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A COMBINED TRANSMISSION~-DISTRIBUTION LOAD FLOW MODEL
EMPLOYING SYSTEM REDUCTION AND VOLTAGE

VARIABLE LOAD REPRESENTATION

CHAPTER I

INTRODUCTION

In the few decades since its introduction, the digital
computer has found widespread application within the electric
power industry. One of the more fruitful areas for its util-
ization has been in the load flow calculation.

A successful load flow calculation provides a complete
description of the state of the real and reactive powers in
the system, under steady state condition, and with specified
loads. This information is essential in evaluating the ade-
guacy of a present or planned system. The effects of con-
tingencies may be examined by altering the system data to
reflect the abnormal configuration, before running the calcu-
lation.

Prior to the advent of large digital computers, power
system engineers used AC calculating boards (network analyz-
ers) to solve the load flow problem (1). This device used
variable resistances, inductances and capacitances interxr-

connected to form a miniature replica of the system. Network

1



equivalents consisted of the pi equivalent of each transmis-
sion line, generator units which provided independent adjust-
ment of voltage magnitude and phase angle, units to represent
loads, transformer equivalent circuits and other device egquiv-
alents. The power supply for various boards was 60 to 10,000
Hz, most being designed for 440 or 480 Hz. Elaborate metering
methods provided for measuring current, voltage, and real

and reactive power at each unit. Setting up the connections,
making adjustments and reading the data were tedious and time
consuming. In addition, the accuracy of the results was lim-
ited by the precision of the settings and of the metering
equipment. In 1960 some 50 AC calculating boards were in con-
stant daily use in North America. The task has now been com-

pletely taken over by digital computers.

The Load Flow Problem

Mathematically, the load flow calculation is nothing
more than a problem in circuit analysis. The difficulty
arises from the fact that the number of nodes and lines may
be in the thousands and the observed state variables cause
the solution technique to be non-linear. Considerable in-
sight may be gained however, by examining a small system, as
in Figure 1.

This system has one generator connected at bus (node) O,
and loads connected at buses 1,2, and 3. The buses are inter-
connected by lines represented as impedances with subscripts

to indicate endpoints. The magnitude of the voltage at the



Figure 1. Small Example System.



generator bus is specified. The angle of the generator bus
voltage is also specified, usually at zero degrees, and this
is used as the reference angle for all other voltages and
currents in the system. Some description of the loads is
given; this will be covered in more detail later in this
chapter and in Chapter III. The real and reactive power in-
puts from the generator are not given. The generator must
satisfy the needs of the loads, and also supply any vower
lost in the system itself. Since these losses cannot be
calculated until the final solution is obtained the actual
generator input is unknown until that time. A generator

bus with specified voltage magnitude and angle and unspeci-
fied real and reactive power input is called a "swing" bus,
or occasionally a "slack"™ bus. If the voltage magnitudes and
angles at each of the remaining buses can be found the calcu-
lation of all the currents and powers becomes trivial, and
the problem is solved. The seed of the problem then is to
find those voltage magnitudes and angles.

Early approaches to the digital computer solution of the
load flow problem used the loop frame of reference in admit-
tance form (2). The loop admittance matrix was obtained by
a matrix inversion, a procedure which is both time consuming
and costly. The specification of the network loops involved
tedious data preparation, and the results, when obtained,
were difficult to interpret. In addition, if a network was

altered in any way, the tedious matrix inversion had to be



repeated before another case could be run. For these reasons
the method did not enjoy widespread use.

Later techniques used the bus frame of reference in the
admittance form to describe the network. This method gained
wide popularity because of the simplicity of data preparation
and the ease with which the bus admittance matrix could be
formed and modified for network changes in subsequent cases.
To illustrate how readily a problem is set up in the bus
frame of reference the equations for the example system in
Figure 1 will now be written. 1In this effort the admittances
of the connecting lines will be used instead of the impedances,
and the loads will be assumed to be of the constant admittance
type. Applying Kirchhoff's current law at each of the load
buses gives:

(V) = V)Y + (Vg = V3)¥ 5 + V¥, =0

(V2 - VO)YZO + (V2 - V3)Y23 + VZYLZ =0

+ (V, - V + V. Y =0

(Vg = V)¥30 + (V3 =V 3 2)¥ 35 3913

3~ V¥

Expanding and collecting terms yields:

(Y0 * Y33 * Y)Yy RIENE = ¥10%
(Yoo + Y3 + Y5V, RIS = ¥50%
YoV VLV, (gt Ygy o+ Yoo + Yil) Vg =YgV,



In matrix form this is written

@ - M Fl o

where [I] is the vector ¥,0Vo| the elements of which

et

are the currents into the nodes and are constants; V is the

V1]

vector V2 the elements of which are the unknown voltages,

Vs3]

and [¥]| is the matrix

[(Y30 + ¥p3 + ¥p) 0 Y3
0 (Y59 + Yo3 + Y1 Y53
i 3 Y32 (Y3p + ¥33 * ¥3p + ¥p3)

all of the components of the matrices ¥, V and I are complex
quantities. The simplicity is obvious. The diagonal terms
for a particular bus are just the sums of all the admittances
connected to the bus, including the load admittance. The off-
diagonal terms are the negative of the individual admittances
in the lines leading from the bus. If line charging current
is to be considered appropriate admittances are added to the
diagonal terms for each node. This matrix is defined as the
Bus Admittance Matrix (symbol Ybus) (1). It can be construc-

ted without going through the tedium of actually writing the




equations, and is very easily done by the computer. If the

network is altered, say by changing the wire size in the line
from bus i to bus j, only four elements in Ypus are affected.
They are the elements Yij
the admittance of the line itself, and the elements Yii and

and in, which are the negative of

ij, the diagonal elements which represent buses i and j.
Thus changes can be handled easily. The simplicity of the
operations just described has led to the almost universal
adoption of the bus frame of reference and the admittance
form in load flow calculations.

Formulating the problem is one step. Solving the result-
ing set of simultaneous equations is quite another. Solution
techniques will be discussed in the next chapter.

Historically, load flow calculations on transmission
and distribution systems have been done separately. In
fact the term "load flow" and the formulation described
above normally apply only to the transmission systems. A
similar calculation (i.e., solve for the node voltages) for
a distribution system is called a "voltage profile". One of
the reasons for the difference in approach is that the two
types of systems are basiczlly different. The transmission
system contains many sources (generators) and sinks (loads)
and is a mesh. Figure 2 is a one line diagram of a typical
transmission system; the IEEE 39 bus test system. The num-
bered small circles represent generation stations. The

heavier lines, also numbered, represent the buses, and are



the nodes of the network. For simplicity all transformers
have been omitted. Note that there are eight closed loops
in the network, making it a mesh, and that there are seven
more lines than nodes. The distribution system contains,
only one source, the substation. Figure 3 is a one line
diagram of a typical distribution system; again, all trans-
formers have been omitted. The nodes are numbered and rep-
resent points where individual loads are connected. The
heavy line at the left is the substation bus, and it could
be any of the buses 1 thru 29 on figure 2. Note that there
are no closed loops, making it a radial system, and that if
the substation bus is not counted as a node, there are exact-
ly as many nodes as lines.

Another significant difference is the manner in which
loads are handled. Modern transmission load flow programs
treat loads as some form of constant power or constant KVA,
resulting in non-linear equations (see Chapter II). Distri-
bution voltage profile programs on the other hand consider

loads to be constant impedance, and linear solution tech-

niques may be used.

The Contribution

The contribution to knowledge which will result from
the efforts described herein will be embodied in the devel-
opment of a load flow model that treats the transmission

and distribution systemstogether. This will allow the ready

calculation of, for example, the effect upon the transmission
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system of a large load added somewhere on the distribution
system, and at the same time provide a voltage profile for
the distribution system. Under the present procedure, the
plan of attack would be first to add the new load to the
already accumulated load for the substation (bus) selected,
and run a load flow on the transmission system to predict
the voltage at that substation; then use the predicted sub-
station voltage in a voltage profile calculation for the dis-
tribution system, with the new load in place. In order to
obtain a complete picture of the revised system, the engineer
must go through five steps: 1) add the load at the substa-
tion, 2) Run the load flow, 3) Adjust the substation vol-
tage for the voltage profile, 4) Connect the load to the
distribution system, 5) Run the voltage profile. The new
program will permit the reduction of the five steps to two:
1) Connect the load to the distribution system, 2) Run the
program. The development of the model will require the
completion of two subtasks:

1. The objective of the model is to calculate the im-
pact of a distribution load upon the transmission system. If
one were to combine the two systems in their entirety, the
number of nodes would be very large, and the problem size
would render it unmanageable. However, any effect of the
distribution system upon the transmission system would be most
pronounced at the bus that represents the distribution sub-

station, and next at those buses adjacent to the substation.



A very good picture may be obtained by examining only that
part of the transmission system which contains those buses
of interest. The first sub-task then is to select and imple-
ment a reduction process to limit the size of the problem,
yet preserve the effects of the circuit elements in the re-
duced portion. System reduction will be addressed more thor-
oughly in Chapter III.

2. Presently load flow calculations and voltage profile
calculations use different load representations, neither of
which is consistent with reality. The second sub-task is to
determine a load representation which approaches the behavior
of actual loads and lends itself to implementation in a load
flow model. Load representation is covered in more detail in

Chapter III.

In summary, the goal is to develop a load flow model to
handle the transmission and distribution systems simultane-
ously, using a network reduction algorithm to keep the prob-
lem at a manageable size, and including a more realistic

representation of the system loads.

Chapter Outline

Chapter II will examine the load flow problem and go
into detail on many different technigues which have been used
in its solution. Desirable and undesirable features of each
will be cited. |

Chapter III discusses the techniques and selects one to

to be used in this research. Various approaches to system
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reduction and load representation are also examined.

Chapter IV presents the contribution of this thesis by
describing the model that has been developed to solve the
combined load flow problem; explaining the reduction tech-
nique that has been selected and the model segment that im-
plements it; and then discusses an improved load represen-
tation, including how it fits into the model.

Chapter V describes the data input regquirements of the
new model, and explains how the different segments of the
model tie together.

Chapter VI presents test results for two different
sample problems.

Chapter VII contains conclusions and reccmmendations.

12



CHAPTER II

BACKGROUND

The network equations for a small power system were
derived in Chapter I. The intent was to show how easily
that could be done using the bus frame of reference in
admittance form. The resulting equations cannot be used
directly to solve the load flow problem, but they serve
as the framework around which the load flow eguations are
built. Stott in (14) presents an analytical formulation

of the load flow problem.

Problem Statement

The task in general is to find the voltage magnitude and
angle at every node, given the real and reactive power
requirements at the nodes. We are not explicitly inter-
ested in the currents. If Ii is the complex current into
node i and Vi the complex voltage at the same node, then
V;Ii = Pi - jQi' where P and Q are real and reactive powers,
respectively, j is the imaginary operator (V1) and * repre-

sents complex conjugation. One line of the matrix eguation

[z] = [¥] [V] can be written
n
Ii? = Yikvk.

13



14
Then pre-multiplying by Vi gives
n

VII; = Py - 3@ = VI &) YV
The equation is now written in terms of the gquantities given
and the quantities desired. P and Q are given and Y is con-
stant. We must find the V's that satisfy the equation. Since
two of the unknowns are always multiplied together (V;Vk) the
problem is non-linear and numerical methods must be used to
find the solution. The technigue selected may use a re-
arranged version of the equation or make some simplifying
assumptions but the correct solution must satisfy this
equation.

A numerical method begins by selecting initial values
for all of the unknown gquantities. These values are plugged
into the equation to see if it is satisfied. If not, cor-
rections to the values are made and it is tried again. This
is repeated until the needs are met to within certain pre-
specified tolerances. If the initial values picked turn out
to be very close to the solution values then the process
should converge quickly to the proper solution. However,
if the initial values are not close enough, or if the solu-
tion technique selected is weak, the process may not converge
to a proper solution even thouch one may certainly exist.
Since the problem is non-linear it is possible that more than
one mathematically correct solution exists. It is not likely
that more than one solution would be satisfactory from a

practical standpoint. Figure 4 tries graphically to show



convergence to an infeasible solution. The process may also
fail to converge by continually oscillating about the true
solution, or by diverging, as shown in Figure 5. In a load
flow problem it is customary to set the initial values at
1.0 per unit magnitude (the nominal voltage) and 0.0 degrees.

As one examines the load flow problem, two features
stand out. One is the shear size of the problem. Literally
thousands of nodes and lines may be involved. Since we are
dealing with complex quantities, for n nodes, the size of
the complex matrix would be (2n)2. The memory required to
store this vast amount of data, and the computational bur-
den presented are certainly limiting factors.

The second prominent feature is that, using the popular
bus frame of reference in admittance form, most of the ele-
ments of the matrix are zero. The matrix is very sparse.
Recalling the way the matrix was constructed in Chapter I,
if a node has four line sections connected (a realistic
average for a transmission system), it will contribute nine
elements to the matrix; a diagonal element, four off-diagonal
elements in the row, and four off-diagonal elements in the
column. There would be about 9n non-zero complex numbers
in the matrix for a system of n nodes. If the system is
radial, like a distribution system, then the matrix is even
more sparse. In order to be strictly radial, each node can
have, on the average, just two lines connected; one in and

one out. Thus a node contributes only five complex elements
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to the matrix in a radial system. The objective of this
thesis is to develop a load flow model that combines the
transmission and distribution systems. The foregoing sug-
gests that the matrix in such a problem would be more sparse

than usual, which will have ramifications later on.

Solution Techniques

In the 25 or so years since the first application of
the digital computer to the load flow problem, literally
hundreds of papers have appeared (14) discussing the sub-
ject. From these, several ideas have gained wide acceptance
in the community. Four of the basic techniques will be re-
viewed here. Several refinements will be looked at next,
followed by a brief discussion of non-linear programming.

A technigque will be selected for use within this work.

In the consideration of a solution process, three items
become important: Computation time, storage space and 1likli-
hood of convergence. The discussion to follow will include
all of these.

