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CHAPTER I
INTRODUCTION

The purpose of the project reported here was to develop a digital
load flow computer procram to be used by encineering students who wish
to study the behavior of electiric energy systems, Digital computer
programs of this variety have existed in tge industry for a number of
years, however none have existed at Kansas State University. With the
resurgence of interest in the study of electric energy systems on the
part of students and faculty of the College of Encineerinrs, it became
apparent. that there was a need for a package of dipital computer programs
that would allow one to study electric energy networks of realistic size.
The program developed and reported here is the first such program.

The term load flow studies is used by engineers engaged in the
planning, design, and operation of electric energy systems to describe
technical studies requiring the solution of the static load flow equations
‘of an electrical network for specified bus conditions.

In its most fundamental form the lpad flow problem can be stated
as follows:

Given the following information about the network and its
equipment )

1. The injected real power at each bus except
one (referred to as the swing or slack bus),
2. The desired voltage at all buses where there
is an active source of reactive power (generator
or synchronous condenser),
3. Capability limitations on the injected
reactive power at the buses where there is
an active source of reactive power,



li. The real and reactive demznd (load) at
every bus,.
An appropriate model for ezch transmission
line, each trensformer (including statie
tap settings), and each stetic capacitor/
reactile.
6. The bus interconnection scheme,
Determine
l. The injected real power at the slack bus.
2. The injected reactive power at zll buses
where there is an active source of
reactive power.
3., The transmission line real and reactive
- power flows, :
. The real and reactive power flows through
all transformers.
. The magnitude and phase of 211 bus voltages,
€. The total system transmissicn losses.
The digital computer program developed by the author and presented
in this report implements this classie form of the load flow problem,
The load flow problem ciffers from the classic network prnbleﬁ
in that the primary objective of the load flow studies is to calculate
power flows directly, whereas the primary objective in classiec network
studies is to calculate voltages znd currents directly. This means that
the lpoad flow studies require that we solve a set of nonlinear algebraie
equstions rather than the linear set normally associated with the classie
network problem, There is alsov a more subtle difference, The classie
network problem is usually formulated in such a way that either the
terminal voltage or terminal current of every energy source is specified,
and one is reguired to calculate the voltages and currents associated with
the passive (load) elements. The load flow problem is always formulated
in such 2 way that the product of the current and voltage associsted with

the load elements is specified, and one is charged with finding the

products of source terminal voltages and currents that are necessary to



maintain network eguilitrium. In the case cof power networks, network
eguilitrium means maintain constant frequency.

Many numerical technigues [;, ?] have been used to solve the load
flow equations. The more successful pregrams have used either the
Gauss-Seidel or the Newton-Raphson procedure to solve the equations,

Both procedures were studied and implemented in the program develcocped for
this project.

The network equations have been formulated using either a loop frame
of reference of the bus frame of reference; Each has some advantzges and
some disagvantsges, depending upon one's ultimate chjectives. The bus
reference frame was selected for this project since it easily allows the
modelling of shunt passive elements, i.e, passive elements with one
terminzl connected to a non-ground tus and one terminal connected to
ground, Transmission line charzing cspacitances and static reactive
pOWer sources are examples ;f passive elements that are cornnected inm
this way. More detzil about the actual fermulation and sclution of the
network eguations will be given later,

A brief histery of the develcpment of digital computer lead flow
programs is given in the last section of this chapter.

Chapter II gives.the details concerning the equations to be
solved and outlines the procedure used, A complete listing of the
program is included in Appendix A, along with sppropriate remarks
identifying the program variable names,

Chapter III presents sample results from two electric energy
gsystems that were used as test cases during the program development.

Cne of these is a small system (1l buses and 20 transmissicn lines),

and the other is a moderately large system (57 buses and PO transmission



lines)., Both are test systems that have been used extensively in the
industry to ecmpare various numerical technigques. The data for these
test svstems was made available by the American Electric Power Service
Corporation and represents a part of that system.

Chapter IV contains some sucggestions for program improvement.

A User's Guide for the program is included as an Appendix B,
History of Load-Flow Studies

Many load flow studies of a power syétem are needed in order to
pperate that system satisfactorily. In the early days of power systems the
onlv means of accormplishing these load flow studies was by hand calcula-
tions. The procedures, for even a simple system, were very tedious and
time consuming., In 1929 the General Electric Compzny and the Massachusetts
Institute of Technology tuilt 2n A-C Hetwork Anslyzer [?] ¢« This A-C
network analyzer, also calléd an A=C calculating board or an A-C network
calculator, was a single-phase miniature replica of an actual power
system, It consisted of a number of A-C voltage sources, whick could
be adjusted in magnitude and phase. It irncluded several resistors,
inductances, and capacitances, all of which were adjustatle. The voltage
sources and circuit elements could be interconnected in many econfizurations
to represent an actual network scaled down to a convenient size. The
frequency used with the first board was 60 hertz, but other boards were
buil% using frequegéies of hLO, 4,80 and 10,000 hertz [3] . The use of
higher frequencies allowed the use of smaller components on the boards,

The measurements made on the calculating board were easily converted by
means of multiplying factors to values that would exist on the actual

system or by meters with special scales where the gystem quantities



could be read directly. The A-C caleulziine board was relied upon

heavily because of its versatility and flexibility., Addine or deleting
comeonents which had been added or deleted tp the actual system was a
simple process. The calculating board was a tremendous time-saving

device corpared to the hand calculation method. In addition to its
time-saving advantages, it could alsoc be used for short circuit studies,
In 1947 [h] , there were approximately fourteen calculating boards costing
approximately two million dollars each, The importance of the calcalating
board is borne out by the fact that some 30 of the 50 calculating boards
operated in North America in 1959 were installed after 1950, even though
this same period saw the wide acceptance of the digital ccmeuters in
solving electrie energy system probiems, Just before 1950 the idea of
using a desk calculator to make the repetitious calculiations necessary

to solve the loop equations was developed. This idea was later expanded
to the use of accounting machines. The use of these mechanical digital
computers had the advantage of greater accuracy, less chance for error,
fewer restrictions on the size of the network, and provided a means of
determining the system losses. Another important fezture the mechaniecal
calculators had was that a nontechnical person could perform the
computations [h] + The use of nontechniczl persons was an important
advantage because the costs incurred when using an A-C calculating board
were subsﬁantial. A person had to have a great deal of experience in
order to properly handle the calculating board and even then the process
was time consuming and subject to errors. There were certain disadvantages
assoclated with the mechanical calculators, such as the computed solution
was more difficult to modify at the time it was being prepared and the

mechanical calculators lacked the psychological advantage of the



caleculating bozrds where the measurements were taken on an actuzl electrie
circuit. The electronic digital computers of the future were destined to
remove some of these disadvantiges.

In the early 1950's the.use of mechanical multipliers [1] was more
cormonplace and ideas such as using master card decks and computing twe
cases simultaneously made the calculations faster and just as accurate
as the A=C calculating boards, About this same time electronie digital
computers were being developed to the point where they were more readily
availatle for these kinds of studies, | |

The task of obtaining a formal closed form solution for even a
very simple network was often made more difficult because of differences
in tvpe cof data eenerally aveilable feor the different busss in the system,
The meckanical calculators used ezrlier often tock hcurs to get the
goiution and some iterative process which converpged on the solution was.
needed. The idea of using mesh equations and an impedance matrix [i]
to solve the protlem first appesred in the mid 1950's, In June 1956
3 classical paper b} J. B. Ward and H, W, Hale [2] was published Suggesting
the Gauss-Seidel iterztive process and using node-cair voltage equations
as a basis for formulating the solution. The nodal methed using the bus
adrittance matrix was found to be mere efficient since a matrix inversion
technique was not needed as was the case with the mesh methed. Ward and
Hale rzde a number of significant contributions to the development of
gener:sl purpnse digital load flow programs. Among these are 1) estabe
lishment of a mathematical deseripticn of the network that included
transformers with off-nominal turns ratios, 2) an iterative technique
for determining bus voltapes that satisfy prescribed bus conditions,

3) the computation of complete bus information such as the injected real



and resctive powers, voltage maecnitudes, and phase zngles, and L) the
computation of the individual line flows, The use of the nodal method
readily permitted rigorous representation of the off-nominal turns ratio
that could be changed without extensive reccmputation of the network
parameters. Ward and Hale developed a2 general program which accepted
any network up to 50 buses and 200 branches (lines).

. The advent of the digital computer and the associated fast iterative
' proceéses permitted more effective planning of future cases to study,
System planning could be made on a continucus basis rather than a periodieL
review and ideas of expanding the ccncept to include the economic=-
dispatch problem began tﬁ take form. Another advantage that the digital
computer enjoyed when compared with the A<C caliculating board was its
accessability and relative cost of cperstion. Wnen a power company did
not own its own A-C calculating board, it was necessary to rent one.
To rent one, one would reserve time on the board well in advance., The
initial adjustments and all the conﬁemplated conditions necessary for the
study usually took a day.- After a study was made much time was spent
interpreting the results in order to make the necessary engineering
decisions to determine what conditions should be studied next. As a
result much time wés consumed with the calculating board idle. On the
other hand charges for using a_digital Fomputer are made for only the
actual computation time and if one particular study appeared to be very
important, data could be -transmitted to a computing center, and the
results could be obtained almost immediately. Data for the base case
could be permanently stored on punched cards or tape. It was evident
that from purely an economic standpolnt, digital computers were quickly

becoming the best means of performing load flow studies, Some of the



other advantages of the dipgital computer include the handlinz of very large
systems, whereas A-C calculating boards often times did not have enough
sources, lines, and other components to solve an extensive problem, Also
computer programs have the capability of inecluding additional features

such as automatic tap settings, automatic control of interchsnge, and

the control of generator reactive power within prescribed limits,

Starting in the mid and late 1950's there was a push to optimize
the Gauss-Seidel iterative process, -The use of the so-celled acceleration
factor [5] to speed the convergence was being considered. Several studies
were made to find an optimum acceleration factor. The bus voltages were
multiplied by the acceleration factor to speed convergence. The optimum
value cf the acceleraztion factor was fournd to vary between 1.4 %0 1.7,
Since the bus voltages were complex quantities, the idez of using two
acceleration factors [5] , one for réal part and one for the imaginary
part of the woltapes; became popular. Selecting the optimum acceleration
factors was & guessing process, since the factors varied from system
to system, Other ideas such as periodiec "blasting" of the voltages
towards the solution [ﬁ] by an extrapolation process were found to have
little effect. The greatest single factor in determining the convergence
speed was found to be the initial vazlues selected for the bus voltages
and angles. The best way to select these voltages [%] was to use the
results from earlier studies.as the initial wvalues in future studies,
Anpther important factor in determining speed of convergence was the
acceptable tolerance of the results. Some of the earlier studies used
tolerances [‘T] of 5 x 10_7 on voltage magnitudes, Later it was found
practical to use voltage tolerances of 1 x 10"3.

While optimization of the iterative process was going on, modifications



t> the input and output roatines 2nd additional auxiliary programs were
being created,. Thg input was being modified so as to allow a user to
pick *he kilovolt-ampere baze to fit his needs. Bus numbers conld be
assigned [8] at the user's convenience with no restrictlons reparding
the sequence of numbers. The output modifications consisted of getting
the resnlts into a form that faciiltates interpreting the results,
Additional data suchk as bus power mismatches were incorporated to
provide a measure of the precision of the results. Auxiliary rcrocrsms
performed such features as adding new lines or transformers or removing
lines or transformers. Programs were developed to handle other outages
~such a5 temporary removal of facilities and for replacement of facilities
that were previously taken out of service. There were also auxiliary
programa for changing existing impedance walues because of reconductoring,
rerouting, double-circuiting or converting to a diffefent voltage level.

In the late 1950's another method called the transfer-ratio or
Hyborid method [?] came into the picture, It combined the driving-noint
transfer admittance methed (nodal method) with the driving-point transfer
impedance method (mesh method). It was the general approach, however
problemé aruse in the time required for data preparations and in changing
components for further studies. Once it was set up, the hybrid method
converged much faster than thé Gauss-Seidel method. The Gauss-Seidel
method was still used, however, because of the ease of handling the
input data and the ease with which system changes could be studied.

In the early 1960's a very sophisticated methud came into use
e¢alled the elimination method, or as it is now recognized, the Newton-
Raphison [9] method. The approach of this method is to solve the

non-linear ejustions dealing with the real and reactive powzrs at the buses,
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One iteration in the Newton-Haphson method took approximately twice as
long as one iteration [?] in the Gauss-3eidel method; however, if one
were to compare the iteration count and the time per iteration, the
Newton-Raphson method was much faster than the Gauss-Seidel method,
Tnlike the Gauss-Seidel method, the decrease in error with the Newton-
Raphson method was independent of the size of the sysizm. There were
certain types of systems, especially those with negative reactances in
some elements that would not converge with the Gauss-3eidel method [é] . .
The Newton-Raphson method handled these-systems without any diffiéulty.
The only disadvantage with the Newton-Raphson method was that it required
more computer storage,

Throughout the 1960's improvemens in the Nswton-Rapason method
have been in the matrix inversion process and in the development of
various computer storage extension technigues. Improvements in the
technigues used will be a continuous process. Areas such as computer
methods for inverting matrices, and sophisticated aceceleration factors

will no doubt be the major arzas cf improvement.



CHAPTER IT
LOAD FLOW IT=RATIVE METHODS
Introduction

The load flow problem consists of the calculation of voltages and
power flow of a network for specified bus conditions., Assccisted with each
bus are six gquantities: the real and reactive power generation, the real
and reactive power load or power demand, the voltage magnitude, and the
pnase angle. Three types of buses are represented in load flow calculation
and at a bus, four of the six quantities sre specified. It is necessary
to select one o2us, called the swing bus, tc provide the additional real
and reactive generation to supply the transmission losses, since these
are unknown until the final solution is obtained. At this bus the voltage-
magnitude, phase angle, r=al and reactive demands are specified. This is
the reference bus., The remaining buses of the system a2re designated either
as voltage controlled buses or load buses., The real power generation,
voltage magnitude, and the real and reactive demands are specified at
voltage controlled bus, The real and reactive generation and the real
and reactive demand are specified at a load bus, The real and reactive
generation are zero since load buses are characterized by their lack of
generating equipment., See reference [i@] s Chapter 7, for additional
information.

