowef limit of MVA generation.

iQ) Information about the tie line (Appendix- A )

v) Provision for system changes and data recording.

—



VII,

ADDITIONAL OUTPUT INFORMATIONS:

The additionél output information includes the use of

the load -flow results for subsequent studies with some

connecting comments.

The complete flow chart for this program is presented in

Fig.

5.2. The sequence of steps for the solution of loéd

flow problem using Fast Decoupled Method is explained és

follows:

1.

- Form bus admittance matrix Y

Set base values and system specifing values with
convergence criterions..
Read line datas and bus datas.

Assume a suitable solution for all buses except the
slack bus.lLet Vp =1+ jO.0 for P = 1,2,...Nn,
P # slack bus, P # P-V bus,

Bus®
Seperate real and imaginary parts of YBus matrix and
form G and B matrices.

Set iteration count K = 0 and other terminating

conditions.
Set bus count P =1

Check if P is a slack bus, If 'yes' , go on step-11.



9.

10.

11.

12.
13.
14,
15.

ls.

17.

18.

Check if P 1is é Qoltége controlled bus; If 'No'
go on step -11.

The bus in questlon 1s a generator bus, Calculate
reactlve power ( Q ) using equation 4. 23. Compare
the Q with the glven limits, If exceeds the limit,
fix the reactiQe power to the corresponding nearer
limit and treat the bus as a load bus for that iteré-

tion and go to the next step.

Advance the bus count by 1, i.e. P = P + 1 and check

if all the buses have been accounted. If not go to

- step 8.

' n - R
Form B and B submatrices from B matrix and fix up -7

1
B submatrix.

Calculate APS using equation 4.11 for P=,1,2.;.; n,
P # slack bus.

Determine the largest of the absolute value of the real
power residue, If it is less than Cp, set K9 = 1 and

go to step 25,
Set KV = 0

) ' ‘
Inverse B matrix - and fix up.

Solve for ABF usihg equation ( 4.35) for P=1,2.;;.n;
P # slack bus. ' -
Calculate 8E+l by the equétion ( 4.25) and repléce
.k k+l

b L)
ep Y 9p



Set base values

1

Read given syste data

1

Assume initial values for bus voltages

v° for pPsel-2 ... n i psslack p 5=

generator bus and angles for all buses
except the slack bus

Formation of Ybus from given line data

1

Form ‘G and B matrices from Ybus matrix

Set iteration count K= 0

Set Kg=0 ; K,=0

Set convergence criteria Cp & Cq

Set bus count Pz

Utilize flow diagram of fig. 4.1
to check up the bus types

Form B” and B& submatrices

Calculate AP,I',‘ using eqf4.1)P=12...n, ps#stack
bus




Test
for convegence is
max. |AP:;|<tp

_Yes

No
Kv= 10

vers " matrix
Inverse B a < Yes
) Ky=

Solve for AR using eq.{4.35}P=l.
2.......n + Pz Slack bus

Catculate BEH by solving eq.

(4 .25) and replace e‘,§ by 3p+l i

Solve for AQ‘,‘, using €q.4.12)Pw I Calculate the slack

. _ bus power line flows ]
2..n; PaSlack bus and Ps P-Vbus and bus powers

for convergence is
mﬂX|A0p|¢

Ky=

Kg=0

4 .
Inverse B” matrix

s 5
Solve for AVE using eqiL 36IP 1, <>\; .

2.. n; Psslack bus and P= P-V bus 1

Calculate I‘:V'p‘*‘using eqls 24 }and
replace Vp by VL“"

]

Advance iteration
count Kal+|

FI6.52 FLOW CHART FOR LOAD FLOW STUDY USING FAST - . ;
DECOUPLED TECHNIQUE. '

R R T



19.

20.

21.

22.

23.

24,
25.
26.

27.

5-10

Calculate AQE by the egquation (4;12) for P = 1,2,;.;n,

P # slack bus, P # P - V bus, using the updated value

of @&.

Determine the largest of the absolute value of the

‘reactive power residue. If the absolute value is less-

than Cq, set Kv = 1 and go to step - 26.
1]
Inverse B matrix.
Solve for AVE using equation 4.36 for P = 1,2,..;}n§
P £ slack bus, P # P - V bus,

%

Calculate Vk+l by the equation (4.24) and replace
Vk by Vk+l.
P P

Advance interation court by 1 and go to step-7.

If K
v

l, go to step 27, otherwise go to step 19.

It K 1, go to step 27, otherwise go to step 24;

]

Evaluate bus and line powers and print the results,



5. 4 DESCRIPTION OF THE SAMPLE SYSTEM

The sample system as shown in Fig. 5.3 by a single -line

diagram is taken under consideration for checking the

developed program, The model consists of & buses and

7 lines. Line

impedances, leakage reactances of trans-

formers and line charging admittances have been shown

in Table 5.3.

values are in

In this study
the slack bus

1.05 <0° P.u.

The .bus data is given Table 5.4. All these

per unit with an assumed base of 100 MVA;

the bus number one has been referred as
and its voltage is held constant at

The bus number two is designated as the

voltage‘control bus with its reactive power limits.,

The remaining

buses are identified as load buses. The

fourth bus is a passive busls. There are two off-nominal

transformers.

buses 5 and 6

T1 and T2 between the buses 3 and & &

respectively.
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SIX-BUS EXAMPLE SYSTEM

FIG. 5.3




5.5 TEST RESULTS

The computer pfogram developed for the proposed work

has been used to solve the complete automatic load

flow solution of a number of problems. But due to space @@ff
limitation and for better comparison with thef@ﬁﬁéﬁ{j .
' F"_Ti results, the results on application to the sample
problem described in the-previous section are repro-

duced here.