Relaxation

The "Relaxation" technigue solves for current differ-

ences OI at each bus by computing the current regquired at

the bus by the load, and subtracting the calculated current

into the bus; i.e., AIi = Pi N JQi'-- f%-VkYik. Then, at
Vi k=

the bus with the largest O8I, it adjusts the voltage E; to

eliminate OI; AEi = - AIi. It uses the new Ei and starts

Y..
11
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over again. When the AEi become less than a specified fig-
ure convergence is assumed. The computation required
at each iteration is simple and straight forward, though
some time is lost searching for the largest AI. Conver-
gence for large problems may require many iterations, in-
creasing computer time accordingly. Only the non-zero
terms of the Y matrix need be stored so that space require-
ments are near minimum. Convergence is governed by the Y
matrix, and it will be discussed in detail in the second
following section.
Gauss

This technique is similar to the previous one; it cal-
culates directly the voltage at each bus using the power
reguired at the bus, the voltage at connected busses and

the admittance of attached lines. At each bus i
S UL SRR
i k=

i ii
k#1i

At the completion of each iteration, all the voltages are
changed to the new values, and it starts again. When the
voltage changes all become less than a specified value,
convergence is assumed. There is no search here for the
largest AI, so the computation time per iteration is less
than in the relaxation methods. Slightly more storage is
reqguired to save the new voltages until it's time to change
them all. Convergence characteristics are also similar to

the relaxation method, and criteria will be discussed in the

18



next section.
Gauss-Seidel

This is an improvement on the previous method. It
uses the same equations, but here, when a voltage is cal-
culated it is immediately inserted in place of the old
voltage and used in all subsequent calculations. This re-
moves the need to store both voltage vectors. In addition,
since the latest data are used at each calculation step,
convergence is reached in fewer iterations than with the
previous techniques. The Gauss-Seidel method has enjoyed
great popularity in the industry, but as the size of the
problems continues to grow it is losing some of its appeal.
For large systems the number of iterations required for con-
vergence is on the order of n, the number of busses, and
the total iterative computing time varies approximately with
n2 (14). This method, as well as the last two, is structur-
ally based on the Y matrix, and it is the character of that
matrix which determines convergence. Matrix theory shows
that convergence is realized if the largesteigenvalue-
modulus of the iteration matrix is less than unity (14).
A more useful though over-stringent condition is that Y
should possess strict diagonal dominance. Conditions on
a power system can reduce the diagonal dominance and pre-
vent convergence. These conditions include junctions of
high and low impedances, and capacitors. The problem some-

times exists with transmission systems, which have several
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elements per row and column in the Y matrix. It would even
more likely be encountered in a radial system, with an aver-
age of two off-diagonal elements per row or column.
Newton-Raphson

The Newton-Raphson method is supplanting Gauss-Seidel
in the load flow picture. The technigqueuses first partial
derivatives to calculate changes in voltage needed to correct
errors in power at each bus. The real and reactive powers
are treated separately, and the voltage is broken into either
real and imaginary parts, or magnitude and angle, depending
on the formulation to be used. This will be described in
detail in a later part of this chapter. This treatment pro-
duces an array of partial derivatives (Jacobian) of dimen-
sion 2n. If all of these elements needed to be stored the
space regquired would be prohibitive, but again, only the
non-zero elements need be saved. The structure of each
portion of the Jacobian is identical to the Y matrix; it is
equally sparse. Total storage is greater since the Y matrix
must be saved as well as the Jacobian, and the Jacobian con-
tains approximately four times as many elements. Time per
iteration is much greater for this method, due to the need
to calculate a new Jacobian at each iteration, but the con-
vergence is so gquick that it usually beats the other tech-
niques. Depending on the desired accuracy, Newton-Raphson
usually converges in 2-5 iterations regardless of the size

of the system. Therefore computation time varies with n

20



21
rather than n2, and it becomes more attractive for large

systems. Convergence criteria are much less stringent with
this method, with the most critical factor appearing to be
the closeness of the initial values. From an analytical
viewpoint there would seem to be no reason why this pro-
cedure would not perform just as well on a radial system.
Fast De-Coupled

This method (16) takes advantage of some of the chara-
cteristics of a transmission system and greatly simplifies
the Newton-Raphson approach. Normally the relationship is
very weak between the real power and the voltage magnitude,
and also between the reactive power and the voltage angles.
Here the relation is eliminated and the problem is treated
as two separate blocks; real power vs. angle, and reactive
power vs. magnitude. The blocks are iterated in turn.
Storage is claimed to be 40% less than that needed for
Newton-Raphson, and time for each iteration is also less.
On the systems tested the method converged dependably, but
took more iteration than expected by Newton-Raphson. For
application to the present problem, the intital premise may
present difficulty. The weak relations mentioned are partly
due to the normally high X:R ratios of transmission lines;
so high that in many analyses the resistance is ignored
completely. In distribution lines the X:R ratio is much
lower; in many cases less than unity. The effect would be

to slow the convergence considerably, or even prevent it.



Second Order Techniques

Several methods have been developed (17), (18), (19)
which use the second partial derivatives in the solution
process. This is the eguivalent of using the first three
terms in the Taylor Expansion for the system, rather than
the first two as in Newton-Raphson. Claims and counter-
claims in the papers and discussions thereof serve to con-
fuse the issue. Performances are compared to the Fast De-
Coupled technique and to Newton-Raphson, with the second-
order methods prevailing. They are said to converge more
guickly and use only slightly greater storage; and to be
more effective with ill-conditioned systems. Time per
iteration is longer since the second order terms must be
considered. The total solution time is probably about even
when compared to Newton-Raphson. It is certainly not clear
at this peint that the second order techniques are univer-
sally superior. The Newton-Raphson approach is not yet in
danger of eclipse.

Nonlinear Programming

Nonlinear programming téchniques have been success-
fully applied to power system problems; specifically, in
the minimum loss and economic dispatch areas. Sasson (20)
used the Fletcher-Powell method to solve the load flow pro-
blem and investigated Fiacco-McCormick, Lootsma, and Zangwill
for minimum loss and economic dispatch questions. He found

that the Fletcher-Powell method was successful in some load
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flow problems in which the Gauss-Seidel method failed to
converge. The solution time was comparable. Yu (21) used a
Generalized Reduced Gradient technique to address a new
formulation of the minimum loss load flow problem. He found

it to be slower than the Gauss-Seidel approach.
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CHAPTER III

THE MCDEL

The load flow problem has been with us for as long as
power systems have existed. It was not until the development
of the digital computer that it actually became possible to
solve the problem to a reasonable degree of accuracy for
systems of any significant size. The application of the
computer to the problem proceeded through several evolution-
ary steps until it finally settled into the bus frame of
reference in admittance form. This formulation of the problem
is so simple and so easily programmed into and handled by the
computer that, in retrospect, it is difficult to see why any
other formulation was even considered.

At the same time, computers themselves were advancing
rapidly; growing in capacity and speed, making it ever more
practical to treat larger and larger systems. Throughout this
time however, the load flow problem considered only trans-
mission systems. Distribution system problems were solved
separately, and differently. The intent of this research is
to develop a model which will handle the two types of
systems at the same time and in the same way. The combining

of the systems will cause changes in the structure of the

24



25
problem which may significantly effect the behavior of the

solution algorithm. The developmant of the model will begin
by selecting from those techniques described in the previous
chapter the method which seems to offer the greatest 1ikli-

hood of success in the combined problem.

Selection of Technigque

The objective of this thesis is to demonstrate that
the transmission and distribution systems can reasonably be
combined in a single load flow solution. With that end in
mind, the most important of the three criteria cited at the
start of this chapter is: probability of convergence. Though
important, computation time, and to a greater extent, storage
reqguirements can be effected by programming. With skillful
programming there 1s no overwhelming advantage in these
categories for any of the methods reviewed. It is not inten-
ded herein to expend great effort toward minimising either;
but only to show that a combined solution can be attained.
In cases where the probabilities of convergence are about
the same, computation time and storage reguirements may be
used as tie-breakers.

In the first three techniques reviewed; Relaxation,
Gauss, and Gauss-Seidel, the probability of convergence de-
pends to a great extent on the degree of diagonal dominance
in the Y matrix. The combined system to be treated will pre-
dominantly be radial. Consequently the diagonal dominance
will be weakened, and the liklihood of convergence considexr-

ably reduced. It would not be practical to select one of



26
these techniques.

The Newton-Raphson method has been found to converge
for problems in the transmission system in which the pre-
vious three methods fail. Additionally, the probability
of success is not effected by the character of the Y matrix.
The structure of the combined problem doesn't present any
difficulties. This method is not ruled out.

The Fast De-Doupled Load Flow has enjoyed considerable
success with transmission system load flow problems. The
combined system will bring with it different types of line
admittances which substantially alter the justification for
the de-coupling. The much lower X:R ratios in the distri-
bution lines reduce the liklihood of convergence (22) and it
seems that a de-coupled technigue would not be a wise choice.

The second order methods do not suffer in convergence,
in that they appear to be reliable. Nothing in the analysis
suggests that the reliability would be lessened in a mostly
radial system. As for computation time and storage, they
appear to be on about the same level as Newton-Raphson.

The formulaticn of the problem would be more difficult because
of the need to calculate the second derivatives.

The non-linear programming approach cannot be ruled out
on the basis of convergence. The techniques tested showed
themselves to be reliable. Their weakest point is computa-
tional time. Yu (21) states that the technigque he used was

slower than Gauss-Seidel. In discussion of (20) Dy Liacco
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says, "As an end in itself, a load flow program using non-

linear programming cannot compete with Newton's method, in
our opinion. We do not think it can even compare closely."
The Newton-Raphson technique is selected. The con-
vergence characteristics are more promising than with Re-
laxation, Gauss, Gauss-Seidel, or Fast De-Coupled. The
problem formulation is simpler than with a second-order
method. It is faster than non-linear programming. The
selection is fortuitous for yet another reason. It is
intended that a system reduction technique will be incor-
porated, as described later in the chapter. The most pro-
mising approach was designed for use with the Newton-Raphson

load flow. The Newton-Raphson method will now be described.

Newton-Raphson
The Newton-Raphson approach was adapted to the load
flow problem by Tinney and Hart (3). It starts with the

equations:

Pre-multiplying by Vz changes the equations to constant power

form:

%* *
VI, = P; - 3Oy =V Y..V (1)
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Newtons method involves the repeated direct solution of a sys-—
tem of linear egquations derived from equation (1). By Tay-
lor's theorem, a function of x may be expanded about a point

xo as follows

2
2 (x-x )
+ a“f(x) 0

_ af{x) _
f(x) = f(xo) - (x xo) > 2! + ..
or
2 2
_ af d“f (Ax)
Af__i Ax+——2 T + ...

If Ax is small, the terms including (Ax)2 and higher powers

may be ignored, leaving Af = g—i— Ax. When the theorem is

applied to a system of n simultaneous eguations, and only

the first order terms are considered, the result is:
[2£] = [J] [ax]
_ T
where [Af] is the vector [Af,Af,, ... A ],
[Ax] is the vector [Axy,Ax,, ... Axn]T,

and [J] is the Jacobian for the function £

'afl oF af

ax.l axz axn

£ f

[J] _ 8?2 EE 5 3 2
axl 8X2 an

. £

afn a‘n aj:n

-?xi 3X2 Sgl

with each of these derivatives evaluated at the point Xoe
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The Jacobian matrix of equation (1) gives the linearized re-

lationship between small changes in voltage angle (AGk) and
normalized magnitude (AEk/Ek), and small changes in power,
(APk and AQk).

The linearized equations can be written in general:

APy F‘ki Nys I_AG]:]
= (2)

AE _

S T =
Ek i=1,n

where
g - BPk ; i SPkEi . 5 = an ; Lk. _ BQkEi
ki 36i ki aEi ki 36i i aEi

The partial derivatives above are real functions of the
admittance matrix and the node voltages.

The solution proceeds as follows:

(1) Select arbitrary values for each of the node vol-
tages.

(2) Solve equations (1) for the resulting P and Q at
each node.

(3) Since each node has a scheduled P and Q, the dif-
ferences AP and AQ can be found by subtracting the
resulting P and Q from the scheduled P and Q at
each node.

(4) Compare AP and AQ with a desired maximum error.

If any AP or AQ exceeds the maximum, proceed. If
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all AP and AQ are less than the maximum, the voltage
angles and magnitudes are considered solved.

(5) Calculate the elements of the Jacobian using the

latest voltages.

(6) Solve equation (2) for AS and AE/E at each node,

using the calculated AP and AQ.

(7) Adjust the voltage angles Gi by Aai and the mag-

nitudes Ei by AEi and return to step 2.

The convergence criteria for +he Newton-Raphson method
are less stringent than those of the Gauss-Seidel method.
The initial guess (xo) must be sufficiently near the final
result (x) that the approximation made earlier, i.e., ig-
noring the terms in Ax of power 2 and greater, is reasonably
valid. The convergence of the Newton-Ravhson method will

be examined in greater detail in Chapter III.

Radial System

In a radial distribution system the problem is much more
easily solved. The loads are represented as constant imped-
ances, which means that the equations are linear. The only
source is a substation, which is usually handled as a constant
voltage alone, or as a constant voltage behind a small imped-
ance to account for voltage drop in the transmission system.
A simple technigque is to start at the far end and accumulate
load and line impedances by series and parallel combinations

working back toward the source. Then using the total impedance,
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find the current leaving the source. Use this current to
calculate the voltage drop in the first line section, and thus
the voltage at the next node. Use the node voltage to calcu-
late the current to any load attached, and to the next line
segments. This procedure continues to the far end of the
feeder, at which time al.l voltages will be known. In the
voltage drop calculation an approximation often used is:

V. = IRcosH + IXsin$

d
where
I = Line current (magnitude)
R = Line resistance
X = Line reactance
8 = Angle bketween I and source voltage

The approximation simplifies the arithmetic, and the error
introduced is not large enough to be significant in a normal
distribution system.

Another technique starts with the assumption of 1.0 per
unit voltage at all nodes. The KW and KVAR loads are then
accumulated starting at the far end, working back toward
the substation, and including line losses. Once at the sub-
station the current can be calculated,and then the voltage
drop in the first line section. As in the last method, these
calculations are continued to the end of the feeder. The vol-
tages thus calculated will be in error however, as they were
found using load current based on 1.0 per unit volts at each

node, a condition which no longer exists. Thus the process
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must be iterated using the most recently calculated voltages
until the differences between iterations are less than some max-
imum.

It is seen that there are significant differences between
the solution methods used for mesh systems and radial systems,
and no effort has been noted to date to combine the two load
flow problems into one. If it is desired to investigate
the consequences of a particular distribution load alloca-
tion on the transmission system it is necessary first to
analyze the distribution system note the effects at the sub-
stations, and then run the transmission load flow using
the noted conditions. If the cases to be examined are numer-

ous, this procedure can gquickly become cumbersome.

System Reduction

The shear size of the problem was quickly recognized
as a severe limiting factor in the application of the digital
computer to the load flow calculation. This has led to many
and diverse efforts to circumvent the difficulty through some
sort of problem modification. An interesting approach called
"Diakoptics" was pioneered by Kron (4). It involved "tear-
ing" the network into two or more parts, solving the smaller
parts, and recombining the solved parts into a whole. The
result is a solution of the entire system. Since in this
present thesis what is sought is a solution of a small part
of the system, the diakoptics approach is not the answer.

What is needed is a way to permanently eliminate from all
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further consideration those parts of the system which are not
of immediate interest, while preserving the effects of the
eliminated part upon the retained part. Four methods of

accomplishing this will be examined briefly here.

Star-Mesh Transformation
The simplest approach to a reduction of this type is to
use star-mesh transformation, and series and parallel combin-
ations to eliminate unwanted nodes. Unfortunately, this meth-
od cannot be applied to any source nodes, or to any nodes with

non-linear loads attached, which severely limits its usefulness.