In the remainder of this chapter there will be some mathematiecal

terminology used. At this point it seems appropriate to define this

11



terminology.
v Magnitude
IV' _ Absolute magnitude
v Complex quantity
ar Vector gquantity
jt Complex vector qnantity

- Complex conjugate quantity
Also in this chapter formulation of suitable network models are
discussed before zn iterative method czn be applied. The iterative methods

discussed will be the Gauss-Seidel and the ¥Newton-Raphson.
Network Representation

The network ccmponents must be modelled before arn iteration process
can be applied. The pi representation will be used for the transmission
lines and transformers.

The transiurmer lins [iél is represented by a per unit, series
impedance and line shunt admittance. One-half of the line shunt admittance

is put at each end of the model (see Figure la),

. : -
ESU‘ e3 _ i . le. (-’-
- & _| + [ +
% ! Y uek . G . Y :
-§§ir é%?’ E} Y;; Yoo Ez.
(a) (v)

Firure 1. Transmission line representation (&) Equivalent pi circuit
(b) Equivalent pi circuit with parameters expressed in admittance.
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The nodal equation for the two port network in Figure 1b is
-

1] 11 Yoy 1

[N
tefe

(2-1)

e
e

2 F1s Jas 2

f o =T
where yyq = Iy, + Y

o ? Y22 T Y12 g2 s 80d Vyp ¥y =¥y
The transfcrmer with an off-nominsl turns ratic can be represented

by its per unit impedance connected in series with an ideal autotransformer

~as shown in Figure 2(a). An equivalent pi cirecuit [}é] can be obtained

as shown in Figure 2(b).

o @l O Euws € oL L Le
i\ I-: ' ?J
— : , -
HE)Y € (- &)Y
(a) | (b)
Fipure 2,

Transformer representations (a) Eguivalent circuit (b) Zquivalent

pl circuit with psrameters expressed in terms of series admittance and
off-nominal turns —=ztioc.

The nodal equations for the two port network between nodes 2 and 3

(Figure 2(2)) can be written as
i ¥ 7| {E
N (2-2)
I3 =Y Y E

where Y = 1/Z2. The two port network between nodes 1 and 2 is an ideal

autotransformer. Since E1 = aE2 and I, = aI1 then El 5 E2 and I1 s Ip can

be expressed in terms of E, , E3 and I , 13 as

E2 ) 1/a © El

. . (2-3)
E, o 1 |E,

13



and

T 1/a I
.1 .2 (2-4)
I C I
3 3
combining these equations yields
. : SF g
[i1 [i/a Y Y| {1/a
. ] . . . (2-5)
i I O =Y Y 0 1
%J A
I ] %/a -i]a e ]
N / : z (2-6)
A2 -¥/a Y E ’
3..n 3-1

Recalling the admittance matrix for the pi eircuit of the transmission line

A O :
2, Ty =2 (8 - 1)Y, and Y, = {1 - 1/3)Y. These relationships are

L]
=
Y12
used in forming the bus admittance matrix,
The static capasiicrs and/or reactors are handled as a per unit
susceptance, The static cipzacitor or reacter is zimply added to the

diapsn2l of bus admittance matrix, The position along the diagonal is

determined by the bus location,
Gauss-Seidel Method

The solution of the load flow problem [10, 13 is initiated by

assuming vpltages for all buses except the swinz bus, where the voltage

is specified and remains fixed. Then, the net injscted complex power 3
at any bus n is

® * e zl.*

(Sn) =P, - JQn Invn (2-7)

and the bus currents calculated for all buses excent the swing bus are



I s n = 2,3°°°NB (2-8)

where In is the net injected current and is positive when flowing into the
bus and NB ig the number of buses. The bus current can alsc be cbtained

from the eguation

=
jos |

I-r v (2-9)

m=1
Equations (2-8) and (2-9) yield, upon solving for {Tn , @ set of WB-l
equations, These equations are '

P - 5Q NB :
il i L (2-10)

Vo= 10 .Y ¥ .V
n Ypp Ve ] nk'k
kifn
for n = 2,3""7liR,
To simplify equation (2-10) some constants Elé] are defined.
i Pn - an 2 L
5 T for n = 2,3""°NB
. (2-12)
X
* nk
B = for n = 2,3°°°NB;
nk - ¥, k = 1,2°**NB (except k = n)
Substitating (2-11) into (2-10) yields
i NB
» 1+1 n - . i
AR T = . 212
n k=1
kfn

where the suczrscript u refers to the iteration count. The bus currents as
calculated from equation (2-8), the swing bus voltage, and the estimated
bus voltages are substituted into equation (2-12) to obtain a new set of
bus voltages. These new voltages are used in equation (2-8) to recslculate

tte bus currents for subsequent solution of equation (2-12), The process

15



is continued untili changes in all bos voltages are within a specified
tolerance, After the voltage solution has been obtained, the line flows
and the power at the swing bus can be calculated. The sequence of steps
for the 1oad Ilow sclution by the Gauss-3eidel iteration method is shown
in Figure 3,

The injiected reactive power at a voltage controlled bus must be
salculated before proceeding with the calculation of the bus voltages,

From equation (2-7) the reactive bus- power is

NB | . .
Q = -Tmag (I Y7 (V%) (2-13)
m=1
where &n =e, * 3fn and inm = Gnm - JBym o The real and imaginary values

of the bus voltage must satisfy the relationship

2 2 | 2 .
“ A E - ( IT.-’nl scheduled) (2-14)

in order to calculate the reactive bus power required to provide the
scheduled bus voitzpe. The rhase ancles Ll?] of the estimated ous voltages
arej}1= arctan {fé;bg). Assuming the angles of the estimated and
scheduled vpltzees are equal, then the new eg -{'Vl scheduled} cnso(: and
the new f: =gi‘3l scneduled} sin‘(g. These values are substituted back into
equation (2-13} tv obtain the reactive power which in turn is used in
estimating the new bus voltage ﬁg * 1. The voltage control buses generally
have maxiﬁum and minimum injected reactive power limits. If the calculated
Qn exceeds these limits, then the scheduled voltage can no longer be held

and the reactive power is set equal to its limit. This procedure is also

shown in Figure 3.

16
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Newton-Raphson Method

A set of nonlinear equations that express the scheduled injected
bus powers in terms of bus voltages is used in the Newi';on-Raphson method [12] .
The Newton-Raphson method is initiated by 2ssuming voltoges for 211 buses
except the swing bus, where the voltage is specified and fixed. Then, a
net rezl power and a net reactive power is calculzted using the estimated
bus voltzges. These net real and resctive powers are then compared to the
scheduled net bus powers. If the calculated powers @re within a2 specified
tolerznce of the scheduled powers, then the line power flows and swirgz bus
power is calculated., If the calculzted power;q are cutside the toléra'nce
then 2 new set of bus voltages are estimated. These new btus voltages are
then used to calculate a new sei of cslculated net real and reactive bus
powers to compare with tne scheduled bus powers. The process is continued
urtil changes in 811 calculated bus powers are within the specified tole'rance.
The key to the whole technicue is the estimating of a new set of bus
voltages., It can be shown that the net re2l and reactive powers form a set
of nonlinear equations. By use of the Taylor's series it can also be shown
that the change in the net real bus power (AP) relates to the changes in
the real (Ae) and imaginary (Af) parts of the bus voltages. The change
in the net reactive bus power AQ has a similar relationship. A coefficient
matrix called the Jacobian relating the Ae's and Af's with the AP's and
AQ's can be set up., The elements of the Jacobtian are determined belows,
Cne then simply solves for thede's and Af's which in turn are used in
estimating a new set of bus voliages.,

The remainder of this section will derive and demonstrate the
eauaticns used in the He;*ton-'t‘xaphson technique. The procedure used closely

follows that given by Stagg and El-Abiad [12] .



T gt+i i V = + 3 nd
Upon substituting o =8 an ar

.

S oA . ws
Wt Crm uBnm into eguztion

(2-9) snd the results into eguaticn (2-7) one cbtains

: NB
P, = JQ, = (en - jfn) ) (Gnm - 3B (e, + jfm) (2-15)

m=1
Separating this equation into its real znd imaginary parts,

NB .

P = gl%n(emsm + £B )+ £(£,6, 0 - emsmj
NB

Q=5 Efn(emcm +£B ) -e(f,6 -epB “’“a

m=1

(2-16)

The result is a set of nonlinear simultaneous equations with two equations
for each bus. The net injected real and reactive bus powers are known and

the bus voltage components are unknown for all buses except the swing bus,
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where the voltage remains a fixed value z2nd the swing bus powers are unknown.

Thus there are 2(N3-1) equations to be solved,

Using Tayler's Series a set of linear equations is formed expressing

the relationship betwsen the changes in net real {A?P) and net reactive (AQ)

powers with the bus voltage components. Using onlv the first term in the
Taylor's series and neglecting the rest, a coefficient matrix called the
Jacobian can be set up as follows

1 19%2 ... 9f2 |@%2 ... af2 | Pe
d 2 I |07 Ty

APN'B APH‘D en e QPVT—:: aiﬁ eac J?‘!wﬂ\ AENB
—ld° 9% | 1z Q1o (2-17)
AL, 0% ... 9% [3¥% ... Q% Afy
dep d%e [afs ofxe

A%n 3%~r ... 0%m 1% ... a%m| [Afwe
3 € 3%n | a1

]
r
Q-

b,
id




21

In matrix form, equation (2-17) is

A AE.

i
'

I
L
4
L
Shal M

At

| e 4
N T

&Q

One can derive the entries in the Jacobian matrix from the bus power
equations (2-16) by finding the 2ppropriate derivatives,

The off diagonal elements of il are

P
C; 1 =2e (G = annm' qfﬁ

Jem T

and the diagonal elements of il are

dfnaz2a +%(EG +fB ) (2-18)
nmm o A= “mom Tmm’°

d °n i

The diagonal elements of El can be simplified somewhat by noting the bus
current equation (2-3) can be separated into the real and imaginary parts,

Thus, if In e + jdn, thens
c =eG +fB (e +fB )
mronom

(2-19)

d =fG ~-eB. + “gl (£,G. = emBm)

mffn
where (n = 1,2,3°°°NB),
Substituting the real part of the current into equation (2-18) the 21 diagonal

becomes

P
3 en =eG -fB. +e¢,
n




22

The off-disconzl elements of £2 are

dnme B +£G oyfn
9 n

and the diagonzl elements of 52 after combining with equation (2-19) are

0fn=e
d fn

The off-diagonal elements of J_ are

3
Uy =
d n ®nPam * Tndmm o/
9 °m '
and the diagonal elements of iﬁ
9%~
d °n

The cff-diaponzl elements of ih are

+
ann nnn n

after combining witk equation (2-19) are

nEnn * fnGnn = due

c! ?n =-e G+ T8 nfm

8 m

the diagonal elements of ﬂh after ccmbining with squztion (2-15) are

[0
o]
(o

D% =ce3 +£fB +ec.

js-f_ L nn n nn n
n .
Given an initial set of bus voltages, the real anc rszctive powers are
calculated from equations (2-18), The dP's 2nd AQ's are the differences
between tne scheduled and calculated powers, The Jacotian elements are
evaluated from the calculaved powers and estimated bus voltages. The new
set of estimz*ted bus voltages are then determined, This prccess is repeated
until the AP's 2nd AQ's are all within 2 specified tolerance, The flow
diagram of the Newton-Raphson Method is shown in Figure L,

In the case of voltage contrcl buses the reactive bus power must be

calculated at their buses before proceeding with the solution,



23

The eguation for ths voltage ceontrolled bus is

v
n

2
2 e” + £° (2=20)
n n

whare equation (2-20) replaces the equation for the reactive bus power.

The matrix eguation for the new relationship is:

AP 95 I Ae
AQ 1T Q; ih
2 Af
a |yl I Ig

The submatrices il’ 52, 53, and g& are the same as before. The

off-diagonal elements of Jg, as oftained in equation (2-20) ars

2

2 Q o

d I'al
9 °n

with the diagonal elerients being
v

RIS
o n

Similarly, the off-diagonal elements of £6 are

él&nl2 =0 ﬂf&
o 'n

and the diagonsl elements are

2

= 2en.

. 12
Q¥ =20 .
ES "

The change in the sguare- of the voltage magnitudedﬁlv l? is zero unless a
n

reactive power limit is encountered, In that case

uf 2 2 uj2
v\ an Fnlscheduled 'lvnl

where u is the iteration counte
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Program Printout

This section contains the detailed computer progrem for the solution
of the Static Load Flow Equations (SLFE),

The iterative computations of the SLFE follows the flow diagrams of
Figures 3 and i, The program implements only one iterative method at one
tiﬁe; the user has his choice, '

The reader should ncte that the Newton-Raphson method is not as
efficient as it should be. The Hewtén-ﬁaphéon routiﬁe was not optimized
with respect to computation speed., Chapter IV presents some suggested
improvements, Chapter II1 gives some sample results obtained for two test
systens.