The study required 5 iterations to converge with the
precision index of 0.0001 p.u. for both real and
reactive power mismatch. The changes of the.real

and reactive power differenées and hence the corres-
ponding differences of angles and voltage magnitudes.
are quite high for the first two iterations and
oscillates around the correct valﬁes for the last

two iterations. The real power residue reaches wifhin
limit during the &4th iteration and the reactive power
residue within range.during the 5th.iteration. After
the convergence the power flows (forward and backwa:d'j
in different lines are calculated and are tabulated in

table 5.5. The line losses of the different lines
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which are the differences between the forward and
backward flows of the corresponding lines are given

in table 5.7. The computed bus powers with their
voltage magnitudes and angles are listed in table 5.6.
Tﬁe small mismatches between the given results and the
computed resultsiare mainly due to the round-off error;
The difference between incoming line flows and outgoing
line flows at any bus other than swing bus is called
the power mismatch at the said bus, and is sometimes .~
used as an indication of the accuracy of the over-all
load_flow solution., The mismatches at different

buses are listed in table 5.8.

In developlng the program the tendency for minimum Comsidannd /),

computer memory requ1rement was always 1nxd;m51derat10n.

Same DIMENSION has been used for multlpurposes. The
total memory requirement 1nclud1ng one sub-routine is
510 kbytes. The numbe; of cards in the program are

560. The total time required for the complete execution

of the sample problem was 82 seconds,.



TABLE 5.1

FINAL RESULT

BASE = 100 MVA
BUS VOLTAGE PHASE ACTIVE REACTIVE
NO. MAGNITUDE ANGLE POWER POWER
1 1.05000 0.0 0.95206 0.43252
2 1.10000 - 3.34294 0.50016 0.18426
3 1.00080 ~12.78397 ~0.54999 -0.12987
4 0.92976 - 9.83605 ~0.00002 -0.00001
5 0.91981 ~12.33389 -0.30005 ~0.17984
é 0.91920 ~12.23905 -0.50002 -0.05008




TABLE 5.2
LINE FLOW VALUES

BASE = 100 MVA

LINE  BUS CODE POWER ___ FLOW BUS CODE POWER _FLOW
No.  p q  ACTIVE REACTIVE q p ACTIVE REACTIVE
1 1 4 0.50907 0.25339 s -0.48497 -0.17147
2 1 6  0.44300 0.17913 3 4 ~0.41654 ~0.10860
3 2 3 0.17183 ~0.00019 3 2 -0.15419 0.02582
4 2 5 0.32832 0. 18446 5 2 -0.29527 ~0.10945
5 3 4 -0.39580 -0.15569 4 3 0.39580 0.17971
6 4 6 0.08916 ~0.00824 & 4 -0.08827 -0.013¢4
7 5 6 -0.00478 -0.,07040 6 5 0.00478 0.07216

21-¢



TABLE 5.3

IMPEDANCES AND CHARGING ADMITTANCES

BASE = 100 MVA & 132 KV o
LINE  BUS  CODE IMPEDANCE - " HALF LWE CHARGING OFF -HOMINAL-TURNS
N p q L, (peus) ADMITTANCE,Y;qIE(p.u) RATIO IN COMPLEX
FORM
1 1 5  °0.080 + j0.370 0.0 + j0.0L5 1.0 + §0.0
2 1 6 0.123 + j0.518 0.0 + §0.021 1.0 + jO.0
3 2 3 0.723 + §1.050 0.0 + j0.0 1.0 + j0O.0
4 2 5 0.282 + j0.640 0.0 + jO.0 1.0 + j0.0
5 3 4 0.000 + j0.133 0.0 + j0.0 0.909 + 30:0
6 5 6 - 0.097 + j0.407 0.0 + j0.015 1.0 + j0.0
7 5 6 0.000 + §0.3000 0.0 + §0.0 0.975 + §0.0

LT-S



TABLE 5.4

SPECIFIED BUS LOADINGS AND VOLTAGES

BASE = 100 MVA

BUS CLASS GENERATION LOAD VOLTAGE REACTIVE POWER LIMIT BUS TYPE
NO, Po(peus) Qu(pous) P (pous) Q (p.u.) MAGNITUDE  ANGLE Q. Q.

1 SLACK BUS - - - - 1.05 0.0 - - 2

2 PV BUS 0.50 - - - 1.10 - 0.0 0.20 1

3 P-Q BUS - - 0.55 0.13 - - - - 0

4 P-Q BUS - - 0.00 0.00 - - - - 0

5 P-Q BUS - - 0.30 0.18 - - - - 0

6 P-Q BUS - - 0.50 0.05 - - - - 0

8T-S



i
o -TABLE 5.5 -—
—EPORT ON LIME FLOWS -

T T e e

NG P o . ACTIVE ‘ RSACTIVE Ca _ P ' ACTIVE | ‘QEbCTIVE

i i 4 0557100 D.253451 4 | —.433006 -0.171517

2 1 6 N AL3D26 f.179150 & i ~-D.6165A1 -0.108509

3 2 3 2.171779 ~0.050t32 3 ? —0.1561%5 p.025738

4 2 5 ND.325221 2.134538 5 2 ~C.295178 -D.102543

5 3 4 -n,315341 ~04155734% 4 3 0.395861 0.174230

6 4 6 G.08215%6 -0.003271 6 4 -0,033262 04013415



———TABLE 546 ~—o
———COMPLETE REPDRT OF LOAD FLOW STUDY-——

GENER AT [ CH LOaD
BUS NaME VOLTS ANGLE M ard o (2 aije) MLoyaR.L (DL, Moo P.UL) MuVAR, (Pay
L s e e sz s eo
2 P-y 3US L LS —3.34G048 2.500009 54134406 0.0 Y
3 p- ALS 1.455758 -12.754%41 0.0 0.0 -0.549333 - 0.130370
4  F-g BUS 2.529735 —9.235103 Ga0 0a0 -0.000009 ~0.005453
5 P-a bUS 0.519777 —12.3345679 0.0 0.0 -(.3460001 -0.179937
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CHAPTER - VI
CONCLUSIONS AND RECOMMENDATIONS



6.1 CONCLUSIONS

The main problem in the load flow solution is to find
the unknown bus voltages ( magnitudes and anglesj.
Once the bus voltages are found out, line flows line
losses and bus powers are easily comﬁuted. As a result
efforts are made to find bus voltages as quickly as
possible., A method of load flow solution is evaluated

by its computing time, storage requirements in computer

programming, no. of iterations, iterative solution time Uﬁ"

and the computing time required to modify network data

and to effect system operating changes.