Classical Reduction
"Classical" reduction (5) proceeds from Kirchoff's cwrert

law in matrix form: I = YE. Allowing the subscript 1 to de-
note the subvector of voltages and currents to be reduced and
the subscript 2 to denote those to be retained, the eguation
can be re-written

9B B

\:Iz Y21 Y221 B2

or in expanded form

I; = Y338 + ¥1,8,

I, = Y8y + Y558,

Solving the first for E,, substituting in the second and

rearranging gives
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1 -1

[¥y = ¥p¥q7 "YplEp = I, - Y%, ™4
Define: I =JI. - Y..¥Y -lI and
* Iaep 2 21511 I
Y =Y. - Y. v.. Yy
22e0 22 21%11 Y12
Then
1

2¢0 = Y22e0F2

To be useful requires that Yll' le, Y21 and Il be known and
constant. Since Il is the vector of current injections into
the reduced portion it is unrealistic to assume it to be

constant, and the technique loses some of its appeal.

REI
The REI net, of the radial (R) type, equivalent (E)
for a node and independent (I) of the rest of the network
preserves the identity of eliminated generators as controlled
voltage sources (5,6). The generators in the reduced part
are replaced by an egquivalent generator. The complex power
injected by the equivalent generator is the sum of all the

original complex generator powers:
Se = ) Sgi

The remaining load buses are reduced using classical reduc-
tion techniques. The REI reduction overcomes some of the
deficiencies in classical reduction, particularly those

associated with generators in the reduced part.



Linearized Reduction

A technigue called "Linearized Reduction” (5) operates
on the Jacobian matrix of the portion of the system to be
reduced. A Jacobian correction matrix is developed, the el-
ements of which are then added to the appropriate elements
of the Jacobian for the retained part. The same correc-
tion matrix is also applied to the matrix of powers which
flow from the reduced part to the retained part. These cor-
rections work to preserve the effects upon the retained
part of conditions within the reduced part. The technigue
has been applied to investigate the effects of contingen-
cies within the transmission system. A thorough discussion
of this method, including the derivation of the equations

will be provided in Chapter III.

Load Representation

Neither the constant KVA representation in the trans-
mission load flow nor the constant impedance representation
in the distribution voltage profile can accurately depict
the behavior of all loads. Figure 6 shows the voltage-cur-
rent characteristics of constant power and constant imped-
ance loads. A constant current load is also shown for com-
parison. Incandescent lighting and electric heating loads are
almost purely resistive in nature and therefore a constant
impedance represents them very well. In that case:

v 2

=vi=2"
I=g% and P=VI=g
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Figure 6. Load Representations

If a voltage-variable load representation is to be used to

model incandescent lighting or electric heating, the voltage-

squared term will predominate in the real power portion. also-

since the load is resistive, there should be no reactive
power part.

An induction motor behaves much like a constant real
power load in the voltage range of interest, i. e. 1.0 f .05
P, U. That is: P = VI = C; and I =g . The reactive
power may vary considerably with changes in voltage however.
A well designed motor will operate at its best power factor

at rated voltage and rated power. This suggests that as the
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voltage moves away from nominal in eithexr direction, the
reactive power will increase. There must be a term in the
reactive power expression where the voltage has an exponent
greater than unity.

It is apparent even from this brief discussion that a
voltage-variable load must have at least two components; one
for real power and one for reactive power.

Realistic loads as seen by a substation, or at a node in
a distribution system would not simply be one or the other of
these types. They would instead be combinations of these and
other, more complicated loads, so that each of the components
would be expected to be more involved than just a single term
with an integér exponent. Such a combination of loads might

be handled as a function of voltage by:

P = Po + PiV + PZVZ and
Q=g +QV+ Qv where
Po + Pl + Pz =1

Q, +0Q +0Q,=1  and

Po' Pl and P2' and Qo' Ql and Q2 are the portions of con-
stant power, constant current and constant impedance real
and reactive power respectively. This is called the "Quad-
ratic Form" of load representation (7).

The "Single Exponential" form (7,8) is written:
kp
E
P = 5|
o}



where KP and KQ

load. This form is capable of providing representations

are exponents which are varied to suit the

equivalent to those of the quadratic form in the vicinity
of the normal operating voltage.

The discovery of the proper values to assign to the
p's and g's in the gquadratic form, and to the k's of the
exponential form, is no trivial task. Load characteristic
information is guite diverse, and it is usually emphasized
that specific determination requires specific investigation,
possibly actual measurement.

This measurement is precisely what has been done in
{9), not just for selected items of eguipment, but for
entire sections of a distribution system. The frequency and
the voltage were varied; the real and reactive powers were
measured, and the results provided mathematical formulae
for the real and reactive powers as functions of frequency
and voltage differences from nominal; i.e., Af and AV.
These findings will be examined more closely in the next

chapter.
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CHAPTER IV

MODEL IMPLEMENTATION
The total task can be divided into three fairly distinct
steps. They are: 1) Construct a conventional load flow model;
2) Implement the system reduction algorithm; and 3) Include
the new load representation. In this chapter each of these
three steps will be treated in turn. The three computer pro-

grams which comprise the new model are included as appendi-

ces.

Load Flow

The decision was made to construct a basic model from
scratch rather than try to adapt one that already existed.
The reason was that the later steps, particularly the inclu-
sion of the new load representation, would involve modifica-
tion of the inner workings of the model. This would require
an intimate familiarity with the structure and flow of the
model; an intimacy which would best be gained through the
actual construction itself. Another point to consider was
the scope of the task; that is, only to prove that the con-
cept works, not to develop a production grade model.

Refinements could be added later as a separate project.

The model would operate as follows:
39
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1) The input, the output and all calculations would be han-
dled in per unit guantities. The model itself would make
no conversions. 2) Since finding the bus voltages amounts
to solving the problem, these voltages are all that will be
solved for explicitly. Line currents and power flows would
not be calculated, nor would flags be included to indicate
high or low bus voltages or overloaded lines.

The next decision to be made involved the selection
of the technique to be used in solving the loadflow problem.
The Newton-Raphson approach was chosen because of the overall
characteristics displayed, as mentioned in Chapter II. Al-
so, as will be seen in the next section, the system reduc-
tion technique operates on the Jacobian matrix, an entity
which does not exist in the other methods.

In their landmark paper (3) Tinney and Hart described
a load flow program using the Newton-Raphson method which was
made practical by including sparse matrix techniques and
optimally ordered Gaussian elimination. Their primary ob-
stacle was the fact that the computer at their disposal had
only 32 K of core memory available. The IBM 370/158 being
used in the present effort provides, in the largest job
class, 640 K of core storage. Therefore it seemed likely
that a problem of a size large enouch to verify the concept
could be treated with straight forward technigues. It was
decided then that the program would be simply written, and

then tested on the IEEE 118 bus test system. If the simple
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program could not handle that system, then more sophisticated
programming techniques would be employed. If the simple pro-
gram succeeded with 118 bus test system, then the sophistica-
ted techniques would be added to the list of possible refine-
ments mentioned earlier.

The 118 bus test system was developed by IEEE to pro-
vide a common basis for the evaluation of load flow models.
The configuration is such that it presents severe convergence
problems, especially with reactive power. If a particular
load flow model converges for the 118 bus test system,
then it is likely to converge for any real system, and it is
seen as a fair +est of the concept under development here.

The Newton Raphson method is well covered in the lit-
erature. Carnahan (1l1) describesthe procedure generally,
while the other references cited (2,3,10) look only at the
load flow application. The problem can be formulated in
either rectangular or polar coordinates. Stagg(2) takes
the former course, and Tinney and Hart (3) and Van Ness (10)
the latter. The polar option was selected for use here be-~
cause it treats voltage controlled buses in a simple manner,
which will be described later.

The Newton-Raphson method was briefly discussed in

Chapter II, and it was shown that the linearized equations

can be written in general:
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Derivations of the equations for the partial derivatives
above were given by Van Ness (1D), and the equations were
then used by Tinney and Hart (3). They are repeated here.

For the off-diagonal terms:
Bem = Lkm = amfk - bmek’ m# k

N = =J =ae m#F k

K km + bmf

k k!

where e + 3£ = E, /8, the voltage at bus k,

G, + jB,__ =

xm km = Yxm {8+ the admittance connecting busses

k and m,
and a + jbm = (em + me)(ka + jBkm), the current at bus m

contributed by bus k.

The rectangular forms are used here to simplify the
expressions. Even so, the polar option is still being used,
since the partial derivatives are taken with respect to vol-
tage angle and magnitude.

For the diagonal terms:

_ _ 2
Hep = ~Q — Byy Byl

‘ 2
Iyk = 9 = Byx Bl

42



43

2
Neg = P + G IE |

J.

kk = F

2
x = Cpx ! Fy |

where Pk is the calculated net real power at bus k, and Qk
is the calculated net reactive power at bus k.

Three types of buses are considered, swing bus, load
bus and voltage controlled bus. The swing bus is described
in chapter I as a generator bus at which the voltage magni-
tude and angle are both specified, and the real and reactive
powers are not specified. Only one bus is so designated.
320 and 8Q, are the differences, or mismatches between the
specified real and reactive powers and the calculated real
and reactive powers respectively, at bus k. Since at a swing
bus neither P nor Q is specified, the quantities AP and AQ
are meaningless, and the swing bus contributes no eguations
to the linearized system. Also, since both |E| and § are
fixed, partial derivatives with respect to these quantities
will not exist, and the swing bus will contribute no terms
to the other equations in the linearized system.

At a load bus the real and reactive power are both
specified, but the voltage angle and magnitude are not. At
these buses AP and AQ are both meaningful, and hence a load
bus contributes two equations to the linearized system.

And since the voltage angle and magnitude are both permitted
to change, a load bus contributes two terms to each equation

in the system, H and N terms to each AP equation, and J and



L terms to each AQ equation.

At a voltage controlled bus the voltage magnitude is
specified, as is the real power. The voltage angle is per-
mitted to change, and the reactive power is not specified.
Thus only the AP is meaningful, providing one equation. The
changing voltage angle contributes one term to each egquation,
H terms to AP eguations and J terms to AQ equations. The
behavior of a voltage controlled bus presupposes the exis-
tence of a reactive power source or sink at the bus to accom-
odate the reactive power calculated to be there. This source
or sink must have limits, and these limits are provided to
the model as upper and lower bounds of reactive power cap-
ability. Once the problem has converged, the reactive power
calculated for each voltage controlled bus is compared to
the limits. If a limit is exceeded, the reactive power re-
quired at the bus is set to the value of that limit, the
voltage is set free to vary, and the problem is restarted.
The bus has become a load bus and is treated as such for the
remainder of the problem. This changes the structure of the
Jacobian by adding a AQ equation, and also by adding another
term to each existing equation.

In order to calculate the elements of the Jacobian
a voltage magnitude and angle must be available for each bus.
To start the program, each of these items which has not al-
ready been specified is provided in the form of an initial

guess. The first time a problem is run the unknown voltages
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are usually guessed to be 1.0 per unit, and the angles 0.0
radians. This is referred to as a "flat start", and it is
used because it represents ideal conditions within the sys-
tem, that is every bus at its nominal voltage. Subseguent
runs on the same system may use the last solution as a start-
ing point. <Verification for this model will be to achieve
éonvergence for the 118 bus test system from a flat start.

The calculation of the Jacobian results in a set of
simultaneous linear equations in AS§ and AE? , which can be
solved by any of several direct methods. When found, these
angle and magnitude corrections are applied to the last val-
ues used, the real and reactive powers are recalculated for
each node, and new wvalues for AP and AQ are found. If any
of these exceed a stipulated maximum mismatch value, the
problem is continued. A new Jacobian is calculated and the
process continues until all mismatches are below the maximum,
and no voltage controlled bus is exceeding its reactive power
limits. At this point convergence has been reached.

The criteria for convergence of the Newton Raphson
method are two (11,12): first, as mentioned in Chapter II,
the initial guess must be close enough to the final solution
that the approximation made by casting off all A§ and %%%l
terms of order higher than one is still reasonably valid;
and second, the Jacobian matrix must be non-singular.
Mathematical proofs of convergence (11) are based on assump-

tions that the two conditions above prevail. There is no way
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to assure beforehand that they do in fact prevail, but if it
is found that the process does not properly converge the
problem must then lie in a bad initial guess, a singular
Jacobian, or both. If the initial guess is too far from the
final result, the process may converge to an infeasible sol-
ution, or diverge, both of which cases will be apparent in
the output. The way around this problem is to move away

from the "flat start" by revising the guesses for voltage
magnitude and angle downward slightly for buses away from
sources until a satisfactory set is found. If a computation
is made using the last solution as a starting point, this
difficulty is much less likely to arise. A flat start may
also cause problems in the Jacobian. If, in addition to the
flat start, all line admittances are identical an interesting
condition results. All of the off-diagonal non-zero H and L
terms will be the same: the negative of the line susceptance.
The diagonal H and L terms for each node will be the negative
of the sum of all the off diagonal terms, plus or minus the
reactive power calculated for the node. All of the off-diag-
onal non-zero N terms will be the negative of all the off-
diagonal non-zero J terms, and equal to the line conductance.
The diagonal terms in each case are equal to the negative of
the sum of all the off-diagonal terms, plus or minus the

real power calculated for the node. However, since the flat
start means 1.0 per unit voltage and 0.0 radians at each node,

and if the swing bus designated the same way, all calculated
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real and reactive powers will be zero. Thus a pattern of
symmetry emerges which could well lead to a singular Jacobian.
The solution is simple, and is the same as the previous one:
change some of the initial guesses. This will change the
values of diagonal terms by contributing P and Q at effected
nodes, and will also change off-diagonal terms since voltage
components are considered in them. The singular Jacobian is
of minor concern in the first iteration only. In the second
and later iterations all of the wvoltages, and therefore all
of the Jacobian terms will have been changed and the singular
Jacobian is very unlikely to occur. Figure 7 is a flow chart
of the load flow program. Appendix A contains a listing of
the program dimensioned to handle the 118 bus test system.