The starting point for Gauss-Seidel routine was taken from Appendix B

of Elgerd's book [Hﬂ s Electric Enersy Svstems Theory., The Newton-Raphson

equations and routine were taken from Chapter 8 of Reference 12,



ODRTRAN IV G LEVEL 21} MAIN nPaTE = T3C&2 G1718/G0
0001 Crvpr Txes SERY {100 4SERZELIID)SHTY LIS YSHT 1201 ,25ER11G0)
‘.:u;¢)(1’}n.’!ihﬁG],leu;;iv-i;ud);ilﬂbul.ﬁ"0u|bu»’|vl050|0‘0‘|
LU UG I T oSl NX e Vi e THaTLOTL

0032 42 ilikall‘iciFH&F“iI*:);T“i1561'75{12u}q?”lﬂ!@hlluU“AX(aﬁalt
1y 91 W PTGUOy QHTLGY e PILO6T) v PLIDuy] W QAGEGLS1,0L{060)
20 11.c~:u1-.u|.,w|,cp;gsd;.‘ MCHC I DPLIOLu ) o BOM0ES . PVICH0),DELDED ),
3}?'“r VolIBAST g NAASD ¢ ALPHAGDVHAR G DELTAMASY DFLV,CONV,,TCR, CC,.5T
0023 THYLGER 5“i11£l;FB{13J|'[T¥r'-L.”H*”r,PR MRy 54 a Kol y My BHM
0004 COMMDNINATASYSHT ,ISERR) S.LF‘UTHITSfpbipLI SGeQLVEPEC,OMIN,OMAX o
10 it WAL 4B D ONASE S NRASE MAGY yDELT Ay ALPHA’CC ST4CONVSBeEAB, NBeNL,
.. 3N, “;ﬂh BHL,ITER
cdos 3 FEIMAT (415 4F5,.0,F10.T7+15)
0006 | Ry FORNAT{I5,F 10 3] ’ i
0007 P08  TURsATIFIN.5+F5.24F5.2) - ] :
£€0Ga 125 FOE AT (Z275.4F10.59F5.34F5.1) -
0Go3 148 ForwrTiafr10.31 '
0010 115 rf'Wﬂf{'I"!!:T3G.'FAILFD T CONVERGE IN' . 14,.*ITERATICONS?)
0011 il: = “J’T{'l' T23: "NTWTON=RAPHSON TZOHIQUE CONVERLED IN®,1441X,
1:}: BATIONE, ALL VALUES ON1T,F5,. 0. 1K, "MY A SASER/S /Y
0012 ’ Ei% i {17 ., T2L,%GAUSS~SEIDEL TETHNIQUE CONVESGED IN',I4q.1X,
* ZATIRNS, ALL VALUFS ONT,Fo.uUs X, TMVA RASEY//)
0013 1ié6 & TV LT3l LY VBLTAGE " ¢y T111 4" [~JECTED POWCR®ATI0, "MAGNITUDES,
L EGS s TOG "GENERATIONT LTG5, 0L 8007  T114,Y[STATIC:?/
FFe T MUY TT4, PMYRRT T35 9Mpt TICZ, Ry af v, T116, Y¥VARY)
Gol4 118 p T2 s P EUS Y p IS4 2 K FTe3+5X e F et 43X 4FCa33584FCa3+5KsFTe3y
; X,¢9.3l
0015 2 EREMITIN f G T30 ,1502XeFTa3:2X,FTu342X"TAPT,1X,F5, 3]
Colse 127 FopaaTlir ¥, 3»1[515&1-903|Lx9P9-3]
0017 iZa Fﬁ'"V{'1‘*’118,'70?&LS'.2:&,'“H',ll!p'ﬂVﬁ?'flfﬁzg'G‘NfRﬁT!ﬂQ'nzﬁX.
AFl1.3+¢2XsF1ll.31
0018 11& TODAT {03 ,T42,*STATIC CAPSaTALTNRS 428X F11.3)
0019 1Z¢ EOEnATITO 3 T47, " LNADY 330K Fli3:s2R,Flla3)
0020 b & 2ed FApsaTiea® ,T42, *LINE L?SSEE'-;ZX Flle3a.2%:F11s 3}
£ READ Ir HUMPSRE OF OF LIBES. WUYMAE® GF RUSES, NUMRER NF VIR TASE CutNTROL AUSER
C WMueRk N0 STATIC CAPACITDRS N% RCALTORS, TOLY BAStE, NEW B2Z3b0, ITTIDTATION N?THES
C DSEN, TITAL I3 INE-HALF SHUNT AD<ITTANCE USED, MAXTHUM JTERATIOHS ALLDKED.
. . AND TONERANLE ALLDWED
0021 ;i-"-gtsv .l- ?-?Lﬁ'iﬁ.BH."—!C-HEASE,?JBASEaGSNRqSTrco-‘WgKVER
0022 M =AMl
" LOASSUME STANTADD VALUES FOR LD BASE AND NEW RASE IF NORE READ
0023 TRINRASELLEL,DY NRASE=100. ’
G024 IFINAATE LELT) NRAASEF100.
0025 iFIGSRNRLLG0e0) B0 T 1
. C STaMnARD wAXIwgY [TITATIDAS AND TULERANCE ALLOWED FOR NCRTDN RAPHSAN METHOD
0326 - CITAITERLLELGY TTER=LS
0627 IF{CUNV.LE.O} COMNY=,.001
0028 G0 1O 2
. C STANDAGD MAXIMUM TTERPATINANS AND TOLERANCE ALLOGWED FCR GAUST SEIDTL METHOD
0023 1 VD ITHITER LELD) TTER=TS
GC3D TR ICTONYV,LELD) CCRV=,0001 .
0031 -2 CONTINUC . 3
0G32 N3 T=14NB
0o3s 03 J=1,NR
0034 . < Tile JI=CMPLX{C.0+0.0)
Q¢35 . DO & I=1.N%
0236 & Cili=0.0

0037 IFNCLLELD) 5O T 3
: C READ IN SUS NUMHEFR ANG STATIC CAPACITORJREACTOR vaiuJdf IN PER UNIT
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0038
0039
0049
0041
0042
0643

0044
0045
0045

0047

0048
0049
0050
0051
0052
0053
3054

0055
0d56
0057
0058
0059

0060
0061
0062
0063
0064
0065
0066
0067

DD&g
0as89
0070

0071
0072

0C73

0074
00675
0078
o077
0078

0079
oGse
0081
0Qs2
oce3

E

o0 m o

1

~
-

1
1
c

1
C

L

1

c

Evcl 21 MAIN DATE = 73082 C1/18/00

"CANQESESNGASE

YIEN, Us} =CHPLRIO.0,CC)

CivBNi=CC

CONT I NUE
PEAD [N SWIHG 1S VOLTAGE MAGNITUDE, ANGLE{IN DEGREES) AND THE
ACCFLERATINAN FACTOR,

QT AN{S, 1341 “ANV,DELTA,ALPHA

DELTA=NEE TA:ACSINGEILOY /90,0

VI = AGYsO¥DL XISOSIPELTAY,SINIDELTA))
ASSUME STANDART ACCELERATICM FACTOR IF NONE READ

IFHALPHALTD.C) Al PHA=]1.65

28

READ TN STARTING AUS, ENOING BUS, SERIES IMPEDANEF, AND SHUNT ADMITTANCE IN

PER UNIT, ALSO T4&P SETTING AND LENGTH -
DD 1C I=1.ML
FEATI5,106) SBT3 {T1Z2S5CRUT)YSHT{TI)}TR(I},LENGTHII)
ISER{T¥=2SERLI}+1BASE/OBASE
¥YSHTLI}=YSHTI(I 1#GBASE/NBASE
TSII)=TR({}
IF{TRIT}LLELC) TRI1)=1.0
TRIT}I=1/TRILT)
ASSUME STAMDASDR VALUE FOR LENGTH IF NONE READ
IF{LENSTH{T1.LE.2) LENGTHII)=1,.0
SHTY(T i=YSHTLI I=LENGTHITY
TE{STeNELT) SHIY(I)=SHTY(I)/2
SECZ(T)=ZSER{II*LENSTHII)
SERr{I1=1.C/SERZ{T}
ASSEMPLT THE BUS ACMITTANCE MATRIX.
L=%R{]) .
M=EB{1)
YIL EI=Y L LI+ {SERYIIV+SHTY LI IFTR{LII=TREI)
Y{M,M)=Y (™, %)+ SERY{T )+ SHTY(I)
YOL Mi=Y{L M =SERY({T}*TR{I)
3 YivaLi=YiL o M)
K=MB+1
IF(MB,{E.1) GO TG 13
READ 1IN VOLTASE CONTRDL BUS VOLTAGE MAGMITUDES AMD RTCACTIVE POWER LIMITS.
nn 12 I=2,%A
2z PTAI(S:I08) VSPIL{IV . OMIN(IY . OMANITT)
ki CONT FNUE
READR T# SCHEIDULED BUS POWERS IN MEGAWATTS AND MEGAVARS
DU 14 I=1,.N8
4 REAG{S. 1071 POYII.OG0T,PLIT),QLITY
WRITE =17 INPUTTED DATA
Cati INPUT
CALCUL ATE NET RFAL AND REACTIVE PCWFRS FOR ITERATICK PROCESS
NG 18 1=2,NB
a -PITI=PGLTI-PLITY
"D Z0 1=K4NR
2 SiIr=R5(1)-QLi1}
IF{¥A LE.1)} GO TO 23

BUT POWSES ™ PER UNIT AND ADJUST REACTIVE PUWER LIMITS TO GENERATOR LIMITS

NN 22 1=2.,.M8
P{IV=P{I)/NRASE
OMINETI=0MIN{T}-OLIT)
Quayitisax{I)-oLll)
SYMIN(I)=0MINLT }/NRASE



FORTRAN IV G LEVEL 21 MATN NDATE = 73082 01718700
00R4 22 ovAaXx{])=0"AX{I}/NBASE
GoAas 23 CONT INUE
0086 NO 24 [=K,NB
00ET P{I}=P(])/MBASE
0s88 24 D(T}=0(1)/NBASE
C ASSUME I®ITIAL VALUES FOR AUS VOLTAGES
0089 DD 26 I=2,NB
0990 26 VII)I=CHPLX(1.0,0.0)
0091 N=0
0052 " IF{GSNR.E9.0} GO TO 600
C REGIN THZ NEWTOMN RAPHSON [TERATION METHOD
0093 NR=2%{NR=-1}
0094 236 NDVHAX=0.0
009% NC 224 [=2.,NB
0096 vii=v{I} : N :
C FIR VOLTAGE CONTPOL BUSES ADJUST VOLTAGE TO SPECIFISD MAGITUDE AND CALCULATE
C RFACTIVE POWlrR, TF Q LIMITS ARE EXCEEDED SET © EQUAL TG LIMIT AND RETURN
C VOLTLGE TO F=EVIDOUS VALUE
0097 IF{1-MB) 208,208,220
0098 208 V(I)=V(I)/CARSIV(I))*VSPECLI)
0099 NVill=0.0
0100 SU¥=CMPLX{0.0,0.0)
0101 NS 210 J=1eNB
0102 212 SUuM=SUS+Y({ [,J)=VI])
G103 COPTYy=RpAL {SUM=eDnJGIVIIIY)
0104 COLIV==ATHAGISUMRCONIGIVITIL])
0105 D{T3=COLL)
0106 TEC T -DHAXIT)Y) 212,222,214
0107 22 TRFAiCHTI=-CMINTIT)) 2154220220
0108 214 LI =0MAX(T}
0109 cCoin=elI)
0110 GO TO 218
0111 216 N1 =0MINE(T)
cliz CH{TI=Q(1)
0113 2112 VviT)=VvII
0114 DVIII=VSPEC{I ) #%2-{CABS(VII))*%2
0115 Gn TO 223 :
0llé 220 SUM=CMPLX(G.040.0)
0117 N 222 J=1,.N8
C CALCULATT THF REAL AND REACTIVE PCHWERS
gil8 222 SU¥=SH4+Y{1,3)=VIJ)
0119 Co{] )=REAL{SIMCONJGIVITIN I
0120 CAEY=—BTMAG{SUMECONICIVITIN]
C CALCULATE DIFFEREMNCES BETWEEN THE SCHEDULED AMD CALCULATED POWERS
012} ZE3 TPiTI=P(IY=CPL{I)
0122 noiTi=Ctiy=-catil
C DETERMINE MAXTMUM CHANGE IN PDWERS.
Q123 [FLARSIDP(I}) A RELNVHAXY DVAX=ABS{DP(I)])
D124 224 IF{ARSIDY 13} oGl DVMAX) DVMAX=ASS(DQ(I))
C TEST £C2 CONVEFRFGENCE
0125 TRF{NYMAX.LELCONVE 60 TN 300
C LiMIT ITFHRATIONS AS A PRATECTINN AGAINST DIVERGENCE
012¢ IF{N.LT.ITER) GO TO 226
0127 WRITEL6,110) N
012r G TO 1973
0129 726 |, N=HW+l

'C CALCULATE BUS CURPRENTS
0130 N0 228 1=24NR
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0131

0132
0133
C134

0135
0136
0137
C138

0139
0140
0141
0142

0143
0144
0145
0146

0147
0148

0149
01590

0151
0152
0153
0154

0155
156
0157
0158

cl159
0160
0lé6l
cls62

0163
0164

0165
al66
0le7

0les
0169
0170
o171
o172
o173

0174
0175

LEVEL

228
C CaAL

228
C THE

236
232
234
¢ THE

242
244
246
C THE

248

253
252

C THF

2586
252
C TH:

21 MATIN _ DATE = 73G82 0l1/18/00G
RI (I 1=CMPL XICP{T),=CQUI N /CCIGIVITY)
CULATE ELEMENTS DF THFE JACGBIAN MATRIX

N0 229 I=1,NR

N 229 J=1¢NR

JJ{I+J)1=0.0

CALCYLATION OF J-1 MATRIX

DO 234 1=2,4NB

ND 232 J=2,.,NA

TF{leNEsJd) GO TO 230
JJIT=1oJ=1)}=REAL{VITII*REALEY (], J) ) +ATMAGIVII) I *AIMAGIY (1,J) )2
AREAL{RI{I))