In comparison to the other methods, the rate of con-
vergence of the FOLF method is faster than any other.
method, requiring a relatively lesser number of
iterations. As.for example for the solution of the

cited problem in all 32 iterations are needed to gef

the final result in G~ S method whereas only 5 itera-
tions are required in FDLF method with the same precision
index using YBUS matrix. Thereforé one FDLF iteration |

is equivalent to about seven G- S iterations. Again the



number of iterations for the G- S method increases
directly as the number of buses of the network. But
in FDLF method the number of iterations is Qirtually
indpendent of the system slze dﬁe to the quadrétic

characteristic of convergence.

The proper acceleration factor can reduce the no. of
iterations in G.S method. For the quoted problem using
the acceleration factor & = 1.5, the final result has -
been obtained in 15 iterations. But the selection ofl
optimum acceleration scheme for the reduction of
number of iterations and faster convergence -is a triélA
and error method and sometimes become very difficult
to calculate. The advantage in this point with FDLF

method is that no acceleration factor is required.

The traditional Newton- Raphson method is also faster
than the conventional Gauss- Seidal method. But for
large systems computer core requirements for Jacoblan
matrix 1s very large in figure and for the computation
of the elements of the Jacobian for each iteration

requires additional computer time. The time per



iteration increases directly as the number of buses

of the network. Hence prohibitive computer memory
requirements limits its use in the presented form

to only small to medium size network, On the contrary¥
the reduction in memory requirements with some assump-
tions and appfoximations of the FDLF method has been

made it attractive.

The tolerances being specified for the net real and-
reactive power at each bus in FDLF method are meéning-
ful to the evaluators who specifies the desired accdr&cy;
In this method number of iterations can be reduced by
using updated values instead of simﬁltaneous solution

for LV Land 8. Wwith the use of updated value tolerance

is reached for the said example in 5 iterations

against 7 iterations of simultaneous solution. The

time per iteration for the method is less because the
number of érithmetic operétions is reduced.'The total

time is required is less than any other method. .

Inspite of all the advantages mentioned éone, the
FDLF method suffers from the disadvantage of poor
conQergence characteristics for systems having lines

with large R/X ratios. The reliability of the method
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cannot alwéys be taken for granted not only for

systems having lines with large R/X ratios but also for
systems haQing lines with capacitiQe serieé reacténcesr
‘and depending on the ill- condition the solution may
not converge at all. However, it is well establi;hed
that the FDLF method is superior to all existing

methods as long as it provides a solution.

The program has been developed largely as a ﬁser orien-
ted program. The deQeloped program can handle any siée

of power system network ( jUst by changing the DIMENSION
statements) depending on the size of the compﬁter memory;
With the gi;en dimension the program i; capable of hénd-:
ling a system consisting of maximum 99 transmission
lines, c;rresponding buses and power stations; The pro-
gram has been structured in a way to minimize the memory
requirements and total execution time. The de@eloped
program is Qery efficient i;e. Qery fast with less humén
intefvention, iﬁ genéralized form and suitable for bulk
power system network; With small Qariations for the
desired system the results can be obtained by a single

computer RUN.
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6.2 ASUGGESTIONS FOR FURTHER WORK

The method described so far for the proposed work is

potentially an important one, and the encoureging

results quoted will stimulate others to investigate

the algorithm further, Some recommendations for the

future extention of the work may include the following:

1. To reduce'computer memory stoerage requirements

More in storing the non-zero elements of the
matrices only sparsity programming may Be done,
The method of diQiding a large anetwork ( if it is
too large) in different sections and sdeing eééh‘
of them individually also offers great promise
from the point of view of the saQings in the
compufer core storage. Any one of thesé or a
combina;ions of both may lead to a program comple~
tely independent of network size.

InQestigations may be carried out for impro@ing

the reliability of convergence with ill- condi-

tioned systems.



3. The deQeloped program may be modified for

on-line digitél computation for load flow

analysis.,

A load- flow solution is not only of interest
in itself but forms the starting point for the
fault and stability programs. A generalized
‘computer program may be deéeloped for the
mentioned three purposes with some additions
to the developed program as shown by the

following program relationships.
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A- 1., ITERATIVE PROCESS

This is one of the techniques of solving non-linear equa-
tions. In this méthod, the unknown quantities are initially
?ssumed and then set into the equation to be solved. The
new Qalue thus obtained replaces the initially assumed
values and again set into the equation to obtain a new
value., The same process is repeated until the Qalues

obtalned for the unknowns converge to certain required limi-

ts. This is termed as iteration process. For digital solu- )9;5

tion of load flow problems iteration process has been
employed by asigning estimated values to the uﬁknown bus
voltages and calculating a new value for each Eus voltage
from the estimated values at the other buses and the reél
and reactive power specified. A net set of values for
voltage is thus obtained for each bus and used to cal-
culate still another set of bus voltages. The iteratiQé
process 1s repeéted until the chahges at each bus are less

than a specified minimum value.