The input data and the results are also included in the appen-
dix. The program establishes several complex quantities, and
then makes the real and imaginary parts of each available sep-
arately through equivalence statements. The number of lines,
number of buses, maximum permissable mismatch and maximum
number of iterations allowed are read in. Next the bus data
are read, including type code, voltage magnitude, voltage
angle in degrees and bus load and generator data. The

angles are immediately converted to radians, and the rectan-
gular components of the voltages are calculated. The voltages
are stored in both polar and rectangular form because both
forms are used by the program. The line admittances are

read and the bus admittance matrix is constructed. Bus
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Figure 7.
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currents and bus powers are calculated using complex guan-
tities. The calculated real and reactive powers are subtracted
from the specified powers, and the resulting AP's and AQ's
are compared to the prescribed maximum mismatch. Then the
Jacobian matrix is built. In this program the Jacobian is
constructed with all H terms grouped at the upper left, all
N terms at the upper right, all J terms at the lower left
and all L terms at the lower right. There will be H terms
for each bus, but the numbers of N, J and L terms will depend
on the number of buses of each type, load and voltage con-
trolled. Therefore the bus types are counted. In order to
simplify the writing of the loops to actually build the Ja-
cobian it was decided to treat all of the load buses first.
This required reordering the buses so that the voltage con-
trolled buses followed the load buses in sequence. This

and the previous step are omitted for iterations past the
first if no bus has changed status. The Jacobian is built,
and the augment vector of AP's and AQ's is added. Subroutine
"Solve" is called to solve the linear equations. It employs
the "Gauss-Jordan Complete Elimination" technique, and
returns the solution vector of A§'s and %%%l‘s to the main
program. The voltage magnitudes and angles are adjusted

by the correction vector, and the new quantities are used

to calculate new currents and powers. The new powers 2are

subtracted from the specified wvalues and the new AP's and

AQ's are compared with the maximum mismatch. If any AP or



AQ is greater than the maximum permitted, a new Jacobian is
built and the process goes through another iteration. If all
AP's and AQ's are less than the maximum permitted, the calcu-
lated reactive power for each voltage controlled bus is
compared to the limits provided. If any such bus exceeds a
reactive power limit, the reactive power required for that
bus is then specified to be that limit, the voltage is set
free to vary, and the type is changed to load bus. The Ja-
cobian is recounted and again reordered and the process con-
tinues. If the reactive power at each voltage controlled

bus is within limits, the problem is solved and the results
are printed. If the program goes through the maximum number
of iteraticns without converging, the process is stopped and

the latest results are printed.

System Reduction

The "Linearized Reduction™ technique described briefly
in Chapter II was selected for inclusion in this thesis. The
technique was tested (5) against the other methods also
described in the last chapter and it was found to be superior
in accuracy and convergence characteristics. The severe con-
tingencies tested included the simultaneous outage of six
lines within the reduced system. Perturbations contemplated
for the present effort involve altering the load at most two
buses, an event much smaller in scope. Also, the technique

involves manipulating the Jacobian matrix, and routines to
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build the Jacobian have already been written for the load
flow program.

Three types of buses are treated; buses to be reduced,
buses to be retained, and buses on the boundary between
the first two sets. Branches leading from the reduced por-
tion to boundary buses are reduced. Load, generation and
any other shunt element connected to a boundary bus are con-
sidered part of the retained system, as are any branches
connecting two boundary buses.

Before the procedure can begin a load flow calculation
must first be made on the entire system. The voltage mag-
nitudes and angles which result from this "base case" load
flow are preserved and used as input data to the reduction
segment. Figure 8 is a flow chart of the process and Fig-
ure 9 is a small system which will be used as an example.

In this example, bus 1 is the swing bus and the other
six are normal load buses. Buses 2 and 4 will be reduced,
buses 6. and 7 will be retained, and buses 1,3, and 5 are
the boundary buses. Now consider a set of mismatch equations
written for the buses in the reduced system only. These equa-
tions (call them fl) will necessarily be functions of the vol-
tage magnitudes and angles in the reduced system (call them
collectively xl) and also of the voltage angles and magni-
tudes of the boundary nodes (call them collectively xz). If
Jacobian terms are calculated from the base case voltages

the mismatches will be zero, and Jl(Axl) + JZ(AXZ) =0 (1)
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Figure 9., Example System

afl afl
where Jl =55 and J2 =5 The mismatch at the boundary

3
1 2
nodes will not be zero however, as the power flowing from
the reduced portion to the retained portion (Sb) must appear
here. This set of mismatch equations (call them f2) will also

be a function of the wvectors Xy and Xye and Asb = J3(AX1) +

J4(Ax2) or Sb = Sbo + J3 (Axl) + J4 (sz) (2)
2 £
where S, is a vector of base case power injections, J, = —Z
b%af 3 axl
_ 2
and J4 =5

2

The elements Jl, J2, J, and J, are nothing more than the

3 4
normal H,N,J and L terms calculated for base case voltage con-
ditions, with the buses ordered so that the reduced buses are
treated first and the retained buses are omitted.

When appropriate admittance terms and base case vol-

tages and angles are applied to the example system, the Ja-

cobian terms calculated for the reduced part, including the



boundary buses are:

34.68135 =16.02254 12,24059 =4.71933 =S5,30723 =5,30078 ~1.54604 =1.51320

=15.645€4 15.51€30 -%,83807 S5.85099 0.0 =3.86665 0.0 =1252S5S
=11.04125 4071933 34528100 —16402254 1.54604 151320 =5.30723 =5,30078
Se 83807 =T7.,09107 =15,64964 19.31560 0.0 125295 0e0 =3e86665
=517238 000 - 1:94757 C.0 S1.18033 =30.68173 16.66301 -10,04373
“5014852 =3.84511 =1,9€997 =1e31760 =30.57162 44.63440 ~10.37407 14.29656
1.947S7 0.0 =Se 17339 0.0 =17.,46161 10.04373 51.19348 ~30.68173

1.96997 2031760 =5.14852 =3.84511 10027407 =15:.29720 =30.571£2 44,84762

Note that the matrix is 8 x 8. Bus 1, the swing bus,
contributes no terms, and the load buses 2,3,4 and 5 contri-
bute two each. The terms pertaining to the boundary buses,
3 and 5, are located in the lower right corner.

Solving Equation (1) for A%, and substituting into

Equation (2) yields
1

Sb = Sbo + (J4 - J3(Jl) Jz)sz.
. _ _ -1, .
Define Jcor = J4 J3(Jl) JZ’
then
Sb = Sbo + Jcor(sz) (3)

Straightforward calculation of Jcor using the four matrices
would be a formidable task. Fortunately that labor is not
necessary, since the elements of Jcor are precisely egqual to
items found in the spaces formerly occupied by J4 when the
matrix Iy J%}

J3 J4

is suBjected to a "Lower-upper factorization" process which
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is truncated as it reaches Jy- The LU factorization algo-
rithm is fast and easy to program. When the truncated LU
factorization is applied to the Jacobian matrix of the sam-

ple system, the result is

49092146 ~32,65270 16,25859 ~10,701S8
=32¢57552 40656625 ~11.05359 3401285
=174 03319 10565329 49.,93910 -32,69312

1104526 ~14.,04547 ~32,57574 4&0,48€370

This is Jcor‘ The base case power injections at the boundary

buses (Sbo) are also calculated, and are found to be

Bus Real Reactive Voltage Voltage
Numberxr Power Power Magnitude Angle
1 0.2413 0.0547 10118 =041016
3 0.2181 0, 0854 10050 -0.1070

Now write a set of mismatch eguations f3 to represent
the voltage magnitudes and angles (x3) at the retained buses,
including the boundary buses, ignoring the effects of the
reduced part. Then when the boundary injections S, are con-

sidered, S, + £ ) =0

p T T3(%5

or S + Jco

bo (sz) + f3(x3) =0 (4)

r

Calculate the standard Jacobian for f3. Call it JS' and

Equation (4) can readily be solved by Newton's method. The
total Jacobian for the reduced partis J6 ='Jcor + Js. (5)
This is not a simple matrix addition however, as the two
matrices are of different dimensions. The elements of Jeor

must carefully be added only to those elements of J5 which
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apply to boundary buses.

In the example system, the Jacobian terms are found for
the retained part, including the boundary buses. This in-
cludes buses 1,3,5,6 and 7. Once again, the swing bus, num-
ber 1 contributes no terms. The elements of Jcor are added
to the elements of the Jacobian which pertain to buses 3 and
5.

Equations 3 and 5 have profound implications. Egua-
tion 3, S, =S

b bo
is corrected at boundary nodes only, by a constant amount

+ Jco (sz), states that the power mismatch

r
plus another amount linearly proportional to the voltage mag-
nitude and angle deviations from base case conditions at
those nodes. That is why the voltage magnitudes and angles
were included with injected power data for the example

problem. Eguation 5, JG =J + J

+tates + + -
cor 57 states that the Jacob

ian for the retained network can be found by first calculat-
ing the Jacobian for the retained nodes alone, and then add-
ing a constant correction factor to those terms deriving
from boundary nodes.

Appendix B contains a listing of the computer program
written to accomplish this reduction. Input data and results
for the 118 bus system are included. The program reads the
number of branches, the number of buses, and then the bus
type, base case voltage magnitude and base case voltage
angle for each bus. It then reads the admittance of each

branch and builds the bus admittance matrix. The power
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injected at each boundary node is calculated. The buses are
reordered as follows: 1load bus to be reduced, voltage con-
trolled bus to be reduced, load bus at the boundary, and vol-
tage controlled bus at the boundary. Buses to be retained
are discarded, and the Jacobian matrix is constructed. Lower-
upper factorization is applied to the Jacobian and truncated
at the boundary buses. The elements in the resulting matrix
which were originally derived for the boundary buses are
written to a direct storage device, along with the list of
power injections and base case voltages and angles for the
boundary buses.

Appendix B also contains a listing of the load flow
program modified to handle the reduced system. Changes
were made to read in the data generated by the reduction pro-
gram; calculate 8x,, the deviation at the boundary nodes from
base case conditions; apply the corrections Sb to the mis-
matches calculated for the boundary nodes; and to add the ele-
ments of Jcor to the Jacobian of the reduced system. A list

of output for the reduced system is included in Chapter V.

Load Representation

The University of Texas at Arlington, under EPRI con-
tract, has conducted extensive testing of the behavior of
electrical loads under varying conditions of voltage and fre-
guency. Several item in common use were laboratory tested

to £ind their real and reactive power at voltages ranging



from 65% to 135% of rated, at fregquencies of 57, 60 and 63 Hz.
The measured values were used to produce equations in AV and
AF for both real and reactive power. Since load flow prob-
lems, and this thesis, concern themselves with steady state
operation, all terms relating to AF will be ignored (AF = 0),
and no further reference will be made to frequency. The dif-
ferent loads were then grouped according to how they would
appear in a typical application, and eguations were then
derived to represent that application, such as Residential
Summer South, Residential Winter South, Commercial Summer
South, etc. These eguations are all of the form P = Po +

P, AV + P AV2 + ... where P is the real power drawn by the

1 2
load, the Pi are coefficients and AV is the difference be-
tween the bus voltage and the device rated voltage, in per
unit. Similar equations were produced for Q. Figure 10 is
an extract from a preliminary. report on the UTA work. It
shows the points plotted, the curve fitted, and the coef-
ficients found for a typical residential summer south load.

Appendix C contains a listing of the load flow program
written to include this load representation and the reduced
system. Four different load types are treated; general,
industrial, commercial and residential. The coefficients for
the four types are read, and codes are given to indicate which
type to use at a particular node on the distribution system.

In the general load, Po is nunity and the other Pi are zero;

this is applied to a load where particular information is
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not available. The algorithm uses the latest voltage calcu-
lated for a node, finds AV, applies the equations, and then
uses the resulting P and Q to £ind the AP and AQ for the

node. Input and output lists are also provided.
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CHAPTER V

INPUT REQUIREMENTS AND SEGMENT INTERPLAY
The complete model involves three separate segments:
base case load flow; system reduction and reduced system load
flow; system reduction and reduced system load flow with dis-
tribution added and including voltage variable loads. 1In
this chapter the input required for each will be described,
and the manner in which the outputs from the first two seg-

ments are used by following segments will be shown.

Base Case Load Flow

The base case load flow segment is run first, to deter-
mine conditions within the system with nominal voltages and
loads attached and without contingencies or perturbations.
It includes the entire transmission system; in this example
the IEEE 118 bus test system. The solution to the base case
load flow is used as a starting point for the system reduc-
tion algorithm. The input to the base case load flow is
read from a single disk file, a copy of which is provided in
Appendix A. It includes one line of parameters, specifying
the number of lines and buses, and the maximum mismatch and
number of iterations to be permitted. Then follow 118 lines

of bus data, giving the initial voltage magnitude and angle,
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and all load and generation attached, for each bus. The
last section contains 179 lines of line data, giving the end
points and admittance, for each line.

The base case load flow output is made up of two parts.
(See Appendix A) The first part is a listing of iteration
numbers and bus numbers showing if any bus had its status
changed from voltage controlled bus to load bus because of
a demand for reactive power beyond its limit. The listing
also shows the value set for the reactive power at any such
bus. The second part includes column headings and gives the
iteration at which satisfactory convergence was achieved,
followed by a listing by bus number, of bus type, bus vol-
tage magnitude and angle, real and reactive power calculated,
and any discrepancy (mismatch) between the calculated and re-
quired powers. The second part, less the iteration number
and column headings is written to a disk file for use by the

next segment.

System Reduction

The input data for the system reduction segment is read
from two separate disk files. The first file is the same as
the input file for the base case load flow. Not all of the
data are needed however. From the first line only the first
two items are read, i.e. the number of lines and the number
of buses. From the 118 lines of bus data only the shunt sus-

ceptance is read, as this contributes to the admittance
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matrix. All of the information is needed from the 179 lines
of admittance data.

The second input data file is the file built by the out-
put from the base case load flow, with a second column of
bus codes added, to indicate which buses are to be reduced,
which are to be retained, and which are boundary buses.
(Appendix B)

The output (see Appendix B) first echos the input bus
numbers, types, voltage magnitudes and angles and shunt sus-
ceptances. Then there follows the Jacobian correction matrix,
a square matrix of numbers, in this case the dimensions are
9 x 8. The final portion of output lists for each boundary
bus the bus number, the real and reactive power injected at
that bus, and the base case voltage magnitude and angle (in
radians) for the bus. The last two parts, the correction
matrix and the boundary bus data, are written to a disk file

for use by the final segment.

Distribution Load Flow

In this final segment the load flow problem is solved
for the reduced transmission system, with a distribution sys-
tem attached to one of the retained buses in place of the
original load there, and with the voltage variable condition
considered for the loads. The input is read from two disk
files. The first file (see Appendix C) is quite similar to

the input file to the base case load flow. The first line



contains exactly the same information, i.e., number of lines,
number of buses, maximum mismatch and maximum iterations.

The next four lines are coefficients used to describe the vol-
tage variability of the loads. The bus data which follows

are the same as that provided for previous segment except

that a third bus type code is added to indicate the type of
load attached.

The second input file is the one which was written to
the disk by the previous segment: the Jacobian correction
matrix and the list of power injections and voltages at the
boundary buses.

The output from the segment is the solution to the com-
bined load flow problem. It is in the same form as the sec-
ond part of the output from the first segment. It gives
the iteration number when convergence was reached and the
voltages, angles, calculated real and reactive powers and
mismatches for each bus. 2An example is provided as the

last item in Appendix C.



CHAPTER VI

TEST RESULTS

During the development of the three segments of this
load flow model many intermediate tests were made, mostly
using small sample systems, to check and verify proper be-
havior in the various processes. With one exception these
developmental tests will not be mentioned again. This chap-
ter will report on the performance tests using the IEEE 118
bus test system and two different distribution systems as
promised in Chapter II. The exception mentioned above will
be a brief presentation of an impressive test of the wvalidity

of the reduction technique.