GL TO 232
JIUT=1eJ=1)=REALIVII})*REAL(Y{I,Ji }+ATMAGIVIT) }*ATMAGIY(I,J4))}
CHNTINUE ’

CONTINUE

CALCULATION DF J=2 MATRIX

DN 240 I=24NB

N 238 J=2.N8

IF{I.NELD)Y GO TO 236

JI{T=1yNE=24J)==REALIVII} I=AIMAGIY{I,1) ) +AIMAGIVII))®*
ARPZRLIY{T,T}ieaAIMAGIBIII))

GO TO 238
JIUT=1NR=2+J)=—FEALIV{T) )*AIMAGIY [ [4+J) ) +AIMAGIVII))®
LEELL(Y{Ted)}) : '

COINTINUE

CONTINUE

CALCULATIAN NF J=32 MATRIX

N7 246 1=K N8B

OC 244 J=2,.NB s

TFiTahZad) GD TD 242

JArNE— ], J—i)=—REALIVIT) V*RAIMAGIY I I, 1) J#ATMAGIVII NI #REALIY I, 58~
AL]~aG(HI{T3)

GO 10 244
JIINB-X+T3J=1)=—FEALIVII) }#AIMAGIY (I J) 1 +ATMAGIVIT I }*REALIY LI} )
CONTINUE

CONTINUE

CALCULATION OF J-4 MATRIX

DN 352 T=K.NB

ne 250 J=24NR

TF(Ia124d) GO TO 248

JI{NH-K+] ¢ N3=24+ ) =—PELL (VIT)})I*REALIYII,[1)-ATIMAGIVI(I))*=
ALTMAGIY{ T T)I+REALIDI(ID)

Gt TO 250

JHIHA-K+T G NEB=2+J)==REALIVITI)IXREALIY(14J)I-AIMAGI{VII))*
ALTHAGIY( T, d))

CONT INUE

CONTINUE

IF{4e,LE.1) 62 TO 265

CALCULATION CF J=5 MATRIX

DT 258 [=2,.MR

nn 256 J=24NR

Irll"Tad) GO T 256

JI{NR=MRs ,J-1)=2*REALIVLIIY]

CONT INUE

TARTINUE

CALCULATION OF J-6 MATRIX

NM 264 [=24MA

DO Zz62 J=24NB
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'

0176
0177
0173
o172
0180

0181
oL82
0183
0184
0185
o186

0187 -

0188
J189
0190
visl
o192
0193
0194
0195
0195
0197
01935
0199
0200
0201
62C2
0203
Q204
0205
02936
G207
0208
0209
0210
0211
o212
0213

0214
0215
0216
G217
0218
0z1s
c220
0221
c222
0223
0224
0225
0226
G227
0228

0229
0230

LEVEL

252
264
2565

21 MAIN DATE

IF(I.NELJ) GN T 262

JI(M=2—5+] JNR—2+4J)=2=AIMAGI(VII))
CANTINUE

CONTINUE

COKT TNUE

C INVERTING THE JACOBTAN MATRIX

266

268
270

272
274

232
284

286
288

NRR=NR+1

KK=0

NN=0 .
0N 288 K=1,NR

NN 266 J=1,NR
JITJHHNRR)=0.0

JIIK NRR})=1.0

NN=KK+1 .
LL=NN .
KK=KK+1
IF{ARS{JIINN,KK]) )-1.E~4) 270,270,272
NN=NN+1

GO TO 268

TFILL=NN] 27442785274
00 276 MM=1,NRR
DYEXP=JJ(LLsMM)
JIILLyMY)=JJ(NNyMM)

JI (NN M) =DTEMP |
DY¥=JJ{KsK)

D7 280 LJ=1,NRR
J=NRR+1I=-LJ
JIIK,Ji=dJ{KJ)/DIY

DO 284 I=14NR
FAC=JJI{I,4+K)

NC 284 LJ=14NRR
J=NAR+1-LJ

IF[I-K) 2B2,284,282
JII,J1=dJ (T, JI-FAC*JJIK, J) -
CONTINUE

DO 226 J=1,NR
JJUd,yKI=JJ LI, NRR}
CONTINUE

K=NMA+1

73082

C DETERMINE THE REAL AND [MAGINASY VOLTAGE CHANGES

294
255
296

0N 296 1=24.NB
NELI l=0.0
NF{I11=0.0

Ny 290 J=2,NB
CREII)=DF(I}+JI(NR=2+],J-1)%*CP(J}
COEI)I=NE(TI)+JJ{I-1,J-1)%DP(J}

TN 287 J=X4NR

DFEIY=NE[L J+JJINB=2+T1,HA-K+J)*DQ(J)
GE{D)=no{l )+3001-1,NE=-X+J)=DQ{J}
TF{¥A,LE.11 GO TO 295

nr 294 J=2.MB )
CEUII=DF{T )+ JJELR-2+] ,NR=-MB+J)*DV(J)
NE(II=DELT ) #JJ(I-1NR-MB+))=DV(J}
CONTINUE

CONTINUE

C UPDATE AUS VCLTAGES

2938

nr 258 1=2,NB
VIID)=VIT}+CMPLXIDE(T),DFCI})

31
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FORTRAN Vv G LEVEL 21 MATN DATE = 73082 01718700
0231 GO TN 206
C THF ST&2T OF THE GAUSS-SEIDEL METHOD
0232 637 nn o35 1=2,N8
C CALCULATING INITIAL CCNSTANTS
0233 IT{lLTKY 2MT1)=(L0 :
0234 TE(LLGTR) ALLI={CMPLXIP(T) QLI IN)/YLILI)
0235 PR 605 J=1..NB
0236 655 TF{ILMELS) BOL.Ji=Y{I2J}/Y11s1)
0237 606 DV¥AX=0.0
0238 1=2
0239 607 VIil=v{I)

C FNR VOLTAGE CONTRCL RUSES ARJUST VOLTAGE TO SPECIFIED ¥MAGITUGE 2axD CALCULATE
C REACTIVZ POWER, [F Q LIMITS AFE EXCEEDED SET © EQUAL T3 LIMIT AND RETURN
C VOLTAGE TN PREVICUS VALUE, CALCULATE A41)

0240 IF {I-4R)606,628,615 z
0241 608 VETI=EVIT) FCARSIVITIY)EVSPEC(I)
G242 SitM=CHPLX I Cal 0.0}
D243 DO 429 L=1,;N8
0244 6049 SUM=SUMHYI T,L)=V{L)
0245 D{II=—AIMAGISUM=LONIGIVIINY)
02456 IFL2MIY—2%2X{I)}) 610:6145;611
c247 6170 TFAQ{II—IMINTILI)) 612+614%461%
0248 611 Aa{1r=0a%(1)
£z43 GhTO 613
0250 612 QUTI=0MIN{ I}
0251 613 viIi=v1irI
0252 6l4 A{Ti={CMPLXIPEL)} . -01I NI/ Y {Ie])
c253 615 LUM=CHMPLX{ (.02 0.01}
0254 Vi=vi]}
0255 DA 616 L=i.NR
0256 616 TFiLa™NE-I) SUM=SUM+IIT,L)*VIL)
0257 VYN{TI=ALTY/CONJIGIVIT) }=-SUM
0258 Dr=uvN{]11=-V¥]
0259 Vi 11 1=VI+ALPHAYDY
C NETER®INT TwF MaxI*yM VOLTAGE DIFFERENCE RETWEEN ITERATIDNS
0260 CEly=C2nS VNI T )=VIT)
0261 PFIPELV e GELOYMAX]) DVVAX=DELY
C UPDALTE YDLTAGES AS AVAILABLE
0262 Y{Il=VN(1)
0263 1=1+}
0264 IFilo.LE.NB) 6O 7O 607
C UPDATF VOLTAGES BY ONE iTERATION
0265 N=N+1
C FOMPARE MAXIMUIM VILTAGE NIFFERENCE AGAINST CCONVERGEMOE ZRITERIA
D266 IFIMVRAXL,LELCONY) 6N TN 300
C LIMIT ITERATIOMNS AS & PROGTZLTION AGATNST DIVERGENCE
0267 IFINLTLITER} GO T 618
0268 . W2ITE{6,110) N
0269' . 6O TN 1973
0270 gin G0 TO 606 :
C CONVFEGENTE OBTAINFO-FINAL CALCULATIONS
027 300 SUM=CMPL X .00 0a0)
0272 nro335 1=1,NR
0273 : 305 SUM=SHM4Y{ 1o TIEVII)
C CALCULATF SWING BUS POWER
0274 PLIY=RkEALLISUM=TORIGIVILEY)
0275 Clly==alvan(su¥*oayJnivilsl}

0276 IF{GSKRaLU0) GJ TO 307



FORTRAN IV G LEVEL 21 MATN DATE = 73082 01718700
02717 WPITE(6,112) N,NBASE
0278 G0 TDO 308
c2719 ol 4 wCITE(6+114) NNBASE
0280 358 WRITE(E,116)
0281 DO 310 I=1.NB
0282 P(I)=P{1])%=NBASE
0283 310 Q{1)=Q(1)*NBASE
0284 nn 311 I=1,M8
0285 311 AGLII=00I)+0LLI) -
0286 P5{1¥=P{1)+PL(]1)
0287 NO 340 1=1,NR
0288 NELTA=ATANZ (AIMAGIVII)),REAL(VII)))*GG.0/ARSINI1.0)
0289 MAGY=CABS{V{I))
0290 CMVARI T ¥={MAGY =2 )=C[ [ Y*NRASE -
.- C WRITF OUT CALCULATFD BUS INFOIRMATION ~
0291 IFICMVAR(I ) LEQ.0) GO TO 315
0292 WRITE(6,118) T +MAGVyDELTA,PGITI)3GIT)4PLII),QLITI),CMVAR(I)
0293 GO TO 320 '
0294 215 WRITE[54118) [,MAGV,DELTA,PGI(T)},0G(I),PLII},OLII}
C WRITE OUT LINE FLOWS
0295 322 DO 335 J=1,NL
02956 L=SBLI)
Q297 M=ER(J)
2298 IF{L.EQ.I) GO TO 321
0299 TIF(M.EQ.I) GO TO 323
Q300 GO FO 335
0301 221 IF{TS(J}.EQ.QC) GO TO 322
0302 SIS =VIL)=COMIGIVIL TR IJIF{TR{J}I-1.)*SERY{J )} *NBASE#
AUVIL)II*CONIGUIVIL)=VIM) )XTRIJI*SERPY(J ) ) *NBASE
0303 GO TO 325 .
D3n4% 322 U =tVIL ) #CONJGLIVIL)I=-VIM ) *SERY(Ji+VIL)I*(SHTY(J]) ) )*NBASE
0305 G0 TD 325
0306 323 TFI{TS'J).EQ.0) GD TO 324
0307 BOJ)=VIMI*=CNNIGIVIM)I X[ 1. -TRIJII=SERY{J))=NBASE+
ALVIMIIRLONIGUIVIMI=-VIL)Y ) *TR{JI*SERY(J) )=*NBASE
0308 GD TO 325
0369 324 ROJI=IVIM) *CONJGUIVIMI=-VIL) ) *SERYIJ)+V(M}=(SHTY(J))}) }*NBASE
0310 325 CONT INUE )
G311 IFI“.EQ.I) GO TOD 330
0312 IFITS(J)EQ.0) GD TO 329
0313 WRITE{6,12C) MyS{J)TS{J)
0314 GO TH 335 5
0315 329 WRITE(G6:122) M,S1))
0316 GD TO 335
G317 330 WRITE(6,122) L.RIUJ)
0318 335 CONTINUE
0319 340 CONTINUE
0320 TG=CMPLX({0.0+0.01)
0321 " TCR=0.0
0323 TL=CHMPLX{0.0,0.0)
C CALCULATE THE TOTAL GENERATION, INJECTED PUOWER, LOAD AND LINE LOSSES
0324 NN 345 [=14NB
0325 TO=TG+CMPLXIPGIT},QG(1))
0326 TCR=TCR+CMVAR(T)}
Q327 TLR=TLN#CHMPLX{PL(]1),QLITY)
0328 345 TL=TL+CMPLXIPIT)4Q(I))+CMPLX(0.0,CMVARIT))
0329 WRITE(6,124) TG

33



FORTRAN [V G LEVEL 21 MAIN DATE = 73082 cl/18/700

0333 WRITE{K,126) TCR
0331 WEITF(5,129) TLD
0332 WRITFI6,130) TL

0333 CALL MISMAT

G334 1973  CONTINUE

0335 RETURN

0336 END



FORTRAN 1V G LEVEL 21 INPUT DATE = 73082 c1/18/60
oocl SUBROUTINE TMPUT .
C THIS SUnNBOUTINF WRTTES MUT THE INPUTTEN DATA USEN IN THE LOAD FLOW STUDY
0002 COYOLEX*2 ZSFZ (10l ¥SHT(122),R0135),5(1C2)
0093 BEZAL LENGTHILII Y, TSULIGHPGICET) 4P LIUb3) 4 0GICH0),CLICED ),

IVEAFCILEC) yOMINIZLD ) AMAX{ 26T C L0601 ,CUVARITET),P{G60) Q060D
2P AST yNBASEGZMAGVDFLTA, ALPHE,CL, CONV,LST
con4 TNTEGER SHUICZ),FR{LI0) o7 LeNHa 2 NCoBN+ITERyMyBM
0005 COMMNR/NAT AZYSHT 3 Z5F R, H oSy LENNTH, TS PGy PL3AGCL,VSPEC, IMIN,OMAX,
! 1C,CMVAR,P, 3, ORASE,NBASEyMAGV s DELTA,ALPHA,CL+ST,L0LNV,SB, EByNByNLy
3MELNCy AN, BM, ITER
0006 1C0  FURMAT(T1¢//TST,"1 NP UT D AT A*/)
0007 102  FNBMAT(*0® ,T2C,"'NO, OF LINESINL) =*,15,5X,"NG. OF BUSESINB) =%,
AT5,5X,"H5. OF CAPACITORS/RFACTARSINC) ='415.//720,
A"NO, DF VOLTAGE CONTROL AYSES (R™) =",105//T20,
AYAASE FQO® INPUTTED DATE(DLD BASE) ="¢1X,F6.0s1Xe"MVAY,5X,
AVB2SE FOK OUTPUT(MEW RASE) =',1X,FhaCelXy*MVAT)