A - 2, SPARSE MATRIX

In this type of matrix most of the elements are zero
except a few non-zero elements. The degree of sparsity
is determined by the number of zero elements. In a large
.powér system the YBus matrix is highly sparse. Since
each bus is connected at best 3 to 4 other buses, in
iterating for tha@ bus only these entries are called
for, through an efficient scheme of ordering and compact
storage. By sparsity programming only the non-zero ele-
ments are stored, For the admittance matrix of order n the
conventional storage requirements are n2 words, bﬁt by‘
sparsity programming éb + 3n words are reqﬁired, where b
is the number of bran;hes in the system. Typically

b = 1.5n, and the total storage is 12n words. For a
large system ( say 500 buses ) the ratio of storage

requirements of conventional and sparse technique is

about-40 : 1.



A - 3 TAP CHANGING UNDER LOAD TRANSFORMERS

Tap- changing- under- load transformer of magnitﬁde and

phase shifting type can confrol flow of both real and

reactive power. Mainly it improves voltage conditions

( both magnitude and phase ) of the bus where voltage

magnitude is less than the specified minimum. The stan-
_ dard change in tap-setting of the TCUL transformer is

5/8% per step.

The self admittances, Ypp ( for the bus p ) and qu ( for

the bus q ) and the mutual admittance qu = qu, between
the buses p and q must be recalculated for each and e;ery

change in tap-setting of the TCUL transformer.

5.4 TIE LINE CONTROL

In studies involving several interconnected power systems,
the load flow solution must sétisfy a specified net power
interchange for eéch system; The first step in the proce-
dure of solQing the problem is to calculéte é voltége solﬁ»
tion for the entire system,with an éssﬁmed generation sche-
dule for eéch system; Next,using this Qoltage solution,thé
indiQidual tie line flows are célcﬁlated and algebrically
summed by system to determine the actual net power interchan-
ges;then,the actual and scheduled power interchanges for
each system are compéred to determine the adjustments thét

must be made in the assumed generation schedules.
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- . 6099 AMAXZ=0.0

ISR SR LR et bl - R SRR S S S LR s et s wmbm = e md %o memem -
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0DOS FORTRAN

01c¢0

0101
01C2
0i03
3134
Qlus
J10o
0137

nlaa
Qlu?
QL1n

Clll

0112

4, OL13
} 0L 14
OLLlS
ollé
GllT

h.

Gll8
Cil9
0120

o121

owoo
L

™~
W o e M

P

» P

iv

aNeNesNaNelnN s aNalalealelalaie Nalisl

“y O

360N-FO3-4T79 3-3 MATNPGM CATE 25/11/85 TIME

00 20 [=1.N3US

IFIl.EQ.Ll) 50 TG 20
S5UML=0.1
B2 21 J=1.NBUS
SUMLESUMIAIGT I o2 I HCASIVALTI-VALJII+BETvJIESIN(VALTI=VA(J ) bave(S)
21 CONTINUT
PXAT )=y 1)=5UM]
CELPII)=IPCLI)-PLI D))/ BASE=PK ()
AMAK (=AZG(CELRPI2))
TF(AMALL-AB35(DELPITYI)39,40,40
3% AMAXL=AGSIDELP L))
40 DELFMIRXy LY=DELP{I)/YMIT)
Ki=Kx+1
WRITEUS s 23 14PXU I T DELP () s KX e DELPMIKK L) yaAMAX] 4 SUIML
FR={X+1
23 FORMATILOX o " PR " e T2+ 1=y FLlO4 SN "OEL2(* y T2+ 1= "4 E10 045Xy "DELPMI
L) E g Pl 4 DX P AMAXL =y FLO0 495Xy "SUML = 4 F 10464/}
IFATl eEWal e DR 0T alia2edRaloEDaSe IR s TaENa3+0Re1eE041140RaI«EQ.13) GO

+T2 20
SUi2=C.0
D 22 J=1eN24S

SUMZ S22 e LG Tyd 1S INIVAL{ D) =VATI N =B{ Te IFCOSIVALTI-VALI I Y Y yM( )
SUMZ=SUNMZe G { T oI HSIIVATTI=VALYY) =3 T, 5C0S{VATTI-VALJI)Y IVMd)
22 CONTINUE
PLADBERTE N B ESATAP
CELQII=1QAGEI)-CLIT})/BASE-GXIL )
TF1amMAX2-aBS{OELGITIY AL, 42,42
41 AMAXZ=ABSIDEZLG(TI))
C2 DELGMIKKKy LY =DELD LT /YNIT)
WRITE(3424) L, 0T 9T +0ELILI) 2 KKKaNELDMIKKK+1 )+ AMAX24S5UM2Z
KUEK= KK+
Eh FORMATOLOX ' G el 2e " )=t e FlOe4e5X 2 "DELI{I 223" 1= 3F 10443004 ' OIFELOM|
Py I )T r LA Sy TAMAY 2T Y G F 10, 45X TSUM2=Y  FLDL4 /)
20 CONTINUE . ‘
HAS S EEN 3RGCUGHT FEOM THE NEXT PAGE
20 CONTINJEZ
IF{AMAXL-200C1)S1451 52
52 XV=0 ’
GO T3 33
51 KTH=1
IF[XY=1.0)54+55;5%

53 H=NRBULS-1
CALL TMVERS(BLeB1LleM}
WRITEL3429 01T 0BTl ed=1eMNisI=TaN}
29 FORMATI Y1 +///+30%+*THE INVERSE OF HU MATRIX I5%¢/+30X4300°*-" 140 //
IOl LAa Bl al2y e 0247 )= F6.4)/1)
LG 310 i=1.0
25 320 J=1,1
DasSMt [+ J1=0.0 .- S - e
OG 31 K=1.N