118 Bus Test System

The IEEE 118 bus test system is shown on three pages
as Figure 11 . The buses are numbered. The arrows on the
buses indicate loads. A large circled "G" represents a
generator, and a similar "C" represents a synchronous conden-
sor. The small plus signs (+) found near some buses (see bus
24) indicate that those buses appear on more than one page and
are therefore connecting points between the pages.

Other than their basis in the 118 bus test system, the

two tests run had nothing in common. They used different
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Figure 1ll1.

IEEE 118 bus Test System
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Figure 1l.

IEEE 118 bus Test

System
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portions of the 118 bus system, and attached different dis-
tribution systems to different buses in the system. The two
tests will be described here concurrently, with differences
being pointed out as they are encountered. The concurrent
description is not meant to imply that the tests were actu-
ally run concurrently. In reality, the first test was com-
pletely finished and successful before the second was begun.

The second test was felt to be the more significant of
the two, and it was used to generate the input and output
examples of Appendices A thru C. The reasons for the choice
will be given later in this section.

The first base case load flow was run using bus 69 as
the slack bus. That bus was used because the original data
set from which the system parameters were first obtained had
specified it as the slack bus. The second base case load

flow used bus 80 as the slack bus.

The Reduced System

A load flow problem involving a reduced system is still
a load flow problem, and it must therefore employ a slack bus.
Moreover, if the results using the reduced system are expec-
ted to be the same as for the complete system, the same bus
must be used as slack bus in both cases. The portions of the
118 bus system which were preserved in the system reductions
are outlined by the dotted lines on pages 2 and 3 of figure

11 . The buses cut by the dotted lines are boundary buses.
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The buses inside are retained, and all others are eliminated.
In the first case buses 44, 49 and 69 are boundary buses
while buses 45, 46, 47 and 48 are retained. Note that bus
69, the slack bus is also a boundary bus. In the second case
buses 68, 77, 82, 92 and 100 are the boundary buses and
buses 78, 79, 80, 81, 93, 94, 95, 96, 97, 98, 99 and 116

are retained. Here the slack bus, number 80 is interior to
the retained portion. The second reduction is more complica-
ted and therefore more significant in its accomplishment
than the first, even more than is first apparent. The man-
ipulations involved in a load flow problem using a reduced
system of this type are all focused on the boundary buses.
The Jacobian correction matrix adjusts those terms of the sys-
tem Jacobian that are associated with the boundary buses,

and also the powers injected at those same buses. From the
discussion in Chapter II it is recalled that a load bus has
two equations, a voltage controlled bus has one eguation, and
a slack bus has none. Therefore each load bus on the boun-
dary contributes two to the dimension of the Jacobian cor-
rection matrix, each voltage controlled bus contributes one,
and the slack bus contributes nothing. It is seen then that
bus 44, a load bus makes two, bus 49, a non-converted voltage
controlled bus adds one, and the slack bus, 69, adds none,
and the Jacobian correction matrix is only 3 x 3. In the
second case four of the boundary buses are load buses (68,

77, 82 and 92) and the fifth is voltage controlled, so the



Jacobian matrix is 9 x 9. The latter is felt to be a much
more meaningful exercise. This portion of the system, and
slack bus 80, were selected to provide this added complexity
and therefore a more exacting test.

The intermediate test to verify the effectiveness of
the reduction technigue will now be presented. Several pages
of input and output are provided in Appendix A, which per-
tain to the base case load flow, with bus 80 as slack bus.

If the reduction technigue is a good one, then a load flow
problem run using only the reduced portion should yield
the same results as one using the entire system. This was
tried. 2all of the data having to do with eliminated buses
were removed from the input data set, leaving only that
shown in Figure 12.

The program was modified to read the Jacobian correction
matrix and the boundary bus conditions, and to adjust the
system Jacobian and calculated powers accordingly. The Ja-
cobian correction matrix and boundary bus conditions used
were those listed as output in Appendix B. The results of
the test are shown in Figure 13 . When the voltages, angles,
powers and mismatches here are compared with those for cor-
responding buses in Appendix A, it is seen that only very
small differences occur, which leads to some degree of con-

fidence in the reduction algorithm.
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The Distribution Systems

Data sets describing distribution systems in two differ-
ent small cities in Oklahoma were obtained from a local engi-
neering consulting firm. In both tests a distribution system
was attached to a bus interior to the retained portion of the
118 bus system, whose original assigned load was very nearly
that of the total load on the respective distribution system.
In the first test the distribution system of Fairview, Okla-
homa, made up of two feeders, was attached at bus 48, and
the load at bus 48 was reduced. The problem converged in
five iterations, and the results are shown in Appendix D.

The second test used eight feeders from a single substa-
tion in Altus, Oklahoma. This second test was again consid-
ered to be more meaningful for the reason that the data used
~was more accurate, especially in the area of load description.
The distribution system is shown schematically in Figure 14 .
Commercial loads are indicated by a "C", and industrial
loads by an "I". All other loads are residential. The fig-
ure is not drawn to scale, nor is it geographically correct.
It is valid for connections and load type only. The results,
in Appendix C, show that the problem was solved in five

iterations.
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Model validation

In order to be a useful computational tool. the
combined load flow model must produce correct results. A
validation test was performed to compare the output of the
new model with that obtained by conventional methods for the
same problem. The test employed a Gauss-Seidel load flow
program available at the University of Oklahoma, and a
voltage profile program from Central Area Data Processing,
St. Peters, Missouri.

In the first step of the test a load flow problem was
run on the Gauss-Seidel program using the IEEE 118 bus test
system, with bus 80 as slack bus. The program is written to
use the "per unit" system throughout, just as the combined
model does. The input conditions were:

Voltage: 1.0 per unit volts at load buses.

As specified at generator buses.
Bus Angle: 0 degrees at all buses.
Bus Power: Generation and load as specified.

This arrangement duplicated the system and conditions used
in the test of the combined model. The result of this run

was compared to output data for the base case load flow
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given in Appendix A. The voltage levels were found to be
virtually identical. The voltage at bus 97 was noted, since
it had been used as the substation bus in the combined
model.

That voltage became the starting point for the voltage
profile program. The program begins with real voltages,
loads and impedances, and converts quantities as needed
using the turns ratio of the transformers. It asks for the
substation bus voltage in terms of 120 volts. The voltage
found above for bus 97 (1.013 pu) was converted to a 120
volt base and the resulting 121.56 volts was entered for
eight separate voltage profile problems, one for each feeder
out of the substation.

The real and reactive loads found for the eight feeders
were added up and the total turned out to be significantly
greater than the load originally scheduled for bus 97. The
load flow input data consequently was altered to reflect an
increase at that bus amounting to 2000 kW and 4200 kvar. The
load flow program was run again with initial conditions the
same as the first run, except for the change at bus 97.

The voltage on bus 97 was found to have decreased to
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1.011 per unit. That was converted to 121.32 volts and
another set of voltage profiles was run.

The total real and reactive loads were found to have
changed slightly from the last set, but not enough to affect
the least significant digit in the input data for bus 97.
The process was terminated and the latest results were com-
pared to the model output in Appendix C. The comparison is
shown in the table.

The table is divided vertically into two sections; one
for the transmission portion and one for the distribution
part. Bus voltages are given in per unit, in columns headed
according to the source; i.e. 'Gauss-Seidel' and 'Combined'’
for transmission, and 'Voltage Profile' and 'Combined' for
distribution. The 'Voltage Profile' also contains a figure
in parentheses. That figure is the actual output of the
program; the total voltage drop at the node, based on 120
volts. It was converted manually to the per unit figure for
consistency. The distribution list does not include inter-
mediate nodes, but does include the last node on each feeder
and branch (See Figure 14).

The transmission figures compare very closely. The
largest discrepancy is 0.002 per unit at bus 92; a boundary
bus. In the distribution portion however, the differences
are, in general, greater. The largest is 0.0221 per unit at
bus 89.

There are at least three causes of discrepancies



Transmission Distribution
Bus Gauss-Siedel Combined Bus Voltage Profile Combined

68 1.017 1.0167 10 0.7915 (26.3) 0.8026
77 1.003 1.0032 15 0.9625 (5.82) 0.9662
78 1.000 1.0004 4 1.0075 (0.42) 1.0071
79 1.005 1.0056 21 1.0077 (0.40) 1.0071
80 1.035 1.0350 31 1.0C75 (0.42) 1.0063
8l 1.029 1.0290 105 0.9958 (1.81) 0.9945
82 0.998 0.9985 111 1.0008 (1.22) 1.0005
92 1.015 1.0130 121 0.9974 (1.63) 0.9961
93 1.005 1.0037 44 0.9858 (3.03) 0.9772
94 1.004 1.0035 46 0.9916 (2.33) 0.9861
95 0.992 0.9917 48 0.9950 (1.%92) 0.9916
96 1.000 1.0004 54 0.9973 (1.64) 0.9926
97 1.011 1.0112 63 0.9792 (3.82) 0.9730
98 1.025 1.0253 67 0.9719 (4.69) 0.9631
93 1.010 1.0100 85 0.9313 (9.57) 0.9280
100 1.030 1.0300 89 0.9436 (8.09) 0.9215
116 1.005 1.0050

VOLTAGE COMPARISON TABLE

between the solutions. First, the combined model uses vector
operations to solve for the actual voltage magnitude at each
bus. The voltage profile program multiplies the line current

by the line impedance, and uses the real part of the product
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as the voltage drop in the section. It then simply adds
these voltage drops to obtain the total drop on a feeder.
That technique would be exact only if all the bus angles
were zero degrees. That is not the case, and errors are
introduced.

The second reason has to do with the assignment of the
loads. In the combined model the loads are assigned directly
to the nodes. The voltage profile has the loads initially
assigned to line sections. For the actual calculation, how-
ever, the loads are reassigned; half the locad to each end
node of the section. Thus only half the current for the load
on a section is considered when the voltage drop is computed.

The third, and the most important difference is that
the combined model uses voltage variable loads, while in the
voltage profile, the loads are fixed. Even though the test
was begun with identical input data, the final loads in the
two problems were somewhat different, and without the same
loads we can't expect the same voltages.

The comparison of the transmission results instills
complete confidence in that portion of the model. Considering
the three factors discussed above, the distribution data
still tracks rather well with a maximum discrepancy of only
2.2%, and the differences result from the superior perform-
ance of the combined model. The model must be considered

to be valid.
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A second test was performed to clarify further the
accuracy of the combined model. This test examined the
behavior of the model as the loads on the distribution part
were decreased below the original levels. Seven additional
runs were made on the combined model, as the loads were
varied in 10% increments, from 90% to 30% of the original.
The table shows the results for five of the test runs, and
for the original run. The buses included in the table are the
same ones used in the previous table, which showed the wvalid-
ity of the model. They are the buses at the ends of the feed-
ers and taps, and are therefore the ones of most interest in
the problem. Bus 97, the substation bus is also shown.

The results are entirely consistent with expectations.
Figure 15 is a graph of three representative buses, and it
portrays clearly how the bus voltages increase as the loads
decrease. The increases for the different increments at a
given bus are similar, but not identical. This expected
non-linearity is just barely discernible in the figure.

The test shows that the combined model performs well at
all load levels that it would be likely to be called upon to
examine.

Perusal of the table will reveal some of the utility of
the model. In a distribution system, the voltage should be
kept within 5% of nominal; i.e., between .95 and 1.05 per
unit. Bus 10 fails that criterion for loads above 30% of the

planned level. Some redesign of the feeder is definitely
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BUS
97
10
15

21
31
105
111
121
44
46
48
54
63
67
85
89

100%
1.0112
0.8026
0.9662
1.0071
1.0071
1.0069
0.9945
1.0005
0.9961
0.9772
0.9861
0.9916
0.9926
0.9730
0.9631
0.9280

0.9215

80%
1.0128
0.8474
0.9767
1.0095
1.0095
1.0093
0.9995

-1.0043

1.0008
0.9855
0.9926
0.9971
0.9981
0.9821
0.9741
0.9454

0.9397

LOAD LEVEL

60%
1.0144
0.8900
0.9871
1.0119
1.0119
1.0118
1.0045
1.0081
1.0054
0.9940
0.9992
1.0026
1.0036
0.9913
0.9855
0.9633

0.9589

50%
1.0153
0.9105
0.9922
1.0131
1.0132
1.0131
1.0069
1.0099
1.0077
0.9983
1.0025
1.0054
1.0062
0.9960
0.9913
0.9723

0.9687

EFFECTS OF CHANGING
INPUT LOAD LEVELS

40%
1.0161
0.9312
0.9975
1.0144
1.0144
1.0143
1.0094
1.0118
1.0101
1.0025
1.0058
1.0082
1.0089
1.0008
0.9971
0.9814

0.9787

30%
1.0169
0.9523
1.0028
1.0156
1.0156
1.0156
1.0119
1.0137
1.0124
1.0067
1.0092
1.0108
1.0116
1.0054
1.0028
0.9%07

0.9887

in order. Buses 85 and 89 have problems at loads above 60%.

All of the remaining buses will perform satisfactorily in

their present configuration.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

In the past, the transmission system load flow problem
and the distribution system voltage profile problem have been
addressed separately. The results of this research, as des-
cribed in the previous chapter show that this separation
need not be maintained; that the two problems may be treated
as one. This unique approach is itself a significant con-
tribution to knowledge in the field of power system problems,
and has been the major goal of this thesis. Its attainment
has been embellished by the completion of the two subtasks
described in Chapter I, and in the following.

The combining of the two load flow problems was made
feasible by the inclusion of the "linearized reduction" tech-
nigue to eliminate from consideration large portions of the
transmission system remote from the distribution system of
interest. The reduction technique had been used in the past
to investigate contingencies within the transmission system.
The innovation in the present work; i.e., attaching a distri-
bution system to a retained bus, considerably extends the
utility of the reduction technique and is a further contri-

bution to knowledge in this area.
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The final unique feature in this research is the incor-
poration into the distribution system of a load representa-
tion different from that commonly used in the past. Neither
the constant KVA load used in transmission load flow problems
nor the constant impedance load used in distribution voltage
profile problems can accurately model the behavior of real
loads. The voltage-variable load representations as used in
this present work are designed to pattern actual loads of
different types and will therefore yield more meaningful
results. This closer approximation of reality is still ano-
ther contribution to knowledge afforded by this thesis.

The overall effect is the removal of the artificial
barrier which has existed between the transmission and dis-
tribution load flow problems, which will ease the total task
in addressing power system guestions. A contingency or a load
alteration on the distribution system may now be examined
directly for its effect on both the transmission and the
distribution systems. One need simply to change the input
data and run the model, and the complete results are avail-
able. This is in sharp contrast to the previous need to ana-
lyze the systems separately, with their differing load models
and solution algorithms, and the possible need for iteration
back and forth as the solution in one system effected the
conditions in the other. This simplification should have a

considerable impact within the discipline.
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Recommendations

As pointed out in Chapter IV, the thrust of this research
has been to prove a concept, not to produce a production grade
computer model. Now that the validity has been shown, refine-
ments may be added to improve the utility of the model. Three
relatively simple refinements are: 1) Add routines to data to
per unit, so that entries may be made in raw form. 2) Provide
voltage and current limits, and add routines that will flag
busses and lines where those limits are exceeded. 3) Develop
routines to emulate the action of voltage regulators and tap
changing transformers.