DDbB 104 FORMAT(®CY ,T20, " TOLERANCE FCOR CONVERGENCE ='4F9.695Xy
ATMAXTMUM NC, COF TTERATIONS ALLOWED =",14)
0009 10e FOFMAT{*)" yT20L ,*ACCELERATICN FACTNR =',F6.291Xy

AV[USED WITH GAUSS-SEIDEL METHOD CHNLYI'//T20,
A'SWING BUS VOLTAGE MAGNITUNE =%,FiC«5,1Xs*PU",5X,
A'SHING BUS PHASE =% ,F7.2,1X,"DEGREES'//)

0010 1Gs FORMAT (*0% ,TZ0,"STATIC CAPACITORS/REACTORS (CLD BASE)*//T720,
AVALSY 45X,* SUSCEPTANCE"/)

0011 113 FO24ATIY 1 ,717+15,5%X,F10.5)

0012z 112 EORUATLOCO //T20.,"TRANSMISSION LTINE DATE (OLD RASE)Y/T20,

1'Y SHUNT IS TCOTAL LINE CHARGING ADMITTANCE®/TZ20+"SB® 45X,
2VERYL14X,"7 SERIFSY, 19X, 'Y SHUNT®" 911X LENGTH" /T40,"R",11Xs" X",
314Xe'GY 411X, A /)

co13 113 FORMAT('C* //T20,"TRANSMISSION LINE DATA (OLD BASE)}™/T20,
1'y SHUNT IS ONF-HALF OF THF TOTAL LINE CHARGINSG ZDMITTANCE'/T20,
2VS8Y 45X TERY 314X % ] SERIES® 419X *Y SHUNT" 311X, "LENGTH"/T4&0,"RY,
ZLIXs PR 14K T4 11X, PRV /)

0014 114 EORMATL® * oT17¢l5+42X3I5:5XsF1l0e5+42XyFlGaS5s5X3F1l0.5+2XyF1l0e595Xy
AF5.1)

0015 116 FORMAT(*(0® 4T20,*TOTAL TRANSMISSION LINES =7,1X,15)

0016 118 EQRMAT("0" //T20,"TRANSFOQMFED | INE DATA (CLD RASEI*/T20,

1'Y SHUNT IS TOTAL LIKE CHARGING AOMITTAMCE'/T20+42SP" +5X,
ZYER? ,14X,"7 SERTES" 19X, 'Y SHUNT? (12X "TAP SETTING'»11X, "LENGTHY/
3T40,"P T 11Xy " X V414X, "G "411X,"B"/)

0017 119 CURMAT("C* //T2, "TRANSFORMER LINE DATA (OLND RASFI*/T20,
1°Y SHUNT 1S ONE=HALF 0OF THE TOTAL LINE CHARGING ADMITTANCE®/T20,
Z2VSPEY,E5X,YEEY,14X,%7 SERTCST,10X, 'Y SHUMTT j12X,"T4AP SETTING®,11X,
SYLENGTH  /TaC, "0 3 11X,'X?, 14X, "G 3 11Xe*B* /)

0018 1206 CNRMAT(Y "3 T1T91542Xe15¢5XsF10a592XsF1l0a545X4F1lCa592XsF1l0e599Xy
AFE.BI 14XUF5'1,
oole 122 EFORMAT ("0 ,T21,"TNTAL TRANSFORMER | INES ="41X,15)
0020 124 FLEMAT(P (" S/T20, "VOLTAGFE CONTROL BUS NATAY//T22."RUSY 410Xy "VSPEC?,
ATOX e "OMIN® JIDXYORAXS/TIS5, "0 (11X, "MVLRY 10Xy "MVARY/)
0021 126 TFORPMATLY " W 11T eI540RaFlCa2+5XsFluealsaXFl0.3)
0322 128 FORMAT (VY 2/T20, "SCHEDYLFD RUS POWERSY//T20,'AUST, 13X,
AT GENERATION Y 325X s " LCADTY /T3, Mt o 12X e *MVARY 14X, "MH ", 12X, "MVARY /7))
0023 130 ENRMATIY ¢ Tl 7415, 5X e 10034 NeF 103 TXsF1Ca235XsF1043)
0024 132 FOOMATEY ® Tl T7,15,5%eF10a3:0X, " UNSPECTOIEN! ;SXsF10.325%,F10a3)
oczs 134 EORMATLY " oT17415.6Xs"UNSPCCIFIED® 44X "UNSPECIFIED® 95X F1l043y
’ AS5X4.F1l0a3)
0026 wRITE(6,100)

ooz7 WRITE(6,102) NL.NB,NCyBM,ORASE,NBASE



FORTRAN IV G LEVEL

0028
coz9
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039

0040 -

0041
0042
0043
0044
0045

© 0046

0047

0048

0049

0050

0051

0052

0053

0654

0055

0056

0057

0058

0059

C360

0C&l

0062

G063

0064

Q065

0066

0067

0068

0069

0079

0oT1

0072

0o73

COT4

0075

0076

0077

Q078

0n7e

0082

[+1e.2}

0082

goe3

o084

GORS

17
18

20

25
30

32

a5

40

45
50

60
65

21 INPUT DATE = 73082

WPITELA,104) CNNV,ITER
WHITEIG,106) ALPHA,MAGV,DELTA
iF(NC.EQ.0) GO TO 15
WRITE(6,108)

RN 5 [=1,NR

IF(C(I).EQ.0) GO TO 5
C{I)=ClI)=NBASE/OBASE
WRITELS64110) I,CH1)

CONT INUE

nGg 10 I=1,NB
CLI)=C(1)*0CBASE/NBASE

CONT INUE

IFIST.EQ.0) GO TO 17
WRITE(6,112) -
GO TO 18

WRITE(64113)

=0

DO 20 T=1,NL
YSHT(T)=YSHT(I)*NBASE/OBASE
ISFR(II=ZS5ERIT)*CRASE/NBASE
IFITSII)NE.Q) GN TO 20
WEITE{6,114) SBLI1)}4EBII)yZSERIT),YSHT{I)LENGTHIT)
M=M+1

CONTINUE .
WRITE(6,116) M -~

ne 25 I1=1,NL

I€{TS{1).NE.C} GO TO 30
CONT IMNUE ’

GO TOD 40 .
IFIST.ER.G) GO TO 32
WRITE{6,118)

GD 7O 33

WRITE(64119)

M=0

N0 35 T=1.NL

IFITS(I).ER.0) GO TO 35

WRITE{6412C) SBUI}ER(T},ZSER(T}4YSHTIT}TS(1},LENGTHII)

M=M+1

CONTINUE

WPITE(6,122) M

CONT TNUE

IfF(¥B.LE.1) GO TO 50

WRITE(5,124)

No 45 I=2,MA

WRITE(6,126) T.VSPECII),OMIN(I},QMAX(T)
CONT INUE

nPITE(6,128)

NN 65 1=1.MB

IFll«EQ.1) GO TO 60

IF{TI.LF. M) GO YO 55

WRITE(59130) T4PGII)QG{II.PLIL).QLII)
GO TO €5 w
WRITELGHyL3201+BGII)PLUT),QLLT)

60 TO 65

WEITE{64134) LoPLET),QLAITY)
CONTINUE

RETURN
END

g1/18/C0

36



FORTRAN
Q001

gacz
0003

0004
0005

0006
0007
0G08-
0009
0010
0011
0012
0013
0014
0015
Gols
0017
0ois
co19
0220
co21
pgoz2
gd23
0024

0025
0ozé
coz27

0028
0029
0030

0031
0032
0333
0034

1Iv 6

LEVEL

C THI

133

132
104
138

€ caL

423

’ 37
21 MISMAT DATE = 73082 01/18/060
SUBRNUTINE MISMAT
S SUALONT]T CALCULATES THFE MISMATCH AT FALCHH PUS FEXNEPT AT THE SWING BUS

CoMnppXz2r ISFRELSTN e YSHT(IZ22) o {IT 21 ST10T)CVPL K AMM o A¥M, TMM
REAL LEMOTHILZ T SISLI23) 2P0 e L aL) o 300080 )3 2L 106D ),
IVSPEC{IAI a3 1A SHAXTIGED )2 C U000 yCHVERILES) S PLLED) QI 0O60)
2NBASE G NAASE g MAGY L ILT A, ALPHA L CC,CONY ST )

INTEGER SRIICUYsZuillU) 3L o NDe™ME yNCyRN,ITER BM

COMMONIDAT A/YSHT s ISER ¢ R e Sy LENGT e TS o PRy PL QG ZCLLVSPEC, QMIN,QOMAX,y
IC e CMVAR P4 JyORASE g NBASE yMAGY y DELT A4 ALPHAGCL ST 4 CONVeSByEByNByNL,
MY, N0y AN, AM, TTER

FORMAT{T1I® TTO,"MISMATCHESY//)

FONRMATI! * 60K 4FG,3,4X,F3,3)

FOPMAT (0%, Ta2, " TOTAL 4ISMATCH! ,6X,59.3,6X,F%:3)
FORMAT [ 'O o T42 2" AVERAGE MISMATCH® 44X FQ,.3,6X%X,F9,.3//7)
WRITE(6,100) ’

TUM=r¥PL X[ 0.090.0)

DY 425 J=1+NB

Runv=CMIL X{Ja0y0e0)

DO 415 I=14NL

L=SB(I) .

M=E3l(I}

IFIL.EQ.J)Y GO TO 405

IFi¥“,EQ.J} GO TO 410

G2 TN 41%

fraANz=RMuES(T) £

GO TO 415

AMY=RMMeR( T}

CONTTNUE

1F{JeS3.1) GO TD 420 g .
CULATE THE BUS MISMATCH

RNz QMA-CMDPL X(P{J]4QUJ))}-CMPLXI0.0:CMVAR(J))

WEITEiS,102) BMM

IF{J.E2.1) GD TO 425

C CALCYULATE THE TOTAL MISMATCH

425

THU=TMY+BMM
CONT INUE .
URITE(S,104) THMM

C CALCULATE THE AVERAGE MISMATCH

AMM=T MM/ (NB=-1]}
WPITE(64106) AMM
RETURN

END



CHAPTER III
SAMPLE SOLUTIONS

There are several factors one should consider in comparing methods,
Among these factors include the number of iterations for convergence, time
per iferation, tolerance allowed, type of computer used, size of sysfem
used, and finally the accuracy of the resiltss

A fourteen bus system was used to compare the Gauss-Seidel methiod
with the Newton-Raphson method. The fourteen btus system contains seventeen
transmission lines, three-transformer lines, one static capacitor, and four
voltage control buses. The input data is given on the next pagé.

The Gauss-Seidel method used 000l tolérance for the bus voltdges
compared to .00l tolerance for the bus powérs in the Newton-Raphson methode
These tolerances used are approximately equivalent to each othery

Since the same ccmbuter and sample power system was used by both
methods, one can rule out these factors in comparing methods.

Twenty-two iterations were required before convergence was obtained
with the Gauss-Seidel as compared to six iterations with the Newiton-Raphson
method. However, in comparing time per iteration or total time, the
Gauss-Seidel method was approximately 1% times faster than the Newton-Raphson
method. Normally the Newton-Raphson method is faster, but no serious
attempt was-made to optimize the computer routine as given in this report,
(See Chapter IV for sugzested program improvements.)

The Newton=-Raphson method has better accuracy in its results, This

can be seen when comparing the mismatches. At all buses as well as the

38
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total and averace mismatches the Newton-Rspnson method was better. The
results of these studies are given on the next pages.

A moderately large power system was also studied using the developed
load-flow program. The results of that study are presented in the next
several pages. The sample system contained 57 buses, 3 static capacitors,
6 voltage control buses, 63 transmission lines, and 17 transformer 1ines;

The program is dimensioned to handle as many as 60 buses, 100 lines
(any combination of transmission and transformer lines), 100 statie
capacitors/reactors, and 59 volfage control buses.

Essentially, the program could handle any-size power system., All that
is needed is adequate computer core storage to handle the data,
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NEWTON-RAPHSON TECHIOUZ CONVERGED IN & ITERATIANS. ALL VALUES ON  100. #VA BASE

s S R TISD . Ve

VAOLTAGE INJECTFD PCwWEFR
MAGNMTITUNE  DELTA{AEGSY) GENERATICN LNAD (STATIC)
U - MW © MvaRr MW T TRyART T TRAVArR 0 T
"ysS 1 14060 0.0 __232.386 -16.891 0.0 6.0
Z 1564833 —2Ce393 -
8 754553 3.499
BUS 2 1.045 —5,7829 40.600 42,377 21.7C0 T T12.749C -
1 -152.538 27.654
3 13.188 3.565 —
3 56.138 —2.292
ES £1.512 0.757
aus 3 1.C10 -12.7182 2.0 23.391 $4.2500 19.€00
2 -T0.868 1.585
& -23.333 2.806 L - . .
LTS 4 1.070 -14.2227 00 12.234 1l.2c2 T.500
11 Tu341 3,472 B o
12 7.782 2.492 E
12 17.740 7.170
& -44.063 -B4399 L
RYS 5 1.090 -13,3682 2.0 17.362 Qa0 C.3
T =Z.200 _17.362 : — _ _ _ —
8ys- & 1.219 -10.3242 0.0 0.0 47.2€0 -2.°03
2 -54.46) 3,398 _ e o ) -
E 23.705 -5.41¢%
2 -51,220 154661 .
— . 7. 28.0BT___ =9.412  TAP (.ST7E _ — e _ - S
9 16.052 =0.320 TAP J.989°
_Bys 7 1.082 __ ~-13.3682 0.8 0.0 Ca0 C.0
5 0.CCO0 —16.915
g 28.087 5.786
- 5 -28,987 11.1C5 _— s R
BUS 8 1.020 -8,7B27 GeG 0.0 Te 600 1.6C0
1 -72.789  2.585__ ez
- 2 —50.610 -1.628
3 61.736 —15,362
4 44,063 12.878  TAP C.932
RIS 9 1.056 -14.946& 0.0 0.0 29.5C0 16.600 21.221
7 -28.,087 —4.984%
13 5,239 4,306
14 9.438 3,665
S A -16.990 0 l.€24 PR —_—
3ys  1¢ 1.351 -15.1043 2.0 0.0 9,000 54800
— ey 9. _=54226 - =44271 T e T e i i i e s s
i1 -3.775" -1e530
. 8us 11 1e357 e CaT 3,515 le8¢0 _ .