-

PN o~ ——

17421443

PAGE 00293
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COS FURTRAN

J126
2127
0L23
Ole9

CL30
013i

3132
0L33
gl34
o125
Ul36

G137
c138
o132
G140

0141
0l42

Cl43
Old4
0145

0146
047
0143
Olay
01%0
o151

0l1%2

0153
G154
0L55
0156
0157
0158

Q159

[V 350/-F3-479 3-8 MATNPGA DATE 25/11/85 TIME 17«21 43 " PAGE

[N ek

[aNal

[N aNal

laNaNal

[ e e

CANGMI I, J)=DANGM{T,J)+311(IsKISDELPM{Ky )
1) CONTINUE
320 CONTINUE

310 CONTINUE

WRITE(3432) LIDANGH{ T ed)ad=Le bl al=1eN) '
32 FORAATL// /230X " THE AMGLE MATAIX [5%/ +30Xe300 " ="} o/ /s 15X +5F 1045
[ YFER]
i=¢ *
D037 K=1,.N3US
IF{X.20. 1300 TG 7
IF{L.EJ.2000 TN 37
I=I+}
DANGLL K} =0aNG (T, 1)
VA{R) =VA(K}+OANGLIK)
VARH X =vA[K)I 5T 29573
WOITE( 39 A5 K+ TANGL (K 2o KaVAIKI WX P VADIK)
35 FCAMATLI/// o LGX g "OANGLI ' v T2+ " )= s FlOb 410X "VAL*y T2 %)% 3C10.4419X%,y
T'VAGE T2 )24 Fi1DL44//)
37 CONTINUE
SUM2=0.0
KKK=1
AMAY2=7.0

Ly MBUS
[(T)eaEReleURLIFLAGII}AER42) GO

SUM2=0,.0
DO 22 J=1,NBUS '
SUMZESUMA2+ (G T hJISTINIVATTI=VALI) =30+ DI FCOSIVALTI-VA (U ) ) }RM g)
22 CUNTINUJE )
GRIDY=VMET ) =5UM2
DL IT={R0{ ) ~-QUIL) /BASE-GKLL)
IF{AMALZ-ABSINELRI L)) 41a42442
41 AMAKZ=ad5{0DELO(LI)) '
42 LELQMIKKKSLI=0ELQLTIY/VHIL)
WRITEU324) [4OKITI I DELOID) pXKK2SELGM{KKK 1, AMAXZ, S UM2
KKE=KKK+ 1
26 FORAATILIOX " OK{ " w20 )=y Fl0e4+OXs 'DELQL #1247 12" sF1l0.45X"DELGML
A l2 e Ll )T e FlOeb 5K PAMANZS "o F10eqy OX 4 TSUM2= 3 F10ebs /)
50 CONTINUE
54 JF{aMAN2-.0001}61+6L952

52 KTH=0
GL TJ &3
61 XV=1 _
TF(RTH-1164,55 64
F5E-—— [NVEATION OF B2 MATRIX AMD CALCULATION 0F BUS VOLTAGE=---=u:

63 N=NaUS-ICOUNT
00 1201 I[=F+M
OU 1601 J=1l.N
BLIL,JI=R2L1.0)

0ao6s -

LT



el am .

D05 FORTRAN IV 350MN—-F0O-4737 13-3 AATMNPGM OATE 25/11/35 TEME

aL6G

olsal
0152

0163
Jla4
0les
0164
0167

Olod

Jisy
01749
oLt
oriz

Qli3
0174
GL7s

ui'e
oLy
Q173
o179
01350
g181
nLs2
0183
0154
Gl3s
Gl&s
0137
c133
UlEB3
019G
3191
oree
0193

N194
0155
0196
0197
0198
al39
0200
0201

202
02063
0204

CLaG1 CONT =
CALL !!EQS(EzyqllrM]
C
WRITE{ 3y 310D 5de3 LT sd)ad=1eN) o I=1sN}
30 FURMATI/// ¢ 20, ' THE TINVERSE DF 32 MATRIX IS%/420Xe330'-")+//-1613
S SRR (L O S R IS R R AN oF IS RPN I
PO 333 I=1eN
b0 340 J=1.41
SYOLT AT .J)=C.C : *
0oo33 "'“lv\
DL T e )= DVOLTAl L2 21 0T ik J)

WRITEL3,34) 0 (0VOLTMIIdYrd=1sl)Wi

,. =lenii
D4 FORYAT(/ /7 30F P THE WUILTAGT YWATALX [9'«/e30Xe320° =) // (534, 10F13.
"'-‘r//))
=9
GO 385 K= 1. NBHUS _
TF{TRLAGIM) W EUa2 1P TRELAG K ) 4 EQW 1) GA
vT0A3
l=i+1

DNVOLTIR )= T T 1)

WML )2y« DYELT )

IF R eZ0elaGR e sFE0e2) YL )=VAIK)I-DVOLT (K)

WEITEL 34351 3VA LT(”{]oE’\y'-J'l’-HK) .
35 FOARATI// /105« WD LT T2 )= s FLlOa4el0Xs VM2 2+ )="+Fi0ebe/ /0
35 CONTIMURE

00 T3 I=LlenNiUS

IF(ILEQe2) TFLAGTIE)=]

IF(IFLAGLI) «ED 1) GO TG T4

Go i 73
T4 SURrZ2=3

A0 75 J=1.M3US 7 .

SUMZ=SuUM2+ [GUT+J)HSINIVALTI=Va{J))-B{TJ)=COSIVALTI-VALI ) ) )RVM(])
T5 CONT INUL

GRAD)I =M IS UM2

AR LTI 76 T4 E+4080T) o [eWMET)
T6 FORMAT(' 1"/, 10X " 5BUS ”G"v!ZleX-'REACTIVE POAER=DK (4[24 )=",F10

4243 8BS VOLTAGE=YM{",12,'1="4F10.4)
IFIUR{T) aLTaQMIN{I)WORMOKITTWGTLOMAXIT)) G2 TG 77
oGe ro i3

17 IFLAGETLI=D
TRLOK(T ) LT O3MINITY) OKETI=QMENTT)
IF{OK( I} GTaMax (T} QUL I=0MaL01)
WRITZ{3,78] L.GQK{I}
TE FURMATI P L' s/ v 13%s*ticd VallUc OF QR ({*eI2s"1="+F104%)
73 CLNTIHUh

1721443

64 K[i—hIT‘l
WRITE(24Q001KTT
930 FORMATI(/ yi0X*NUMBER CF ITERATION='.12}




N

DO5 FORTRAN TIY J60N-F-479 3-8 MATNPGM ' DATE Z5/11/85 TIME 17;21-43

0205 IFIKITE9,.50160 T3 A4
G206 GO 7o ao
. C CALCULATION OF POweER STARTS

0207 55 D9 71 I=i,MBUS

0208 CXEYMLIPRCASIVALIT))

0209 Y=V D) ESINIVALLY }

ozZ10 VIEII=CMPLX [ X,yY) .