The most significant refinement would be the incorpora-
tion of sparse matrix techniques (13) in the storage of the
admittance and Jacobian matrices, and in the reduction algo-
rithm used in the "solve" subroutine. This could increase the
capability of the model considerably. In the admittance and
the Jacobian matrices a large percentage of the elements are
zero, and that percentage increases with problem size. With
sparse matrix technigques only the non-zero terms are stored,
thus saving large ammounts of storage space. An index file
must be built to keep track of the non-zero terms, but the
storage space needed by the index is far outweighed by the
amount of space saved. For large systems, the capability may

be improved by a factor as large as 100. (13)
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APPENDIX A

This appendix contains the FORTRAN source listing, in-
put data set and output list for the second test of the
basic load flow segment of the program. The input is read
from a single disk file, structured as follows:

The first line in the file is

179 118 1.0E-03 20
(a) (B) (C) (D)
where

(2) indicates the number of lines in the system
{B) indicates the number of buses
(C) is the maximum power mismatch permitted

(D) is the maximum number of iterations allowed.

Then follow 118 lines of bus data, with all quantities in per
unit, such as
31 1 0.967 0.0 0.430 0.270 0.070 0.0 -3000 3.000 0.0

a2y ® (© O () (F) (¢) - (H) (1) (7 (R

where
(A) 1is the bus number
(B) is the bus type (0 for load bus, 1 for voltage con-

trolled bus, 2 for slack bus)
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(D)
(E)
(F)
(G)
(#)
(1)
J)
(X)

is
at
is
is
is
is
is
is
is
is

bu

the
the
the
the
the

the

the
the
the

s.

89

initial guess or specified voltage magnitude
bus.

initial voltage angle at the bus

real load

reactive load

real power generated at the bus

reactive power generated at the bus, if fixed
reactive power lower limit if wvariable
reactive power upper limit if variable

value of shunt capacitance attached at the

The last section of input consists of 179 lines of admittance

data in per unit, as for example

15
(A)
where
(2)
(B)
(C)
(D)
(E)

17
(8)

is
is
is

is

6.33419 -20.97000 0.04440

) (D) (E)

the
the
the

the

"from" bus number
"to" bus number
conductance of the line

susceptance of the line

is an added susceptance to account for line chang-

ing current.

The output list is self-explanatory.



NADNN

anp

onn non

non

20

392

[ 3

at

a2

90

NEWTI118UFCRTe NOV 16, '79a
120 8US SYSTSM, SMALL SOLVE ROUTINZs NC *X* VECTOR.
WRITES SCLUTION ON TUBE 10e.

COMPLEX WwYE (120+120) V(1203 oCUF(120)+>(120)+5(120)CCNIGa+Y
DIMENSION Y (2012001203450 20 120)e2YE(20120)+°82(2+120)+P0(2.120)
ODIMENSICN DP(120)65Q(120)¢ ITYPE(120)eVEE(120)9sANG(IZ20)eYSH(120)
DIMENSION GME(120) oSMV{120) ¢GMVUIN(I20) +GMVMAX(120)e4K(240)
SQUIVALENCE (WYS(1+1)eY (202 e1))e(V(1)eT(1e2))e(CUR(L)LAYZ(1,1))
EQUIVALINCE (P(1)«PWR(1+1))2(5(1)ePCC14+1))

REAL JAKE(2400231)LMW(120)eLMV(12D)

DATA Y/28800%0.0/

READ PARAMETERS AND INITIALIZE

FEAD(Se 202INAODMNBUS+EPSe 1 THMAX
ITER=0
NH=NDBUS~1

RZAD 8US DATA

DC 35 I=1.NBUS

READ (S54201) IBUSITYPE(I) oVEE(I)e ANG(Ido LM I) ol MV(I)®
I1GMU(I)eGAVITIIoGMVMIN(I) +GMVMAXCI) o YSH(T)
ANG(I)=ANG(I)9%3,18159/180.,0

EC1+I)=VEE(I)®COS(ANG(I))

EC2,I)=VEE(I)ISSINIANSGC(]))

PQ(l.,1)=GMW(I)-LMw(I)

PC(2+1)=GMV(1)=tMV(])

YC(2e1e1)=Y(2e1s1)eYSH(I)

BUILD ADMITTANCE MATRIX

D0 20 I=1eNADM

READ (5+220) IFR+ITOeWHYCHG

SYZ(IFR ITO)==wHY

BYE{ITO+1FR )==wnyY
Y{2+IFRWIFRISY (2 oIFRe IFR I+ (CHG/ 240)
YC(2+ITCeITOI=SY(2eITOLITC)+(CHG/240)
DC 30 I=1.N8US

DC 20 J=1.NBUS

IFCINEeJd) WYE(ISII=WYELIoI I=wYS(I )
GC TO 4a

CCRRECT VOLTAGE ANGLE AND MAGNITUDE VECTCRS

DO 41 I=1eNH

K=JK{I)

ANG({K)=ANG(K) +JAKELT «NJIP)
DT &2 I=NBUS.NJAC
K=JK{I=~NH)
VEE(K)I=VIET(KI®(1s0+JAKE(T «NJIP))
DC a3 1I=1.N2US
EC(1+I)=VEZ(1)*COSCANG(I))
E(2+1)=VES(I)®SINCANG(I))
PO(1I)=GMW(I)~LMN(I)
PQL2¢1)=GMV(I)=LMV(I)

Source Listing - Load Flow



nan

nhON

[aNa Ny

44

as

s2

So

56

se

Sae

€1

62
60

CALCULATE CURRENTS AND PCWERS

20 45 I=1.NBUS

DP(1)=0.0

DQ(1)=0.0

CUR(1)=0.0

ICHK=0

OC SO0 I=1,NBUS

IF (ITYPE(!).EQe2) GO TO SO
DT 52 J=1..NBUS
CUR(II=CUR(I)+WYE(I+sJ)oV(J)
P(1)=V(I)®CCNIGICUR(I))
DP(1)1=PQ(1+1)=PWR(1e1)

1F (A3S(DP(1))eGTEPS) ICHK=1

IF (ITYPE(I)eNE.O) G0 TD S0
DQ(1)1=PQ(2,1)=PaR(2,1)

IF (ABS(DQ(I})eGTeEPS) ICHK=1

CONTINUE
IF (ITERGE.ITMAX) 30 TO 110

IF(ICHKEQel sANDOITERSGTS0) GO TO 75

IF(ICHK .EQ.1) GO TD Sa&

CO Sa I=1.N2US

IF (ITYPE(1)eEQe2) GC TCO Sa
GVARSPWR(2.1)¢LMV(])

IF(ITYPE(I)eZQel eANDeGVAR LT «GMVMIN(I)) GO TO 56
IF(ITYPE(TI)eEQ el sANDoGVAR e GT 4GMVMAX(I)) GO TO S8

GC TO Sa
GMV(I)=GMVMINCI)

GC TO S9
GMV(1)=GMVMAX(I)
ITYPE(1)=0

ICHK=1

PQ(2 ¢I3=GMV(I)~-L MV (1)
DQ{I)=PQ(2.1)=PwF(2.1)
WRITE (64205) ITER.I1.GMV (1)
CONTINUE

IF (ICHKWEQe0) GO TO 110

CCUNT JACCBIAN

NLD=0

NVC=0

DO €0 I=1.NBUS
J=ITYPE(I) =)
IF (J) 61.€2,€60
NLD=NLD+1

GGC TC 690
NVC=NVCe)
CONTINUE
NJAC=2NLD+NVC
NJIP=NJAC+]

REQRCZR ZUSSES
X=9

L=NLD
DO 70 I=1.NBUS

Source Listing - Load Flow
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[a g N4

non

71

72

70
7S

8s

80

S0

100

105

110

L rd

200
201

202

J=ITYPE(TI)~1

IF (J) 71¢72470
K=K+l

JK(K)I=1

GC TO 70

L=Le2

JK(L)=1

CONT INUE
ITER=1TERs1

BUILD JACOBIAN

DO B0 I=1eNH

K=JK(1)

OD 80 J=1eNH

M=JxK{J)

IF (KeEQeM) G3 TC 85

AZE(L1oM)IBY(1oK oM )=E(2:MIBY(2eKoM)

BE(2 oMIFBY (1 oK oMIFE(L oMIEY (2oKoM)
JAKE(I+JIZ{ABE(2,K))=(B*E(]1,.,K))

IF (T4LENLDeAND cJ oL EeNLD ) JAKE( I¢NHe JENHISJAKE(I4J)
GO TC 80

JAKZEC 10 J)==PUR(2eK)I={Y( 24K ¢XIBYZE(K) ZmVEE(K))

IF C(TeLCeNLDeAND e JoLEGNLD) JAKE({ I¢NHo JENHITIAKE( I J)+2.3PWR( 24K)

CONTINUE

DC 90 I=1eNH

K=JK(1)

DC 90 J=NBUSNJAC

M=JIKC I=NH)

IF (K+EQ.M) GG TC 65

AT (1oMIBY (1oKoM)=E(2.MIBY (2K M)

B=E(2 e M)2Y(1 Ko M)+E(I1oMIBY (2eKoM)

JAKECT ¢ J)=(ASE( 1 4K) )+ (B2E(2.K))

JAKEC I +htgJ=NMI==JAXE(SeJ}

GO TC S0

JAKE( T¢I I=PUR(1 4RI+ (YI1eXK s KIXVEE (K ) BVEE(K))
JAKE(J+1)=PUR(1 oK} =(Y(1eXK.KISVEZ(K)EVEE(K))
CONTINUE

BUILD AUGMENT VECTOR

DO 100 I=1.NH

K=JxK(1)

SAKE{ IoNJP)I=DP(K)

DO 105 I=NBUSNJAC

K=JK{ I=NM)

JAKZ( 1eNJP)I=DQ(K)

CALL SOLVE (NJAC JJAKE)

GO TO 40 ’

WRITE (6+203) ITER

DO &7 I=1.NBUS

ARC=ANG(1)%120.0/3.,14159

ARITE (10208) I+ITYPES(I)eVEE(I) ARC.P(1),DP(1)sD20Q(1)
WEITE (6+2048) leITYPE(I)VEE(I)+ARCeP(1)eDP(TI)D3(])
STCP

FORMAT (21543F10.5)

FCRMAT (2I4+5F8e5)

FORMAT (215¢10Xe£1044¢15)

Source Listing - Load Flow

92



203 FCRMAT (/1Xe®*ITERATICON NUMBER®+147/aXs *BUS*¢5Xe *BUSY ¢ 5Xe*BUS*,5X
10°BUS*410Xe *PONER® ¢11Xe*MISNMATCH /72X ¢ NUMBEPS (3X,*TYPE?,
23X e ?VOLT AGE * 02X e *ANGLE 9 QX+ 2(*REAL *¢ 3Xe *REACTIVE® ,3X))

208 FORMAT (1XeISelB8e3XsFB8e0eFB843+4FSe5)

205 FORMAT (1Xe *FOR ITERATION NUMBER *el3.' BUS'.I4,° CHANGED TO *,
1 °LOAD BUSe VAR DELIVERY SET AT *.FSe5)

END

SUBFOUTINE SOLVE (NeA)
DIMENSION A(2430+241)
MAX=N+1
DO 12 K=1eN
KP=MAX+1 =K
DO 10 J=1.KP
JP=MAX+L =
10 A(KJIP)ISA(KeIPI/A(KLK)
OC 12 I=1.N
IF (I1+42QeK) GC TC 12
DG 12 Jx=1.KP
JP=mMAX+1=Y
AlIeJPI=A(IeJP)I=A(IeX)ZA(K 4JP)
12 CONTINUE
RETURN
ZND

Source Listing - Load Flow
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™
o
<

VOB NV WNS-.

118 1.0E=03 20

3 0. 955 0.0 045190 Q0270 Jed C.0 =0050 0.1%50 0.0

) 1.000 0.0 0« 200 0«00 0.0 040 0.0 0.0 Qo0

] 1.000 0.0 042990 00100 0.0 0«0 Oe 0 0.0 Q0

1 Qe 998 0D 0300 Qe120 =0.090 00 =3.000 3.000 Ce O

] 1.015 0.0 0.0 Qed - 2% 0.0 2.0 0.0 «=DesD0
b3 Je 950 0.0 J+520 0.220 0.0 Qa0 =%.130 0500 0.0

0 1000 0.0 0.190 0020 0.3 0.0 Qe 0.0 [- 2%

1 1015 Q.0 0.0 0.0 ~0.230 0«0 -2+ 000 34000 0.0

] 1. 000 00 Oe0 0ed Ce0 040 0.0 0.0 0.0

1 1.025 0.0 0.0 0.0 4.500 0.0 =1.470 2.000 0«0

] 1. 000 0.0 J.700 04230 0.0 0.0 2.0 0.2 Ge0

) 1. 000 0s0 Cea?0 Qe 100 0. 850 0.0 =0350 1.200 0ed

-] 1000 00 0340 G.1560 0.0 [-2X ] 0.0 0.0 0e0

] ie 832 2% O.140 0010 0.0 00 0.0 0.0 CeO

b3 0.970 0.0 0900 0.300 0.0 0.0 =0e100 04300 0.0

[} 1000 Q.0 0.250 0.200 - 2%-] 040 Ded 0.0 0.0

[} 100008 Oe 0 O.110 04030 0.9 0.0 0.0 0.0 0.0

1 0e573 0.0 0.600 C«360 Ge O Cel =0.160 0.500 0e0

3 Oe 962 0.0 O.450 0250 0.0 0.0 =0«030 0e240 0.0

0 1.000 0.0 0.180 0.030 Q.0 Q.0 0.0 Q.0 Q.0

-] 1000 0.0 O.140 0.080 0ed 0.0 0.0 Oe0 0«0

] 1.000 0.0 0.100 0050 Q.0 Q40 0.0 0.0 0.0

) 1,000 00 0.070 0.030 - 28] 0.0 0.0 0.0 Ded

1 Oe 992 0«0 0.0 0.0 =013 0ed =3+000 3.000 - 2%

1 1.020 Q.0 0.0 0.0 20200 0.0 -~0s470 1400 Q.0

1 1035 Oe0 0.0 040 3e140 (2% =10090 10.000 - 2%

1 Ce 968 Qe O 0.620 0el130 <=0.090 0.0 «J«000 3.000 0.0

[} 1000 0.0 0.170 04070 0.0 0.0 0.0 Ce0 0s0

-] 1.009 0.0 0.240 0eda0 0.0 G0 - X%-4 Q.0 Ce 0

] 1.000 0.0 0.0 0.0 0.9 0.0 00 00 0.0

3 0e 967 0.0 0.430 0270 0070 0.0 ~3.000 3300 Qe

3 Ce 963 0.0 0.590 0230 0«0 0.0 ~0e.140 Q.420 0.0

-] 1.000 0.0 0.230 0.0%0 0.2 Ced 0e0 Q.0 0.0

1 Oe 984 0.0 0530 0e2060 0.0 Q0 ~0+080 0.240 0s140
(] 1.000 0.0 0. 330 0060 0.0 0.0 0.0 040 0.0

1 0.980 G0 0.310 Qe170 Oed 0.0 ~0e030 Da240 0.0

[} 1. 000 0.0 0.0 0.0 0«0 0.0 dd 0.0 =0e252
o 1.000 - %} 0.0 0.0 0s 0 Qo0 0+ 0 De0 Qe0