RS 13

2.TET

3

BUS 14

9 -3.,321
i3 -5.579

T4 -1.288
5

TeisTs
oo laslt

=15.153C

T -1£.0389

© =3,357

1.558

=2.343

~€. 754

__Ca743

-3.737 o o T B
1,692

-3.417
~1.583

D0

0.0

TOTALS

My MVAR

GENERATICN

272.2%6 TE. 413

STATIC CZS/REACTORS

LOAD

B2 Y U

259, 05¢C

LINE LGSSES

13,386

B

MISHMATCHES T
23Z.38¢ —16.0291 -
-CaTUG CGaf0E
L =5.eM =0 o
- -.501 -
S el
- . ©.001 .
- LelOC
Ce0DC
o Cacol _ o
_G-OD‘.‘. T
0e001
. neonC_ L
-CeDull -
C.00C
TOTAL MISMATCH (.000 {024 - -
AVERAGE MISMATCH _  C.00C _GeB0r . e o
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I NP UT DATA

N0, OF LINZS(ML) = 8/) N1, OF RUSESIMA) = 57 ND, DF CAPACITORS/PFACTORSINC] = 3
N0, DF YOLTASE CONTRIL RUSES (8M) = 6 '

TTTIRSETFIR INPIYYETY LATATOLT 8A3EY = ICT. YWE  BASE ¥R DUTPUTTNEW RASE) = 1005 MVA

TILSRANCE £33 COMYESGENLE = G.,0CJ122 MAXTMUM NN, OF TTERATIONS ALLOWED = 75
Ry S = e e e i

ACCCLERATIUN FACTGOR = 1.65 (USED WITH GAUSS-SEICCL METHOD ONLY)

Salnl AUS VOLTIGE MIGNITUDE = T.G33-C PC TWING 305 PHASE = TeU UEGREES

STATIC CAPACITARS/REACTORS {OLD BASE)

R30S T RUSCEITANCE

13 Q.11300
25 <35938
53 3.05375

TOAMSFISSINY LTNE CATA (N0 AASE)

¥ SHUNT I35 oNE-RALF OF THE TITAL LINE CHARGING ADMITTANCE
53 EB Z SERIES z Y SHUNT LENGTH
i) X G B
1 Fd Tai B30 leG Ja 06450 1.0
— 2 3 . e 2983 Cal | ____Gal40853 1.2
3 5 d.31123 9.0 1,31958 1.0 T T - T T
& E Gelub25D el Ja 01250 1.0
3 4 9.04303 Jel G.01740 1.0
& 12 Jeu2ulu Cel Geuwl28d 1.3
4 5 Ga33353 Cal 0.02350 1.0
5 & J.139%5 Cad Ce02740 1.0 _
3 12 G.03R50 4,15750 0.4 0.02220 7 1.0
& 11 . Ue0848G 0.0 C.d105C 1.2
& 7 B 0.29535 0. 0.03860 1.2
& 13 Jel33am Ca0 0.C2C30 1.2
13 1a Ja 1320 Je434d Gal 0. 00550 1.0
13 L5 . 3e%2630 LaJRATG _wel. 8711530 e e o
1 15 F Je0%103 [} Ge 04940 1.0
1 16 e 2iBU Jal 0a22736 1.0
1 bl 041383 Ca® 0 G143C 1.0
3 1% [AEER ) Cal Seu2120 1.0
9 4 Tel641L sl e 00620 1.0
11 5 La01397 Ted7125 £.0 _ Ge09TC . 1.0 ~
1z 7 Zeu2TTG d.i78620 5.0 * G.01640 1.0
11 13 Le1223% Geu7325 02 fe 20940 1.0
7 L 3e95807  feL __ 0.G302Cc 1.0 o
PSS ETH Leu Ja S1GED 1.3
P & &- e Cal 0.32280 1.0
356 TLh LeT LaTa3 . 1.3




13 19 0.4£105 Q. 68530 a0 0.0 1.2

19 20 3.28330 Ju%343D Je0 3.0 1.

21 2z Ca07363 _ .11720 0.0 0.3 1lad

az 23 S L) J.01522 0.0 0.0 1.3

23 24 Jel8E4T 225830 et CedC420 ) el

24 BT 2e16501  Da2%x3d_  0e0 0.0 1.9 ,_
27 ze Cei'5130 027543 .G 3.0 1.0

28 29 Ceudl83 NeC537C Seld 0.2 1.0

25 32 2213502 34200230 ) 0.3 1.0 _
30 31 Je2ZETT FRCCY A 0.2 Zud 1.4

a1 3z 358TCY 2475553 Gel Ca0 1.0

32 33 223929 Deg3dcl el 0 8ed T led

a4 35 Uev5233 Ve OTED 0.0 Ge 30160 1.0 B
3s 36 3.04303 0a25373 3.0 0.3C080 1.0

36 37 0. %2992 3433660 Cal £e0 led

37 EE veoo5Ll3 0.1Cu3% Ceu Ce 210CC 1.4

37 35 Ca023931 2.G3T53 Sed 5.0 1.0

35 45 N 3503 2.04500_ 0o 0.0 1.9

22 EE] va1923 0.22950 Gad C.0 1.0

41 42 D.25700 0.35222 .0 0.0 1.0
41 43 3.0 41230 Gel Ga 1.9

38 44 Tec289d FaG5552 Vel Javill0 1.0

46 47 V{2507 9. 356300 Cal Ce0CL&0 1.0
47 48 Tl.C1823 2432331 Sa Gad 1.2

48 49 Ue(83243 2.1293G 0400240 1.3 -
45 50 C=08310 0.128%0 Ce0 1.0

53 51 9.13860 022507 8.0 1.0

29 52 alds2] Jel1873C Dads 1.0 -
52 53 GaLT620 339842 0.2 : 1.2

53 5¢ TOlPTSI  3.232] £.0 ) .

54 55 £.17222 3. 22650 Ga 1.9 T
44 45 T+16243 3.12520 UG £.35200 1.3

56 _ 41 £6.553049 2354900 GeC Gad 1.2 .
56 42 21252 Ja354d0 Sl Led 1.7

57 58 217483 Se26IL0 Cad Gel 1.7

23 49 Gall533 SelT77.C et %e37230 0 1.3

38 48 S.33125 3.G4320 Jab 3.0 1.0

TOTAL TRANSHMiSSTOM LINES = &3

TRANSFOSGMZR | IME DATA {OLD 2ASE)
¥ SHUNT 15 DONC—HAELF GF THE TOTAL LINT CHARGING ADMITTYANCE

sB EB 2 SERIES Y SHUNT TAP SETTING LENGTH

E X G ) ;

3 18 2e3 0455558 ° 2.9 G 0.970° 1.0 L
8 18 0.0 - 0.43GG) 0.3 2.0 q.978 1.0 -
21 23 &0 0.TTETS 2.0 C.0 1.043 1.0

24 25 0.9 1.18250 G0 C.0 1.G30 1.0

24 25 Sl 1.233.9 Cav el l.csd 1.0

24 28 Se 0.04730 el 3.0 1.043 1.0

1n i5 5% 3. BE4ET a8 S 0967 1.0

34 32 [ 3.95310 d.C G.0 0.975 1.0

11 41 g9,& 9. 74732y el T J.555 1.0

15 45 7.0 0. 17420 Cau 0.955 1.0

1% 48 Qe 3.0735% Gut 2.5.72 1.0

12 51 Za3 Oa 3Tl Gad 0.570 1.0

13 4% le% Ga1912C Dl _ _NeBS5 1.0




k9

1l 33 .3 7 T 0.15303 0.0 .0 T@.958 T 1. T T
40 56 o 1.1950u vl 0.0 0.953 1.0
37 57 s . 1.3550Q Co 0 0.0 0.980 1.0
2 353 Ter . J.12355 T TG 0.7 “Je940 = 1.0 T
TOTAL T2ANSFEOLUCR | INES = 17
VOLTAGE CanNTHJL F0S DATA - T
ays VSPEC QTN QMAX
C1T) MVER MVAR =+ T
2 1,210 =-17.G4G0 50.C0C
3 Jas33 =TJav a3 — &Jeluu —
4 Ca982 -8.020 25.0006
5 1,305 =14Jat s 262aL00
5 0. 380 =3.033 A _ T
7 1.215 -53.€30 155.000
SCHEDULED RUS PIWERS
_aus GENERATION LDAD
- MW MVAR L MVAR
1 PSEECIFTED IWSPECTFTED 17.043
2 ) UNSPECTIFIED 88, CCE =
3 40,020 UNSPICIFIED 21.06¢
% C . UNSPECIFIED 2.0G3
5 UNSPECIFIZD 224650 Tt -
5 UNSPECIFIED 264005
1 UMSPECIFIED B o 2%0C6_ -
g 0.2 0.0 T T
= CG s | 4,000
1% 8.2 0.0
il Je3 0.0 o
12 0.9 2.050
13 b 2,300
14 D.0 5.3C0
15 Q.3 5000
15 0.0 3.C50
2 17 [5) . 050
138 0.2 9.8G0 )
15 90 0.650 ——
23 .0 1.C00
21 42 0.C
22 3.0 0.0
23 U.J 24 150
24 A 0.0 0.0
£ 0ed 0.0 L 3.2086 - o
26 Cel 0a9 . Del . -
27 Je0 Je3 Ge 5CO
2R (el [} 2,320 o
23 S el 2. 600 o
15 .0 2.7 1a33L
31 ot o . __7?e9C2 o e o




32 ) 1. 600 0. BCO

13 Ce? 3,800 . 1.960

3% Jed 9.C _ 8.0 L
35 Gal} 6eCul 3,000

3s Cad - CeQ 2.0

37 0.0 ol _Je0_ e B
38 2.7 1a4al0 200 o
39 0.0 0.0 TeG

43 C.0 Cel 0.0 o
41 Yuid 5e3.0 3.0CuU :
42 Ded 7.130 4,400

43 ! ) 2.0.0 1.050 " o

44 ) Culs 124046 i 1.B30

45 2.0 C.92 Jedl 0.0

48 Tal Je0 0.0

47 G 20 11.680 -
4B a7 T8 0.0

4a Bl Ted o B.5C7 -

50 0.3 3.0 1C. -
51 ) Cedd 9.9 5,320

52 Gal 0.0 2.2C0 _
53 Tel ) 10. 000

54 %0 Ta.0 1,400

55 Dial Zed 3,409

56 ) 2.0 2,200 -

57 Ged 0.3 2.000




5

cCHNIGTE CONVERGED IR

55 ITERATIONS.

TALLU VALUES DN 100. MVATRASE

VOLTAGS = PNWER
HAGNITUNY  DFLTAIDEGS) GENERATICN L0an (STATIC)
| s L] T RVERTTT T T ORW TTTTMVAR T T RVAR T T T T
ays 1,240 3.0 478,358 128.613 __55.000 17.GC0
Py ToT.575 75037 —_— _
i3 143,911 33,506
14 73.186 ~0.383
1T  ©3,282 3,547 - =
AUE 1.810 -1.1E63 Je0 ~04 766 3.000 B84LCO
B T =137.865 —Gww 153 - ==
3 ITL6TL =4,611
PUS 7,945 -5.9898 33.000 =1.428 41,030 21.T°0
? -34,385 54420
e 60. 144 -8.206
T3 33,773 -15.669
2 ays 3,330 ~B8.5513 Je0 2.780 75.600 2.520
3 —18.022 24048
1c -17.826 -1.778
A 5 ‘=42.513 -6.561
€ —0.624 S5eu42
a1rS 1.9£5. -4 44639 450,009 62,012 150,900 22,0090
3 43,157 3,220 E
& 178.355 154817
10 78.822 14.950
RS Ca952 -9,5715 C.0 1.766 121.006G 26.,C0C
s 5 =17+.297 —S.ils
12 17.161 ~€,3218 -
1 12,922 1.821
7 Z.566 -15.857
i3 Z.3461 -2.137
55 154928 .. I3e35B TAP (,.540
BUS 1.715 -1C.4510 310.000 128.016 377.000 24.000 -
& ~2.4E2 EabhT
12 17734 17.532
1z = 1.926 S%E17
15 -33.334 8,792
17 —4%,472" S.143 .
RUS G921 ~7.3237 0.0 0.0 0.0 0.0
- 3 ~59,722 5.915
3 132777 —4e4l13 o
4 l4.1156 =5.069
17 13.9556 2.413  TAP 5.970
it 17.866 1.160 TEP (.578 S —
LAY CuST6 o o o =8,5358 . . OOl ... 0.0 13,309 _ 4e500 - _
3 L =12.6417 2.216 -
4 Jat34 -tl.297