021t ARITELD 31T,V

o212 96 FDQMATI/olGXq'V('r[Z,')='.F!O-4v'¥J'qFIO.4)

0213 T1 CONTINUE

c . wm s e e e e e o SR T o S o e 7 e e
C COMBPUTION OF LIME FLOWS AND LINN.LASSES
C : S e g £ R T T N B e

3214 5a52=1.0

Q21% GO 31 I=taLMa

G2ls YLILI)=CMPLEL LoDy Q) /2001

0217 YLUD)=YLA{T}/QMNTRIT)

02L& FLDJI(IJ:V(P(TJ)*(COMJG(V(P{I))*V(QII)JJ*CUNJG(YL(IJ)

* *CGHJG(V(P(I))i*[CUHJGlYH(l))*CUNJG(YSIP(II-Ql[)))))

0219 FLOWL(T)=FLOWI { T} =3Aa5C

3220 FLUNz(IT=V(G(IIJ*(§ONJG[V(O([i}—V(P‘I)))*CONJG(YL(I))
+ +CDNJC(V(Q(I’)J¢‘CDNJG(YH(I))—CONJG(YS(Q(I)vPII)!)l]

0221 FLOWZL L) =FLNW2{[)=3ASF

0222 EF{l «Z245) FLOHZ LT )= FLOW2{ I} +CMPLX (040401189

0223 FLOGTOIN=FLOWI(I+FLONP L)

0224 hRITE(3o32}(P(I)!QfllsFLUHlfI)lFLONZ!I}yFLOHT(I),

0225 81 CONTIMe

0225 WRITct 3,106}

Gzz27 106 FORMATI' L' 4/ ///+55Xs '~——TAGLE 5.5 ==="'3//+50X+*—REPORT ON LINFE
‘FLDHS—';//;SOX,ZQ('“')v//cﬁXyllSt'—'30//v10X9'LINE't5X,'8US COoDge,
+l6X, "POWER FLOW® 4y 1BX+*0US CODE" 416X« "POKER FLOW®'+// 210Xy "NDa'sb6X,
+'P'-éx,‘Q'leX.'ACTIVEf,LOX.'REACTIVE'.IUX.'Q',éx»'P',lOK-'ACTIVE'
*el0A s " REACTIVE ",/ /454,115 '=%))

0zea HWRITE(3452) fI,P(I)15(f,9FL0H1(I}vC(I)-P(I):FLDHZ(I)rr=1cLND)

D229 82 FORAMAT{(//yT1Xs 1593xlISv?XrI598XvF10-616X0F10-606XQISVZXvISvlova
FL0eH 4 Xy FLlOe b4/ 35X 11050 =")) /)

G230 FLBPI=FLOWl{l)+FLOWL{2)

C FSBP1=FSBPLI:BASE
0231~ FSOP2=FLOWZ(1}+FLOWZ{2)
C FSBPZ2=FS3rP2¥3asE

0232 WRITE(3,83)rS53Pl,FS50P2

0233 83 FORMATI////+5X 4" THE SLACK 2US PUNER I5=7,/¢5Xe20¢ ="} s//y'FSAP =",
+F10-4v'*J'vFlD-Qo/,'FSBP2="F10-4v"J'yFlOoQ?

0234 M=NHUS

0235 DO 99 I=1l.N

d23s GO 929 J=1l.N

0237 FLOWAIL I+ J1=CMPLX{0.0.0.0)

0233 FLOWG T e J)=CHMPLY{D.0,04.0)

0239 99 CONT INUE

U240 CO 93 I=1.01MD

024 FLOWIPIT QU3 =FLOYIL T

0242 FLOWSLOULYyPLI) i =FLOWR2E T}

C HR[TE(3!°4)(P[I)vQ(I)'FLON3{P(I)10(I))'Q{IlvaI)!FLOH4|Q(II'Pf1}’)
C 94 FGRMATI'1'1/-'FLDH3('.IZ,'.';129'3=';FlO-#v‘*J'cFlﬂoﬁolﬂfc'F!ﬂwﬁ"

PAGE 0003
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0243
0244
0245
D245
dza7t
0244
0249
025G
Desl
0252
0253
UZs4s
uezoshs
Ueas
WZs7
[ FaTE)
07259
0250
G251
0262
0263
0264
Q265
C266
2267
G264
0249

Uudvo.

0271
u2te

0213

9274

0275
0276

0217
n>Tr

c

[aNaNaNal

93

DG

5

203

1086

1092

B84

OUS FORTIRAN IV 360N-FG-471 3-8 AATNDGM ) DATE 25/11/35 TIME L7.21443"

“'112!'g'v[Zc')='9F10-47'+J'v|‘:lﬂ-‘tv/]

COUNTINUE

OO 95 [=1.484535 - *
USPLII=CHPLXL CedyD4D)

BINEDI=CMPLY{N,.0,0.0}

BAUTLTI=CPLEI3.0,C.0)

Ul 76 J= 1. K21S

BUSA L =BUSPL I ¢ FLOWL Lo 1« FLOA4 (T4 d)

SCUTL I =80UTIN+FLOY 3 T ed)

SIMUIY 23T+ FLOWAL T d)

CunyinNuF

EMIS PN =AIN( I +2D0T( )

CONT THLE

FRITE(39 7020 (T +RUSPITY«T=1,48US)

FORMATI/ 9SX e *BUS MUMICRT Y IS5 40X ¢ "HUS POWER =, Fi0ady *+J ' s Fl0.%)

B 501 I=1lenBU3
’“(r)*”“PLX(Q Qedad)
[I!"‘PLA(u.Jv Q)

— h';
P
pl

N e
=
C.
=

=1.+N3US -
«ORaTeED.2) GO TD 557

L R B

3

30O O
[ T IV R N

o

LR o N wn i R B 5 T £ N G
rrm

=1eiy .