-] 1200 0.0 0.270 00110 0 040 Je0 D0 0.0

1 Ce 970 0.0 0.200 0e230 =0.460 0.0 ~3.000 3.000 0.0

-] 1.000 0.0 0.370 0+100 - 2% 0.0 Oed 0.0 [- 2]

i 0. 585 0.0 0370 0e230 =04590 0.0 ~3.000 3.000 0.0

-] 1.000 0.0 0.180 0e370 0.0 Ce0 Oe0 0.0 0.0

] 1000 0.0 0160 0«080 0.0 0.0 0ed 0.0 0120
] 1.000 De0 0.530 0.220 0.0 0.0 D0 0.0 0.100
1 1.035%5 00 0.280 0130 0190 0.0 ~1900 1000 2.100
[} 1+ 300 0.0 Qo3240 0e0 00 0.0 Oed 0.0 0.0

[+] 1.000 08 00292 Oe110 0.0 0.0 0.0 0.0 0159
1 1035 0.0 Q.870 0300 20040 G0 ~0e850 24100 Oe0

] 1.000 0.0 0.170 0« 040 Ged 0.0 00 0.0 040

-] 1000 0.0 0e170 0.080 Qe0 Q.0 Ce0O Q.0 0.0

o 1. 200 0e0 Q.180 04052 0.0 Je0 0«0 0.0 0e0

© 1.009 00 0e230 00110 0e 2.0 Oe0 0.0 0«

b} 1.000 Oed 1130 04320 Je 480 Q.0 -34000 3e000 Ce 0

1 1.000 0.0 0. 630 0e 220 0.9 0.0 -D0e030 0220 00

1 1.000 Q0 D.840 De180 Ded 0ed =-0.380 0.150 Q.0

0o 1000 Oe 0 0.129 04230 Oe d 0.0 Qe 0e0 0ed

[ 1,200 Q.0 0.120 94330 Ce 0 Q.0 Je0 9.0 [-2%]

1 1035 Q0.0 2770 1139 1550 0.0 ~0e600 1800 Ca0

o 1.000 Oed Qe 730 0,930 00 0.0 Oe0 2.0 0.0

1 1+035 0.0 0.0 O 1500 0.0 =-14200 3.900 0.0

Input Data



oc
63

65
66
67
68
€9
70
72
T2
73
Ta
5
76
77

79
80
a1
82
83
-2
8s
86
87
88
89
90
91
92
o3
-1 3

96

<7

o8

99
100
101
102
103
104
10S
106
107
108
108
110
11
1312
113
114

116
117
118

AV S P LUN -~

OO QO MM MHODOHOMNLEOOMMOOODOOOHMMMNOMOMOOOONOOMMOMMWMMDMECOOMMNmODO-

le <V Ve U Vel?V
1000 0.0 0.0
1000 0.0 0.0
1. 035 0.0 2.0
1035 0.0 0390
1900 0e O 0.280
1000 0.0 0.0
1035 0.0 0.0
OeGSa 0.0 0660
1000 0.0 0.0
C. 980 0.0 0.0
0961 0.0 0.0
0.989 00 0.€80
1000 0.0 0.a70
0.982 0.0 0.680
1. 006 0.0 Oe010
1000 0.0 Qe?10
1002 0.0 03950
1025 0.0 1300
1.0C2 0.0 0«0
1. 000 0.0 0.540
1000 0.0 04200
1+000 040 00110
1.015 0.0 0e240
1.000 0.0 0.210
1« 015 0.0 0.0
1000 0.0 Oe.a80
1.035 0.0 0.0
Oe 885 - 2% 0780
0.980 0.0 0.0
le 020 0.0 04650
1.000 0.0 02120
1000 Q0.0 04300
1000 0.0 Q¢ 420
1.000 0.0 04380
1000 0.0 0150
1000 0.0 Oe340
1.010 0.0 0.0
1030 [-I%-] 0e 270
1.000 0.0 00220
1. 000 0.0 04050
1.015 0.0 0.230
0. 9890 Q.0 0380
C. 980 0.0 0e310
1.000 0.0 0.430
Qe 952 - 2% 0.280
1.000 OO0 04020
1900 0.0 0.082
Ce 990 0.0 0390
1.0325 0.0 0.0
Ce $75 - 21 ] 0e250
0993 0.0 0.0
1.000 0.0 0080
1. 000 0e0 Qe 220
1.005 0.0 Ced
1. 200 Oe0 Q4200
1.000 0.0 0. 330
2478030 ~9,16€78

€e 56766 =21.58673

4.51227 =14,86397
1.9¢818 =8,82007
1473212 =%,72603

4.,04236 ~13.3066%1
260 76574~118.57678
3+89193 ~17.6608a
=37.45317

0.0

- manaa

e= crme

Veitav
0.0
Ded
0.0
Oel180
0.070
0.0
00
0e200
OO0
0.0
0«0
04270
0.110
0«260
Oe280
0260
0320
Qe 260
0.0
0270
04100
0070
O0e150
0100
00
0100
0.0
0.420
00
0+100
0.070
Q0e160
04319
0.150
04090
0.080
0.0
Oe 180
GelSO
0.030
0e160
0250
0e260
0.160
0.120
0010
0930
0300
0«0
Oe130
0.0
0030
0070
8.0
0280
0.150
0.02540
J« 01030
0.01560
0.02%40
0. 04360
0.01740
0.00200
0.01420
0.3

- mewan

Veu
0.0
0ed
3.910
3920
0ed
0.0
Sel
0.0
0.0
=-0.120
=0 060
049
C.0
0.0
0.0
8.0
Qe
4,770
0.0
0.0
0.0
00
0.0
0.0
0.0
Qe O
64979
-0+ 950
=0.100
0e0
Qe
00
0.0
Oe
X%
0.0
=0.420
20520
0.0
0.0
J. 400
8ed
Qs0
0.0
-0.220
0.0
0.3
00
0,260
=~0e4430
=0e000
0e2
2.0
=1+230
0ed
0.0

Input Data

Vel
0.0
Qe0
0.0
0e0
0.0
0.3
040
0.0
00
040
Q.0
0.0
0.0
Qa0
00
8.0
00
0.0
Ce0
0.0
0.0
0.0
0.0
- Y]
0.0
0.0
- Y. ]
0.0
0.0
00
0.0
0a0
0.0
040
00
00
Qe
0.0
00
0.0
Gl
00
- 2]
00
040
00
0.0
0.0
Ce0
00
Q40
00
0.0
0.0
0.0
0.0

Qe V0
042
Qed

=0.670

~0e€70
00
0.0
~Qet70Q
=0.100
0.0
=1+000

-1.000

=262
0.0

-0.080

=0+200
0.0
Ded

=1.650
0.0
0.0
0.0
Qed

-0.080
Q.0

=1.000
0.0

=-2¢100
=3.000
=1«000
=0.020
0.0
0.0
0.0
0e 0
0e0
0.0
=1+000
=0.500
CeC
0.0
=0+150
=-0.9080

-0.080
0e0

=~24000
Q0
Q.0

=0.080
=1.000
=1.000
=1.000
Oed
0.0
=10e200
Qa0
J.0

0200
0.0

[- %]
24000
2.000
0.0
0.0
2.02%0
Q.32
- 2]
1.000
1.000
0.090
O.0
0.220
G700
0.2
0.0
2.800
0.0
Ce0
0.0
0.0
0.230
0.0
10.000
0.0
3.000
3.090
1.000
D090
0.0
0.0
0.0

- 28]
0.0
0.0
1000
1550
0.0
0.0
0.400
04230
0.220
Q.0
2.000
0.0
0.2
0.230
10000
10.000
2.000
0.0
0.0
10.090
0.0
0.0

Ce0
00
0.0
00
0.0
Ce0
0.0
0.0
0.0
0.0
0e0
0.0 -
0120
0.0
0.9
0.0
040
0e230
0.0
0
0202
0.100
0e0
0.0
0.0
0e0
0.0
0.0
0.0
0e0
0.0
00
0«0
0.0
0.0
0.0
Qe
J.0
060
0e2
0.0
0.2
0.0
0200
0.0
Ce 060
0.0
0.0
0.0060
Ced
Ca0
0.0
CeO
0.0
0.0

0.0



SovwICL
9.93619
6e 99209
1.68057
256408
2046137
14,08216
3. 80369
2486293
159072
393720
1.13694
1.43148
6033415
727297
2424595
131608
920289
4 55296
0.0
1.7768S
40 24663
17582¢
112804
2042€12
2412273
129297
2+21€94
Se18654
26342213
056848
le1961S
0.0
115200
1.95%21
3.67892
2.347323
2.48258
2450633
8490505
1e5661a
281290
1.36€93
3.43713
1.89€17
10.95818
2733288
1.37835
2020570
4024532
0e2
2461690
1.86828
0.918£0§
4.60137
56 €1593
151767
205568
1e31€0%
0495122
2.5%868
2.0012¢€¢
174158
2. 16241
1.52758
4.47196

> mmem=

b Il A-3 XV
-45.92726
=-27.64316
=16. 656789
-22.58513
=30.8%474
~86.70142
=12.52475
=11e26267
=6e 76904
=12.94657
=30 74463
8069142
«20.97000
=-22.22621
~-Te35252
-5.22072
=30.44032
-18,69302
-2%,77319
-5.85910
-19,20533
-8.160206
-3.70515
=1125562
-6.05191
-6.01120
-8.06251
-18.90208
-12.04210
-2.28855
-4,80422
-26417801
«5.91003
-1153062
-12.1261€
=12.86509
-11.13998
-GePTAAT
-2730460
=18,38509
-9¢30097
~4e51159
-15.52168
=€.488%9
=23. 75613
~98. 82259
-5.61020
-93.68112
~15.18111
=2Ce L0666
=B.54149
-5429292
=10.05819
=-15.12950
-12.86177
~5.00421
-t e78188
-5.,91855
-2,83%31
=10.45272
=Ce 78429
-84473589
=7.22700
-4,80512
-14.63338

veviiny
000540
0.02860
O.51400
116229
123000
000500
0.01380
O« 022140
0.02580
0.01820
0. 06260
0.05020
Qe 04440
0.01000
0.03200
Oe 04060
0.00760
0.01280
0.0

0.04000
0.01140
0 02980
0.06320
0. 02160
0.02460
004040
Oe11720
0« 04980
0.080640
0+10200
0.04380
Ce0

0+17640
0.90800
0. 031520
0.01980
0. 02160
0.02280
0. 00820
0.42200
0.02500
0.05180
0.01620
003860
0. 00560
000980
0.04220
0.00260
001320
0.0

0.02700
J.04200
1. 04800
0.0Q1540
0.01220
004660
De03440
0. 17200
00060
0.02240
0.02220
0ed444a0
002160
0.04720
001400

Input Data
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118
k&4
78
80
82

-1.]
96
ST
98
s9

G6
a3
ea
es
as
es

~a

LtevWilc

—se &PIDL

623550 =17.59177
4019288 ~-11.20917
2429596 =-6.48238
4.11370 =20.5$7987
0.85892 =2,82520
1.76036 =~6.41237
2.34€21 =€.632706
Se.24611 —-1%.15%263
4.38155 =12,35425
1:42744 ~5,7¢203
1.68853 =7,83272
3019828 =13.37977
27.£ 8096 =97,3959%
091274 <=4.,1608¢
15411969 «60.14740
0.96512 =~4.42150
3026416 =~9.19296
2.26416 =5,19208
2453480 =7.47202
143895 «~€.58197
139125 =6,26245
13.7558G =71,42482
3.72896 =17.00772
$e53680 =2%,3082a
0.0 =37e313a3
0 96L9S ~=4,373286
1.79733 ~=2.15068
4,21952 ~49.,64137
0.0 =235.90672
2.93692 =32.85001
S.42720 ~62.02512
0.0 -27.02702
2.07331 =9.39a867
Ce © =-27.02702
4013896 —45.156812
18.64508~248.,601€2
2+4509¢ ~7.38309
2.76588 =9,05258
176170 ~7.45787
6.5TES0 =2€.52827
295823 ~€.92261
197118 ~6.46385
1+29€92 =5.23421
4.07141 =21,24623
6.82406€ =22,55S5s
S.7a517 =1%.05011
127933 =4,.358781
S5.08006 -16.25036
20.2702¢€ <«6,7367¢
2209615 ~T74.05199
B+90905 =27.30460
3.55011 =10.4481s
8. 64008 ~35,07002
300028 =13.52972
1.02%18 =-%5,29203
2.,02021 =10.31082
1.9459€¢ =0.83043
1.02029 =4.5625S51
0.0 -27.02702
Se27440 =17.25575
TOAS0E =24,.58264
2493011 =€.18840
131030 =6423079
6001491 =12.,7€676
2414015 =7,52110
o ~ces = - commm

Veviiuy
0401260
001860
0032420
0eda9860
O« 08280
Del1a0680
003320
0. 01400
001780
0.04040
0.02100
002020
000720
0. 08940
04003830
Q. 05040
O0e«02020
002820
0+11040
003760
Ce 02880
0s01860
Oe0l1060
0. 00680
Q0

0.05780
0.02100
02100
Oe0

028000
0+£3800
0.0

002680
0.0

0.80300
De1€400
0s12400
0.10380
012230
0. 00860
0402350
0403600
O0.064440
Q0.01130
001020
0.01180
0.04580
001360
0.02680
0.01260
007009
O.08130
000640
0.018¢0
DeCa940
0402540
0.02860
Qs 056060
00

0.,05440
0.02800
0.02580
Q.02430
0.01220
Q002702

Input Data

S7



88
89
89
S0
91
92
9
92
s$2
93
Se

Se
95
9%
o8

100
100
100
100
102
103
103
103
i10e
105
105
108
106
108

110
110
11a

a7
e9
90
s2
®1
s2
93
Sa
100
102
k-2 3
sS
$6
100
96
$7
100
103
101
103
104
106
102
1310
104
105
105
106
1€7
108
107
106
ito0
111
112
115

400044 2
0.78260
Ce 64266
264125
3430043
Se.26442¢
332717
2.18622
2.28283
1.7¢335
Oe71 034
3.75446
3. 80827
681462
3.25067
4.8358%
S.20627
2.12752
14318095
245902
165930
S5¢31164
1493322
1.078431
1.8708s
1e13¢€68
1.70933
1.82790
648293
439136
1.46014
4.04140
1046014
11.17290
4022539
3.55742
Se24852
20.27326