8us 12 0.9%4 -7.5378 0.0 0.0 . 0.0 0.0
T & 17.977 ~4549 .
5 -77.932 =12e31y
2e EPRTEN 12,863 TAP (,.9s7
s 11 Ce937% _=17,1947 Jad Qe CaO Ca
6 -12,873 -3.748
13 - 3,896 —4 488
51 a,187 3,463 TAP 5.955
a3 1l.ooy 4.763 TAP C4958& T
ays 12 3.5%5 ~i1.437} 3.0 _ 0.0 - _5.000 2.0C0
& -17.C27 5.671 N
7 -17.5955 -19,978
51 29.58B5 12.3069 VAP €.930
AusS - 13 0.579 -9,7977 7,0 9.0 18,000 Z.3C0
5 -2.33% =1.750 —
14 -10.385 22.057
15 -43,8e1 4,891
11 5.922 2.779
7 1.192 —&2.650
%9 32.468 334361 TAP $.895
BUS 14 0.971 —-9,.35567 0.0 0.0 10.500 5.300
13 1C.452 ~224822
15 —58,7819 =-9.,378 . - B}
46 47,652 254599 TAP (49060 F
By< 1= J.972 =7.1E73 CaD 0.9 22.308 5.000
: 13 59,541 -4,923
1 -1435.014 -23.748
a —33,542 1%.137
14 6C. 663 10,747
55 37,325 —1,297 TAP (.955
3us 16 1.713 —E4851°7 Ca0 3. £3.0G0 3,000
1 -7£.552 TLO62
7 32,545 —is.059
ays 17 1.517 =5.3822 0.0 0.0 52,050 8.0C0
1 -91,%4% la751
7 49.356 —-2.75%
8uS 18 1.071 =11.71B& 0.0 6.0 274205 9.800 10,016
) -132,65% ~1.324
8 -17.8eE Ge2l1 - .
19 4,621 1.329 * 2
2us 19 0e 971 =13.2742 4.0 0.0 3.300 . 600
12 -4%.51% -1.170
20 l1a21€ TeSET
aus 23 04953 -12.4489 0.2 Jal 2.3072 1.000
1o -la211° -0.55%9 .
21 -1.097 IS
a5 21 1a017 -12.°3%8 ) G [FPF5) C.0
24 1.0587 Le453 TAP 1,043
22 =1.3%1 —Se%71 . L e




25

=i 1e471

-fa064

AUS T 22 1,011 T -17.8193 6.0 0.0 0.0 T
21 1.082 D413
23 9,712 3,164
- = e b ¥ =T.R35
PUs 23 105000 -12.9446 0.0 3.0 62300 2.100
23 =5.702 =3.159 - T
24 3.2867 1.137
T T W ~T3.3961 25 723 oo Y] s
23 -3.344 - 1951
25 7o 1869 1.659 TaP 1..080
25 6,793 128633 TAP 1,500 - - T
26 “12.467 -1.407 TAP 1,343
5G5S 25 5-9R% 19,1563 o Gal 6300 T ET-2of ST 0 3 S
24 ~T.ChS -1.675
2% 6,793 -1.233
30 Ta559 4,605
sUs  2e 0.260 -12.5779 0.0 0.0 - £.0 0ud
% T3.457 1.46% J
27 -10.497 -1.449
BOS 27 0.982 -11.5023 50 0.0 9,300 T.500
26 10.698 1.758
z8 -15,992 -2.265
BUS 28 C.297 10,4680 C.d 230 4,600 2300
27 #534251 24565 :
76 =24.845 —4.971
BUS 29 L1216 -9,7556 0.2 0.0 17.000 2.6C0
78 Z5.115 Z.350
1" —£7,561 -10.543% -
52 17.%28 | 24503
B8US 34 e 964 -18,7032 CalQ 0.3 3.600 1.8G0
25 74450 —4a441 .
EF 3.249 T 2.643
ays 31 0.937 -19.3697 0.0 2.0 54800 2.900
- 30 -3.713 =Z2.526
22 ~2.028 -0.375
q05 32 G952 ~1B.5087 Ua0 GeO 1.600 0.BCO
" g 31 24052 0.512
33 3,741 1.844
34 ~Te%65 —3.149
BYS 33 54549 18,5494 0.0 0.0 3,800 1.909
327 -3, 784 -1.837
PUS 34 7.551 14,1555 ) 0.9 6.0 0.0
32 Tebh5 3.840 TAP G.975
35 -7.455 -3.883 =
235 . 25 TL96E —13.9211 [ el £.000 T3.cCC
: 34 Te44 Jeh4l




fUS 36 3.978 —13,6542 0.0 0.0 “ria0 D.0 T
35 13,5585 beb4al
37 -17,039.  =10.B877_ e
+2 i 4el42 .
oys a7 3,787 _=U3aeT12 Ll 0.0 0.0 €0 .
36 17.152 11.033
28 =21l.816 —l4.c21
39 3.875 22954 .
aLs 38 1,014 -12.7%4C 0.3 Gu0 14.009 7.000
AT _1le.424 10,651 _ S e
22 1UaT34 3.873 -
44 -23.328 Se631
49 —habsl =12.42%
& ~i7.135 -13,73%4
us 29 2.0E5 -13,5162 3.3 0ul [P} 0.0
a7 =3,.965 -2e945
57 3,954 2.951 TAP (.980 g
3us L) JuGT75 ~13.576E De0 CeB CeQ Ca0
36 =3.46% 4,128
56 54453 44172 TAP [,658
BUS a1l 5.997 T -14.0646 0.0 0.0 62300 3.000
3 1t -2,1B87 ~2.769 &
42 B.RB6 2al%7
43 -11.592 ~2.563
56 5,599 ~1.559
RUS 42 Te9E3 -15.5297 2.6 0.0 7. 1800 4,400
5 41 - —B.700 ~2+ 261
58 1.631 ~1.321
BUS 43 1,410 -11.3457 Sel . S.C 24050 1.005
: 41 11.552 3,459
11 —13.650 —44456
BUS 44 1.218 —-11.8617 Ca Q0 12.520 1.8¢C
3¢ 24« 504 -5,533
45 —3b6.512 3Ia748
BUS 45 1.037 -5,26532 0.0 C.0 .0 C.0
i5 =37.33% 2,555 : :
44 37.323 —Z.555
nils  4h 1.53k -11,1091 T Ued 0.0 C.2 i 0.0
14 —47.958 -24.985 N
47 4T7.362 24,962
aus 47 «23% —12.9C73 Ced Cal 29 TLO 11.6GC
56 =47, 2604 =-23.54%
&8 1T.567 11.823
RUS 48 1.%29 -12.611% 0.5 0.0 G0 c.0
47 -i17.491 =11,73% L
47 le092 -Te 247 -
33 i7.382 1€.G#8




55

TTTREUST 4y 1,021 -1z.9301 0.0 0.0 18,000 ~ 77 B.S60
49 -JeT533 54767 %
53 9,723 4,617
is I3¥, A58 =IO - N
an 4.779 12.506
RUS 58 T.of4 1304928 0.0 B ¢ Py Z1. 000 TT.520 e
49 -GatsT ) -4.473
51 -11.3253 -64017
ays 51 1.9253 -12.5183 Gal Ca 0 18,050 5.300
53 11.571 6,363 o _
12 —z9.585 -11.660 4 o -
RS 52 C.981 -11.%820 0.9 0.0 4e 900 2200
29 17,355 —1.963 Tt T
53 12.559 =-0e242
BUS 53 Ge971 -12.2374 0.0 0.0 20.000 1C.0C0 5.981 T
52 =124%% Je4C3 3
54 -T74553 —444561
RUS 54 2596 =-11,6952 0.0 0.0 44109 1.400
53 7.711 4e 652
55 -1i.%1¢C —64051
RUS 55 1,031 -10.7876 0.0 0.0 64800 2,400
A TZ«117 E.%53
& -18.928 -5.851 .
|US 55 EPCYE) “16.0734% [ ) 0.0 7.600 Z2.200
40 3,453 3,832
41 - ~5.422 Je T4%
42 =1a530 1e240
€T 2,955 —-3.653
aus 57 Je508 -16.598% 0.0 0.0 ®. 700 2.0C0
39 -3.354% =2.572
56 ~2.F49 .17
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GENERATION

STATIC CAP/PEACTIRS

LOAD

1778.358

319.012 .

T 21.e88T T
125,797

LIND LOSSES

27.558

TOTAL MISMATCH 0.216 -0.412
AVERAGE MISMATCH G.0204 6o 83T
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CHAPTER IV
PROGRAM TMPROVEMENTS
Generzl Improvements

There are several generzl improvements that could be made in the
input and output routines of the program. These improvements should make
the program more efficient and easier to use. Some of the possible
improvements include development of a free fﬁrmat routine for the.input
data. Ancther improvement would be to eliminate the bus numbering system.
A name could be associated with each bus and all pertinent bus data would
be placed on one card, One then would name the swing bus_and all voltage
eontrel buses. Upon doing this the computer would aésign a numbering
system and find the load flow solution, The output printout would give
the bus name instead of a bus number,

Improvements in the ocutput could involve rearrangement of the output
printout for very large systems. One way would be to put all the
individual bus information together and then printout a "From Bus," Below
this output printout all line flows leaving the "From Bus" going to other
buses. Use this output format for all buses. This would provide a more
efficient method in finding specific information for very large systems.
Other improvements could be to add additional information to the system
totals such as tie line flows.

Some other possible general improvements could be making better use
of computer storage sucﬁ as taking advantage of the fact that the admittance

matrix is symmetrical and sparse, Another idea could be to limit the number
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of voltage control buses and transformers. In this progrcm one can have as
many voltage control buses as there are total buses less one, This is a
waste of storage since seldom is there NB/h voltage control buses, where
NB equals the total number of buses, The same can be said of transformerse.
There are several other gener2l improvements to this program and

only time and experience with the program will make them realizable,
Gauss-Seidel Improvements

Improvements to the Gazuss-Seidel iteration process could include use
of acceleration factors for both the real and imaginary parts of the bus
voltages., A scheme of changing the acceleration factors during the

teration process, to preveat divergence and to speed convergence, could

be another possible improvement,
Newton-Raphson Improvements

There are several improvements that can be made to the Newton=-
Raphson method as implemented in the program reported here. The ﬁost
important of these is the matrix inversiosn process used to invert the
Jacobian matrix. The process, as now implemented, is very slow but
reliable., One should be able to find a more efficient method of inverting
the Jacobian matrix., The Jacobian matrix may have to be rearranged, since
in forming it as described in this report results in the diagonal elements
in the lower half of the mairix being zero. In rearranging one simply
interchanges the J3 matrix with the J5 matrix, and the Jh matrix with the
J6 matrix, making the Jacobian diagonal elements nonzero., Also one must
not forget to rearrange the &Q's, AIVIQ's, Ae's, and Af's accordingly.

Implementation of the techniques E}i] utilizing the advantages of sparse
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matrices are also possible avenues of approach.

Another idez in making the Newton-Raphson method more efficient and
faster would be to introduce an accelsration factor or factors for the real
and reactive calculated powers. This idea may take some effort to perfect
since in the Gauss=Seidel process certain acceleration factors made
particular systems diverge while others converged faster.

The author of the Newton-Raphson method implemented here makes no

claims about its computational efficiency. The only claim is that it does

work.
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Symbol

ALPHA

BI

&,68
CMVAR
CONV

CFP
cQ

DELTA

TELV, DVMAX

DF

DX

APPENDIX A

NOMENCLATURE

.Quantitz

Gauss-Seidel constant
Acceleration féctor
Gauss-Seidel constant

Bus current

Number of voltage control buses
Number of buses

Static cepacitor/reactor

Static injected power

Convergence tolerance

Calculated net real power

Calculated net reactive power

Change in resl part of bus woltage

Bus voltage angle

Maximum voltzgze differences between
iterations of Gauss=Seidel Method

Change in imaginary part of
bus voltage

Change in net real power
Change in net reactive power
Change in bus voltage

Gauss-Seidel constant

63

Units

Pelle vcltage2

P.u. amperes

D.1. sasceptance
MVAR

Daells V-Ao, Pello
voltage

P.U, MW
P.U. MVAR
D.u, voltage

degrees
p.u. voltage

P.u. voltage
D.Uu. MW
p.u, MVAR
p.u. voltage

p.u. voltage



Symbol

GSNR
ITER
JJ

Length

MAGV

NB
NBASE
NC
NL
NR
OBASE

PL

QG
QL
QUAX

M

Quantity
Ending bus
Iterative method used
Iterative limit
Jacocbian matrix
Starting bus
Line length
Ending tus
Bus voltage magnitude‘

Number of voltage control buses
plus one

Number of buses

New base

¥umber of capacitor/reactors
Number of lines

Jacobian matrix size (2(NB-1))
0l4d bases

Net real power

Real power generation

Real power load

Net reactive power

Reactive power generation
Reactive power load

Voltage control bus maximum VAR
limit

Voltage control bus minimum VAR
limit

Calculated line flow with ending
bus as reference

Units

Length

p.l. voltage

MVA

MVA

Pele MW
MW

MW

p.u. MVAR
MVAR
MVAR

MVAR

MVAR

MW, MVAR



Symbol

SB
SERV
SERZ
SHTY
ST
SUM
TCR
TG
TL
TID

TR, TS

v,VI,VII,VN

VSPEC

YSHT

ZSER

Quantity

Czlculated line flow with
bus zs reference

Starting bus
Series line admittance
Series line impedance

Line shunt admittance

stzrting

Total line shunt admittance

Gauss-Seidel cénstant'
Total injected povwer
Total network generaﬁion
Total line losses

Total network load
Off-nominal tap setting

Bus voltage

Voltage magnitude of voltage

control bus
Bus admittance matrix
Line shunt admittance

Series line impedance

Units

M ? MVAR

P.lle Y
Peue 2

p.u, Y

p.g. voltage
MVAR

Md ,MVAR

MW, MVAR

M ,MVAR

pP.i. voltage

P.U. voltage
Pl Y
p.u. Y/length

peds Z/length

€5
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APPENDIX B
SIFE
User's Guide

PROGRAM DESCRIPTION

tatie Load Flow Equations (SLFE) is a Fortrza program which
calculates, for a given power system, the "states" that will satisfy
the ziven demands. Systems with up to €0 buses and 1C0 line3 are
possible,

Input to the program consists of:

1. System parzmeters

2. Stztic capacitors

3. Transmission line parameters
L. Transformer line parameters

5. Voitase controil bus paraneters
6. Gensration and Load

A1l the impedances, line charzing admittance, static capacitor/
reactor susceptance, voltage magnitudes are in per unit on a known MVA

base (0ld base). ALl powers are in megawatts and megavars.
Normal output consists of
1. Irnput data
2, Load Flow Solution
3. System Totals
L4, Mismateh

SLFE uses either the Gauss-Seidel or Newton-Raphson technique,

PROGRAM INPUT

SIFE uses 2 Tix-format input. In addition, the program assumes
nominal values for the old base {100. MVA}, new base (100. MVA),
Iteration Method Used (Gauss-Seidel}, Total or cne~h2lf line shunt
admittance used (one-half line shunt zdmittancz), tolerance allowed
(.C001 for Gauss-Seidel and .00l for Newton-Raphson), iteration limit
(75 for Gauss-3eidel and 15 for Newton Raphson), and ths acceleration
factor (1.65), and only those differing from the assumed values need
be inputted.