2 e OReT aEDe b e IR el aEDa5«0RSILEQeb) GO TO 5353

G0 TJ 552

SLOAGL T =RBUSPLT)

CONT INUE

WRITE(3410T7)

FORAAT(" 1" +/// /255Xy "———TABLE 544 =——'4// 440X+ "-——COMPL_ETE REZPORT
+OF LOAD FLOW STUDY ===t/ /00004600 " =" 14 // eSX L1550 =" ) s// 485X e*'G E N
+ EROAT T ON "425%X«' 0 A D "o/ /03X "BUS 15Xy "NAME s TX " VOLTS,
10K " ANGLE " w10 s " alPal)a} " 19X e "MaVAR « [Palla b "y 10X e *Maria{Pals)*y
FGX " Ma VAR (PalUal * o/ /e5Xe1150"-1))

WRITE(De9T33) (14{MAME(TyJ},yd= 1;3)!VH(I)vVAD(')|B’ HII}»BLOAD(I)s1I=
+1eNEULS) '

FORUATIU/ 29X a1 e 3X e 304y 1XyF10uh 14X sFl0 619X eF10abs X Fl05,:11%XsF10
*aGaF X FLIe0y/ /05X 1200 =) )/}

RITE(341C8) LT FLOWTIIY 8 I=140LNOY

FORMATU 1" 4/ // /455X —==TABLE NO. S5eT-—=1,// 155X ¢ *—LINE LOSSES-",/
OSBRI 200 =) 5/ 010X 9 = b/ /20X "LINE NO«'"420X+»"REAL POWER? 420
Xy *REACTIVE POWER o/ / v {1 {20XsI5422XeF10ahe20XeFl0.8)Y//e5X439( 1)
+/))

WRETE(I+109) (1+BMISP{I e I=1+NRUS)

FORMATL/// /77777 v55%s ' =—=TABLE NOu SeB-——"',// 455X ' ———8US MISMATLH
* POWER-=="4//+55X+200( "= ")+ //+20X+"3US NO&'y 15Xy "REAL POWER'420%X,"*

(-

+ REACTIVE PDMER‘Q//vll(19Xv15v17XpF10.6'20X'F10 6)/))

STOP vor v or ot oo o e e s - e em
Fan

PAGE
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// EXEC

- W N
% SV O SR

1 SLACK BUS
2 P-V BUS
3 P-Q BUS
4 P;Q BUS
5 P;O BUS

6 P—-@ BUS

Fa s S RV SO Y

YL
YL
YLI

YLI

YL

YLI(

00500 0.3700 00 0.0150
0.1230 0.5150 0.0 0.0210
0.7230 1.0500 0.0 0.0
0.23‘20 O-I‘J"‘H’-JU H.ﬂ O-O

040 041330 0.0 0.0
D.GHTO 04070 0.0 0.0150
040 0.3000 0.0 0.0

THE BUS DATA 15

0.0 0.0 0.0 0.0 1.0500
05000 0.0 0.0 0.0 1.1000
0.0 0.0 0.5500 0.130C 1.0000
0.0 0.0 0.0 0.0 1.0000
0.0 0.0 0.3000 0.1800 1.0000
0.0 0.0 05000 0.0500 1.0000
1)= 0.553269+J —2.581996

212 0.433934+J —1.827463

31z Qa444861+4J —Debbhbl63

4)= 0.576561+J -1.3084561

5)= 0.0 - +J -T.518199

6)= 04554102+J —2.324945

7)= 0.0 ¢ ~3.3333

33

10000
- 1.0009
1.0000
- 1.0000
0.9090
10000
C.9750

PR -

o



C A

PawE-0%11

Y30 le L)= Da?322¢0 —-4.3733  ¥a( L. 2)= Qe +J 0.0 720 Ly 3= 0.0 +J C.C Y80 1y 4}= —045333¢g 2,

YBL L Sh=  Ga0 ;J 5.3 Y3l l";‘]: ~0e4 339+ Le 3275  YRL 2, 1)=7 D0 +J 0.0 Ya0 2¢ 21= La02i6+¢) —-1.7545
YEL 2y 3)= -0.4443+J Q.bdal Y30 2 4)= 2,7 +J U.Q'l Yl 2Za Sz —0.5T565+4 t«308% Y3l 2, 61 0.0 +J D3
Yl 3 1l= 0.0 tJ DD Y20 3y 2i= =0a4454%+)  Nah66l YB{ 3. 3= 0.4449+0 -3,1649  YBIl 3, &)z 0.0 +2 9.2715
Yl 3y 2= D0 0 +d G4 Yol 3+ n)2 0.9 l*J a0 YHL 4e 112 —0,3543+0 245920 YB( s, 2)= GTU +J 0-5
YE[ 4 3)= 5,0 A BL2TEE YA 4, b)) = Latl24+0-13.97563 Y3 4. Stz 0.0 +J R0 YBL 4y &)= 0453414 2.2
¥H5( 5y 1)= 3.0 LU YAl S. 212 -0.37HT+J 0 1.3035%  ¥YR{ 5. 3= 0.0 4.0 'VYEl 3¢.4)= 0.0 vJ 0.0
Yol 5 5= De57853¢d -4aallh  YOL 3¢ 6)= 0.0 +J 0 3.4138 YB( As 1= 004339+ 13275 v¥3( 5y Z1= 0.0 +J C.0
Yel & 3)= 5.0 v G0 Y30 a. 3)= -2.55%al+0  2.3247  Y3( 4. 3)= 0.0 +J  3.4188  YB{ 5, &)= ﬂ.?BéD*J — 745227

S10 1y L1)= LaB5a5 L0 1y 2)= —Je5451 3L 1, M= 0.0 gl Ly &)= - —1.30H5 310 1y 5)= 0.0
Bll ¢+ 1)= ~0.588L B 2, 2)= Belh4y A0 2 )= L -B.27153 Blt 2y &)= 0.0 Brr 2+ 51= D0
ill( s 11)= Cad LLL 3, 21= -2.2715 210 3, 3= L3.97565 ALl 3¢ &)= N 751('3, St= —24324%
Bl 4, 1)= -i.3035 Sl 4. 202 G0 D10 49 3= 0.0 El:li Ly 4)= 4.6418 Bl 4y S5)= ~3+4183
BIi{ S,y 1)= Jal 210 5y 2)= 0.0 81t 54 3)= —2.3247 210 5. 4)= -3.4183 BYf S5, ;5)= Teb 2293

THE B2 MATRIX IS

320 1y L)= 3.105 G20 1y 21=-8,272 B20 1. 3)1=0.0 820 1y 4)=0.0 320 2. 1¥=-R.272
G2{ 2+ 2)= 13.93 020 2+ 3)=0.02 B2 2+ 4)=-2.325 g2l 3, i)='0-0 7 320 3,y 2)=0.0
BZ(-]" 3)I=7-4-6427 752[ Iy 4)=~3.419 - 32{ 4, 11=0.9 h B2l 4y 2)=—2.325 . B2( 4y 3}=-3.419
B2l G4 -4)= Teb23 7 821



APPENDIX-L

DS FORTRAN IV 350N-F3O-479 3-§ MAINPGM DAaTE 25/11/85 TIME 17422424

C St ne e A g e ar R ke e s Al sl ek et Qi E e el el ok s Sl e dr e S ok el e S s e e e
C SUZROUTINE PROGRAM FOR THE INVERTION OF 81 £ B2 MATRIX——~—
C E ERRR AR e rn sl vl el e v e el el e e sl e e sl s el ek e e Rl sk ol
C SUBROUTINE PROGRAM

0091 SUBRGUTINE INVERS(XoY«ii) : *
c COMADM X,Y 4N -

nag?2 CDEIMENSION X(4ds44),Y({233.88)

oous - DO 200 I=1,.9

0004 . DD 200 J=1,.N

0005 YiIedl=x{1l+d}

000o 200G CONTIHNUE

0007 ITN=23Y

0a0s I=1

0009 110 J=4+1

VOLO 100 Ih=1+N .

0011 . . IFUINGERWY) 6O To 3¢

0912 Y[ Led)=0.3

0013 G0 YO 9C

0Gle . BO Y{IsJ}=1D

0T 15 90 g=Jdrl

BIVERS IFIJ.LE-ITN} 3 TI 199

001LT [=1+1

Qols IF(I.LEN} GO TD 119

oo lw K=1

00Zo 160 J=K

0021 S=Y[XeX}

0022 120 Y{(KyJd=YIK,J)/S

0U23 ) NENES]

0024 IF(JLLELITN) GO TO 120

0025 I=1

Gu2é 150 IFtI<EQeK) GG T 140

onz7 J=K

ouz28 S=Y(I KD

0029 130 Y{IsJ)=YLI4J)1-5%Y(KsJ)

0030 NERES

0031 IFtJLLE.ITHY GO YO 130

0032 140 I=1+1

0033 IF{LsLELN) 50 TO 150

003a K=K+l ‘

Qe3s IF{X.LELN} GO TO 1&0

0036 - i DO 190 I=1lsN

0037 DO 190 J=14N

0538 M=N+J

Q039 Y{EI»J)=YL{T M)

Q040 190 CONTIMUE

0041 RETURN

0Q42 END B

0on1



THc

INVYERSE OF Bl

MATRIX T3

ALLL ba 1153455310 2110 1o 212042753 8110 Lo 305042212 BLLt Ly 63=0.4607
BLIL 2+ 2320.4645% 5110 2, 3)=3.2947 31 2., 4}=0.223% BLl¢ 2, 5)1=0,1903
BLIL 3. 31=0.2737 3110 3y 802041347 211{ 3+ 5)1=Deloéd BLUL &4, 1)50.4607
BIL{ 44 51=3.5T75 BLLL 4, 51=3.3155 CL1{ 5. 1)=0.2741 311{ S, 2)=0.1203
ALLE 54 532043236 BLL(
THE INVERSE OF B2 4aTaTx IS
3220 Le 1)1=D.3485 3220 Ls 23=0.2232 B2Z20 ls 31=7.0749 B22U L,
320 24 3)=5.0730 BZ20 2, 4)=3.1004 H22{ 3+ 11=0.0749 B221 3,
B221 4e L}=0.1017 2220 4. 2)=0.1004 2220 4y 21=0.1779 B22{ 4,
FHE YOLTASE “aTRIY IS
-0.0152 -0.0827 ~G 0849 —D.0175
OVOLTL 3= —0.0152 J21 3= 0.9848
OVOLT( %)=  —0.0327 Vil 4= £.9173
DVOLTI S)= ~0.0E49 Vit S)= N.9151
BYOLT{ &)= -0.0875 VM 6)= 0.7125
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1)=0.42212 B1Y0 3, 21=0.2947

2)=0.3238 5110 4. 2)=0.1849

31=0.1664 B11( Sy 435043155
2224 2, it=u.2232 E221t 2;
2220 3y 3)=3.3455 32210 3,
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