Tha following steps are used in preparinz the system and data cards.
Step I, Identifying the system

Number the buses in 2 numericzl order where bus 1 is the
swing bus. Voltare control buses may have either a
generator or a syachronous condenzer. The swing bus must
fnave a generator., Buses 2 tp kKB are voltapge control buses,
and buses (M3 + 1) to NB (tstal no. of buses) zre the

lozd buses. It may be necessary to renumber the buses of

a system in order to satisfy the above criteria., Also in
counting buses the three winding transformer is considered
to have a bus located at its midpoint. (See example below).
Number the lines consecutively from 1 to XL (number of
lines) where each transmission line counts as cne line, and
each three winding transformers counts 2s three lines (see

below).
9 | 9
o : l 5 ? &
_— 2 B e = )
6 &
3 WINDING TRANSFORMER EQUIVALENT CKT

3 lines, L buses

The remaining steﬁs will describe the data, its crder, and the
data format, The data cards are placed in the following order.

1. System Parameter card

2. Static/Capacitor/Reactor cards (if any)
3. Swing bus voltage and pnase angle card
i Transmission line cards

S« Transformer line cards

6. Voltage control cards

7+ Generation and Load cards

Step 2, System Parameter Card

This card consists of the number of lines (NWL), number of buses
(¥B), number of voltage contrpl buses (BM), number of static
capacitor/reactors (NC), old MVA base (OBASE), new MVA base
(NBASE), Iteration method used (G3¥R), Total or one-half line
shunt admittance used (ST), tolerance allewed for convergence
(COIV), and maximum iterations allowed (ITER). The card is in
the Format (4I5, L¥5.0, F10.7, IS).

L3



Examrle: One has a 1L bus, 20 line system. Also the system
contzins b voltare buses, 1 static ecspacitor, line data is
on 100 MVA base and line shunt asmittance is eiven as one-
half of the %otal line shant adrittance. Also the Fewton-
Rannhzon technigue is the desired method for the load flow
solation. The sclution is desired to be on a 100. MVA base,

NL __NB BM NC OBASE NBASE G3MR ST __coyv__ ITER

%? 1l éF 1 1l
ol's 4,5 5?10 15 ;g 31:§§

(Note: - If Gauss Seidel method was desired, columns 31-35 would
have been left blank,.)

Step 3., Statie Capacitor/Reactor Card

This ecard or cards consist of the bus number (BN) at which the
static capacitor/reactor is located, and the capacitive/
reactive susceptance (CC), If there are no capacitors or
reaators, then this section is omitted. The cards are in the
Format (IS, F10.5). '

Exemple: At bus 9 a capacitor of j.19

Step L. Swing Bus Card

This card contains the swing bus voltage magnitude and phase
angle {in cegrees), and the scceleration factor. The
acceleration factor is assumed to be 1.65 by the program.
The entry for the acceleration factor is normally not made.
The card is in the Format (F10.5, F6.2, F5.2).

Example: Swing bus voltage magnitude = 1.06
phase angle = O degrees

MAGY DELTA ALPHA

1,06

Col's h1t 7

A Blapnk is read as a zero.



Ster 5. Line Cards (Transmission Lines)

These cards consist of the startincs bus (S3), ending bus (EB),
series impedznce of the line {ZS:ZR), one-half of the total
Ty

line charging acmittance (S¥TY), and ths line length.” The
cards are in tme Format (2I5, LF10,5, 5X, #% F5.1).

Exarmle: ZSER = ,0L699 + 3.19797
SHTY = 3.0219 ~ SB =2  EB = 3

tus I TSER l gus
2 I J_ N ren I 3
I Sy suty '[
S8 EB + ZSER SHTY
2 3 04699 15797 0219
Col's 5 10  15-20 25-20 }45-50
# Assumed to be unity if left blank,
s SE means skip 5 columns.
Steo 6. Line Cards (Two and three windinz traunsformer lines)

The transformer line card is similar to transmission line card.
Tne major difference is the desicnztion of the starting bus (SB)
and the ending bus (EB) in relation to the tap setting (TS).

The starting bus is always the bus wnere the tap setting is not
noriral., If the turns ratio is increazsed by chancing the tap
setting then a1 and conversely. The series impedance is
usuzlly pure reactance and the line charging admittance is
usually considered zero, Tnese cards are in the Tormat

(215, hWF10.5, F5.3, FS.I)o

Example: Tap setting = a = ,932, SB = 8, EB = L, ZSER = j,25202,
SHTY = 0.0,

a:l 2SER
VYV , Bus
Bus l 4
t .
€8

S8

Lt}

69



SE FB ZSER SHTT T3

8 N »25202 932
fcol's 5 10 - 25 - 30 52 = 55
Step 7. Voltage Conirol Cards

If there are no voltage control buses other than the swing bus,
then B = O and this section is cmitted. However, if there are,
then this card contains the constant voliace magnitude and the

. range of reactive power, maximum and minimum values that can be
suprlied by the generator or synenronous condenser. There will
be EM data cards. These cards are in the Format (3F10.3)e

Example: VOLT MAG MIN Q MAX Q
BUS PO MVAR MVAR
5 1.09 =6 24,0
TOLT MAC Qe 77 OMAY EN
1.09 -6.0 24,0 5 .
Col's 6-9 15 -18 25 -28 72 - 80

These cards must be in a particulsr order., This order is the
nurerical bus number crder., In this case there would be 3
voltage control cards before this one. 4lso note columns 73 = 80
are corment columns and the number 5 can be put in any columns
from 73 - 80.

Step 8, Generation and Load Cards

The set of cards are the scheduled Generation and load powers for
buses 1 to ¥B. The card contains the real and reactive generations
and the real and reactive loads,

If the bus is the swing bus, the real and reactive generation is
assumed zerp. Also if the bus is a voltase control bus, then the
reactive generation is assumed zero. The program will calculate
these values. If values are inputted the progrem will ignore them,

These cerds must be in a numerical bus order starting with

bus 1 going to bus B, OCnce again columns 73 - €0 can be used

for keeging track of the order. These cards are in the Format
*

(4F10.3

GENERATION LOAD
Example: BUS M MUAR MW MVAR

2 Lo 0 21.7 1247



I1E,

PG oG PL QL BN

L40.0 21.7 12,7 2
[Col's 5 -8 " 25 - 28 35 - 38 73 - 80
Step 9. Combine the data cards in the order descrited in Step 1.

PROGRAM OUTPUT

The program output consists of input data, load flow solutioen,
system totals, and mismatch,

The input data is the data the user inputted. This section of
the output is used for troubleshooting in case of errocrs in the load
flow soluticn or no load flow solution,.

The load flow soluticn gives the technicue, the number of

. iterations for convergence, and the base MVA value for the ocutput.

At each bus the PU voltage magnitude, phase angle (in degrees),
rezl and reactive generztion, real and reactive losd, and the
injected power (if any) by a static capacitor or reactor are
given. Below each bus are the line flows., Thics informatien
consicts of the ending tus and the real and reactive line flow
in megavstts and megavars., The positive vzlues of real and/or
reactive power indicate the power flow towards the ending bus,
wnereas negative values indicate flow away from the ending bus,.
If one desires to celculste the losses in 2 line one simply geoes
to two buses which the line is between and notes the line flow
is given twice. Each bus is used as the reference bus in turn,
therefore the line flows are negatives of each other. The sum
of the 1ine flows is the line loss.

The system totals consist of totzl generation, load,
injected power, and total losses. The totzl generation is
simply calculated by addiaz the real and reactive generation
at each bus., The static injected power and load are celculated
similarly. The total losses are calculated by adding the total
generation and the total static injected power and subtracting
the totzl load.

The last part of the output is the mismatch. The mismatch
tells how good the load flow sclution is. The first value is the
swing bus net power which is calculated by simply summing the
line flpws at bus 1. The remaining mismateh values are calculated
by subtrscting the totsl line flows from a bus from the net power
at the tus, (Net power equals generation minus load.) Totzl
mismateh is calculated by adding the individusl mismatches. The
average mismatch is the total mismateh divided by (NB-1).



TROUBLESHCOTING

If problems arise in obtaining a load flow solution, then
the input datz listing is the best way to troubleshoot., It no
input listiag was printed then one either has the input cards in
improper order or lacks the prover numter of cards. Also values
in the incorrect columns of the system parameter card may cause
no listing.

Scme of the more common mistakes are failure to correct
the system bus indices if a power system already has 2 numbering
system which does not correspond to the numbering system required
by the program. Anotrer common mistake is to enter data in an
incorrect column., If a2 value is incorrect by a factor of 10,
this often times makes the system diverge. The use of certain
acceleration factors may also cause divergence. Another feature
which is overlooked many times 1s that the system just converges
slowly and more iterations are needed. This can be corrected by
increasing the iteration limit, T '
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AEP 1L BUS TEST SY3TEM
IMPEDANCE AND LINE CHARGING DATA

Line Line Resistance Reactance Line Charging
Noe Desicnation Per Unit* Per Units* Per Unit#
1 1- 2 .01938 .C5917 026}
2 1- 8 05403 .2230L .02h6
3 2 - 3 .CL659 019797 .0219
N 2 - 6 05811 17632 L0187
5 2 - 8§ 05695 T .17388 L0170
6 5 - 6B 08701 +17103 <017
7 6 -8 001335 0h211 008l
8 6 T 0 .20912 0
9 6= 9 0 55618 0
10 8 -4 C 025202 0
11 I =11 «09L98 15890 0
12 L =12 ,12291 «25581 0
1 7=-5 o 17615 0
15 7= 9 0 .11001 0
16 9 - 10 SO3EE - «08L50 0
17 9 - 1l 12711 .27038 0
18 30 - 11 .08205 219207 0
19 12 -« 13 .22092 19988 0
20 13 - 1l 17093 .3L802 0

# TImpedance and line charging susceptance in per unit
on a 100,000~ kva base.
Line charging one-half of tot2l charging of line.



AEP 1) BUS TEST SYSTEM
OPERATING CCLDITIONS
Bus Startine Bus Voltage Generation
Numter Magnitude rnase Angle MW MVAR
Per Unit Degrees

1 * 1.06 0 0 0

2 1.0 0 Lo 0

3 1.0 0] 0 C

L 1.0 0] o 9]

5 1,0 - o] 0 0

6 1.0 0 0 o

7 1.0 0 0 0

8 1.0 0] 0 0

9 1.0 o] 0 )
10 1.0 0 0 0
11 1.0 0 0 -0
12 1.0 0 o 0
13 1.0 0 0 0
1 1.0 0 0 0

% Swing machine

Load
137 MVAR
0 0
2%a7 12.7
ohe 19.0
11,2 75
0
}-1708 "3'9
0 c
76 1.5
29.5 15,58
9.0 5.8
305 103
Bl B
13.5 5.8
14.% 5.0

75
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AEP 1 RUS TEST SYSTEM
REGULATED BUS DATA

Bus Voltage Magnitude Minimum Maximun
Number Per Unit : KVAR Capability MVAR Canability
2 1.045 -lo 50
3 1,010 0 4o
N 1.070 -8 ] 2y
g 1.090 -6 2l

TRANSFORMER DATA

Transformer
Designation . Tap Settings
6-7 . o978
6‘9 0969
. 8=k 0932

# Off-nominal turns ratic, as determined by the
actual transformer tap positions and the
vpltage bases. In the case of nominal turns
ratio, this would equal 1,

STATIC CAPACITOR DATA

" Bus - . Susceptancet
Numter Per Unit
9 - 19

#3% Susceptance in per unit on 2 100,000-=kva
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Title of Study: LOAD FLOW PROGRAM DEVELOPMENT

Major Field: Electrical Eanpgineering

Scope and Method of Study: The purpose of the project reported here was to

develop a digital load flow computer program to be used by engineering
students who wish to study the behavior of electric-energy systems,

The digital computer program developed by the author and presented
in this réport implements the classic form of the lpad flow probiem.

The Gauss-Seidel and Newton Raphson techniques were used to solve the
power flow equations. Both procedures were studied and implementad for
this project..

Findings and Conclusions: Two test cases were used during program

development. The data for these test systems were made available by the
American Electric Power Service Corporation and represents a part of that
system. Both metheds work, with the Newton-Raphson method giving more
accurate results. However, due to lack of time the author was unéble to
optimize the Newton-Raphson technique to its fullest extent; as a result
it is not as efficient with computer time as the Gauss-Seidel methed
implemented here. The author made several suggestions for possible

improvements in both techniques for future users of the program.
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