-ve anuwd
=5.67210
-4,73408

=13.52930

-1 4.,40698

-25.22554

=10.95084s
~7195S8

=310.7$337
-5479230
-3.23380
=17.06297

-12,50101

=214060a8

=10.5012e

-15.75728

=16.65298

-10.8825S
=Sa32487

-11.72536
=T.55972

-17.42882
—-8e 67354
-8.08151
-8.5176¢
=5.27058
-5.81026
=5.55204

-240 75684

«17.15759
=S« 08160

~12.50156
~5.041€0

-20.6408]

-11.58182

=312420843

=13.59941

-91.67038

Veuvcrow
004700
O 080480
0.01520
Dde15880
005620
Oe02140
0«03260
0.02180
004060
0.07720
0«J1460
0.01380
0.01100
0422302
0« 06040
0.01480
002400
004760
0.02160
0e 03280
0405360
0.05400
0.0€200
Ce.92940
Oe 04600
004060
0+04080
0. 00680
De01440
0.04720
0.01840
0.04720
000760
0402020
002000
0406200
000289

Input Data
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NIMEER 12
NUMEER 12
NUMBER 12
NUMOZR 12
NUMBER 12
NUMESER 12
NUMBER 12
NUMBER 12
NIMEER 12
NUMEER 12
NUMSER 12
NUMBER 12

BuUS
VOLTAGE
De9557
Ce 9745
0.5682
0.99890
Oe S99
09900
8.9910
1.0150
1.0351
1. 0350
0e3874
0.9%45
Q.S701
Je9869
D.5700
09862
069922
0.5730
09629
Be9554
09542
Qe 5626
0.$507
Ce$920
1.0200
10350
0eS680
05616
0e9632
1014
Ce9670
09620
05685
049340
De 7SS
0.9800
09877
10058
0.5688
05700
0.56¢8
049850
QeGea1
19013
10062

FOR ITEFATION
FCR ITEFATION
FOR ITERATION
FCR ITERATICN
FOR I TERATICN
FCR ITCRATION
FCR ITERATION
FOR I1TERATION
FOR ITERATION
FOR ITERATION
FCR ITERATION
FCR ITERATION
ITERATICN NUMBER 16

BuUS 8us
NUMBER TY?E
b ke

2 o

3 [}

LS 1

S -]

6 b

k4 -]

8 1

® -]

10 1

12 -]

12 °

13 -]
1s S
15 1

16 -]
17 (]

18 1
19 ]
20 (-]

22 [
22 ]
23 ]
26 1
25 1
26 1
27 1
28 ]
29 <}
30 ]

31 1
32 1

33 ]
3a 1
35 ]
36 1
37 0
a8 o
39 o
40 1

a1 ]

»2 1

43 -}

as -]
5 -]

sus
8us
6US
ous
Bus
BuUS

8sus
EUS
aus
eus
Bus

12
15
&2
70
74
TE
77
92
103
104
110

eus
ANGLZ
-16952
~16.455
=16.065
=120331
~11.848
-14.633
=1%105
~-6.715
0.628
8.410
=14.957
=-1%5.512
-16e327
=-16.225
~16.523
=3154796
=13.953
=-16.224
=16.715
-15.,855
~14e3a1

-11le

a1l

~6.858
=711 0

Oe

231

24087
-1247212
-14.387
=~15e326

-8, 763
=15.150
=12.,200
-17.123
=16.487
=-16.933
=16e940
-15.982
-10.719
-19e443
=-20.558
-21.011
19,334

~16,

643

-14.359

=12

€Sa

CHANGED TO LCAD BUS. VAF DELIVERY SEY
CHANGZED TO LOAD BUS. VAR DEL IVERY SZT
CHANGED TDO LCAD BUS. VAF DELIVEFY SET
CHANGED TC LDAD 8US. VAR DILIVERY SIT
CHANGED TO LCAD BUS. VAR DEL IVERY SET
CHANGED TO LCAD BUS., VAR DEZLIVERY SET
CHANGED TO LDAD BuUS. VAR DELIVERY SEZY
CHANGED TO LTAD 8USe VAF DELIVERY SET
CHANGEZD TO LJAD BUS. VAR DELIVERY SET
CHANGED TC L.CAD BUS. VAR DELIVERY S=T
CHANGED TO LCAD S5USe. VAR DELIVEPY SET
CHMANGED TD LDAD BUS. VAR DELIVERY S=T
POWER MISMATCH
REAL FEACTIVE  FSAL EEACTIVE
=0.51301 «0.32000 0.,00001 0.30090
=020000 ~=0409000 =0.00000 =~0.09990
=0.39090 ~0,10002 =0.00000 0.00002
~0.33996 0002955 =0.00004 0,0
=0.00004 0.00009 0.00008 —0.00009
=0e52002 =0.09199 «0,90000 0.0
=0e19001 =0.01997 0.00001 «0.00003
=0.243000 =~0.18718 0.0 0.0
«0e00000 =0.02000 0.00000 0.00000
4049599 =0.71799 0.00001 0.0
=0e70000 =0.22998 0.00000 =~0.30002
0e28001 1.10000 =0.00001 =—0.00000
=0.34000 =0 15955 =0,00000 ~0.00001
~0.14000 =0.00999 =0.00000 —0.00091
=04 85638 ~0.20394 =0,00002 9.0
=0e25000 =0413030 0.00000 0.300%0
=0e13001 ~0402992 (00001 =0.00008
«De60000 =0.922142 ~0,30000 0.2
~0044999 =0.32994 =0.00001 ~0.0022¢
=00 13300 =0602999 =0,00000 =0.00%01
~0e14000 =0498000 =0.00000 —2.30920
=0.13000 -0.04999 =C.00000 ~0.000%1
=0.07000 ~0.32956 0.30000 =-0.00004
=0013000 DeJ465T7 =C.00000 0.0
2420000 ~0.15945 0,00000 0.0
3414000 0018752 0.0 E2%-]
=0271000 009562 0.0 042
=0e17000 =0, 07000 0.00000 0.00000
~0e24001 =0.03997 Ce00991 =0.00023
0. 00000 0400006 =0.00000 =0.,00000
=0e35599 0,07237 =0.00001 9.2
=0e59999 =0.31798 =0.00001 0.0
«=0622000 =0,3B8~"¢ 0,90000 =0.00092
=0+59000 =0e15%75 000000 0.0
=04 22997 ~0. 08955 =0.00002 ~0.00%0S
«0e31002 =0+J34452 000002 0.0
0.0000f 000210 =0.00001 =0.00010
«=0.00000 =0.,00006 C.00000 0.00006
=0e27000 =0611001 0400000 0.00001
=0.66001 0.05043 0,00001 0.0
~0e37900 ~0410002 090000 0,33022
~0e96000 0411363 0.00000 2.0
~0+13000 =0,07000 ¢C+J0000 —0,00000
=01€000 =0.98000 =0.00909 ~0.,02030
«0s£3000 =0.22000 =0,00000 0,00000

Output

AT
AT
AT
&7
AT

-
AT
AT
AT
AT
AT
AT

=0,0%5"
1.20.
=0.08"
«0e29.
=010
[- 8- 1-14
0622
~0e 20
0. 09
Jea0’
-0.08°
=0s 09

99



a7
48
49
1
23

S3

85
S6

s7
S8
59
60
61

62
63
€e
65
66

67
(-1.]
69
70
kg

JFFFAN

T8
79
(1]
33

82

8a&
8s

ar
88
as
90
L2
92
93

690 ; S S 8 ° 099 o
[-d o
3 o g SPUNMOVON 3 3 »

108

110
112

com

T 00O O0O0UUMPDDUUOO0O0OOH OO0 000ONOROOOOMOOHOOH*“O000HMOQU™r=0gQgO0Q™0O"*

LeVO0V
1.0315
10350
13350
1. 0202
09978
0e 9902
Q867
1 «0000
1.0000
1.0000
1.0955
0e$G62
1.0350
1.0318
1.0350
10243
10345
10366
1.0350
1.0350
1.0238
1.0172
1.0350
0.982¢
09862
De980¢C
0.9910
De90682
09747
09579
1.0027
Q0.906CS
1.0053
10350
10293
Oe«9988
1.0010
10050
1.0150
10053
10150
l1.0178
10350
0+ S85¢C
0.9800
1.0152
1.0052
100045
0. S$92¢6
140012
10133
10253
10100
1.Q300
1.0102
10128
1.0144
0e9812
O« 5800
097232
Oe 9520
Qe S820
0e98aS
09822
10250

-iVeltas
-7e722
-0e.481
—-Te816
=GCe8a7

-12.001

~12.916

= 13840

-13«208

=13.266

-13107

-11.936

-12.750
-9.127
-5.481
-4 .660
-5e126
=5.845
~4ola?
=0e960
=0.843
-3e622
-1.040

1582
=%5.209
=5.663
=5.937
-S.883
-5.977
-4e573
=3.338
=2s424
-2.7T10
=2370

0.0
=0.704&
~2.083
~1l.040

1173

2540

1.1212

1047

Se.578

Peablt

3726

3.825

40035

1.25%
~-0e72¢
-1s024
-1e725
-1e218
-1.693
-24082
~1297

0.1312

26629
—4.817
-7e431%
-8.577
-8.778

=11335
-5 770

-10.219

=11.065%5

=10.140

-QeUSVUUY
=0.34000
=3.20000
1.17001
-0. 17001
=~0+17000
-0.18000
=0.23000
=0+65001
-0.63000
=0.84000
-0.12000
=0.12000
=1.22000
=0.7799%
163000
=0.77000
=0.00000
=0.00200
3.51000
3.53000
=0.28000
000000
S.10000
=0+66001
0.00000
=012000
=0.06000
=0.63000
=0e 47000
-0.68000
«0.61000
=-0+71000
~0639001
0.0
=0.00000
=0.54000
= 0.20000
~0.11000
=0e23999
-0.21000
000000
-0.,43000
€.07001
=1.63000
-0.,10000
=0.£4999
=0.12000
=0¢29999
=0.42000
~0.38000
=0+15000
-0.34000
=042000
2,15001
-0.22000
=0+05000
0. 1E56S
~0423000
=0.31001
~0.43000
=0.50000
=0.02000
-0.08000
~=0.39000
036000

Ve isL3wV
0000002
-0,11001
Oe 78816
034002
=007999
-0.05000
=0+ 11000
~0.20261
-0.03015
-Q0e.02015
-0.02999
~-0.,03002
Oe.456130
=0.03004
0o 10040
=0.33999
000006
000002
0.10471
=0e42006
=0.07000
-0. 00008
Oolaaie
=0+30006¢
0.00003
=-0e10716
0011170
-0.18001
=0.1005%
=0e1200:
=0e48003
-=0.26000
=0.32002
0.0
-0+.0000%
=0.27000
=0e10001
=0eJE999
002589
~0¢ 10000
0+024495
-0.10002
0455393
=0e4319508
-0, 22553
=0.01000
«0.07001
~-0+16090
=0e30998
=0+ 15001
=008999
=0+.0800¢
-0e31259
1.06080
=0+ 15001
=0.02957
0 23999
-0e32959
=0e1599¢
=0De 1599%
=0e19718
=0 01000
-0.03001
=Je38001
0. 47155

Output

=Ue WUV IV
0.00000
0.00000

=030001
0.00001
0.00000

=0.00000C
8.00000
C.00001
0400000
=0+00000
=0.00000
C+ 00000
=0+.00000
=0.00001
000000
0.00000
0.00000
0.00%00
=C.00000
C.00000
=0420000
=0+00000
=0.00000
0.00001
=0+.00000
0.02000
=0.00000
0.00000
=0.00000
£«00000
=0+20000
=0.00090
0.250002
0.0
0+ 00000
=0.00000
000000
090000
~=0.00001
Q. 00000
=0.00200
0.00000

-0.00001

=0.00000
8. 30000

=0+,00001
0.,00200
=0.00%02
=0+00000
0. 00000
000200
000000
C.00000
=0.00201
0.J30000
=0.00000
0.00001

-0+00000
G«.00001

=0.00000

=0+00300
=0.00000

C.00200
=0.00000

-8+ 00000

VeV
000002
0.00901
0.0
0.00002
=0.30001
=0+00000
0.,000230
Q.0
Ced
0ed
=0.00001
0.00002
0.0
0.00004
0.0
=0.00001
0400006
=0.00002
0.0
0.0
0.00000
0.00008
.3
0.00004
=0.00003
0.0
0.0
0400201
«0.00091
0420001
0.00002
=0.00000
Q430002
0.0
0.0000S
=0.00000
0.00001
=J.00001
0.0
0.00000
0.0
0.00002
0.3
0.0
0.0
0.,00000
0.000012
0.0
~0.00002
000093
=0.00001
0.00001
0.0
0.0
9400001
=0.00093
0.00001
=0e232031
Q.0
~0.30001
0.0
-D.,00000
0.00001
0.00001
0.0

1loc¢



g
113
11
115
116
117
118

QU™ OO0w»

"I J4-1"]
0.5620
0«9601
0.9600C
1.0050
Oe 5784
O« 5604

~15e00a
-14,035
=13.557
=13.569

=1+403
=17.039

-4.453

et 2 1-2-28 214
=0+ 06000
~0.07999
=-0.22000
-1.23598
=~0+20000
=0. 23000

=JeJdiuwvyo

0.15381
=~0e33002
=0.069%¢
=3. 01552
-0.08000
=0.15002

Output

VedOUOU
0. 00000
-C.00001
~0.00000
=8.00002
000000
0.00000

Ve

0.0

Y« 00022
=0+20006

0.0

0.00000

0.00002

101



APPENDIX B

This appendix contains the FORTRAN source listing, a
description of the input, and an output list for the system
reduction segment of the program. The input is read from
two separate disk files. The first is the same file used as
input to the load flow segment and described in Appendix A.
The second file may be recognized as the last part of the
output list shown in Appendix A, with a second bus type code

added. A typical iine is:

99 2 1 1.0100 -2.082. . .
(&) (B) (©) (D) (E)
where

(A) is the bus number
(B) is the reduction code: 0 (or blank) for eliminate,
1 for boundary and 2 for retain
{(C) is the same code as in the load flow.
(D) is the base case bus voltage magnitude
and (E) is the base case bus voltage angle
the remainder of the information on the line is not needed.
The output is an echo print of pertinent portions of in-
put data, followed by the 9 x 9 Jacobian correction matrix.

The last section is a list of conditions at the boundary

102
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buses, showing bus number, bus yoltage magnitude and angle
(in radians), and the real and reactive power injected.
The last item in this Appendix is a source listing of

the load flow segment modified to handle the reduced system.



nNnonNoONNNN

non

nnn

non

non

10

20

30

38

104

NERD118+FORTe NOVe 29« *79

BUILD JACOBIANe REORDER. PERFORM TRUNCATED BIFACTCRIZATION B
READS NADMes NBUSe ADMITTANCES AND Y=SHUNT ON TUBE 1.

READS BUS TYPES AND BASE CASE VOLTAGES AND ANGLES CN TUBE 9.

WRITES THE REDUCED JACOBIAN *JCOR*, PORER INJECTICNS. AND

BASE CASE VCLTAGES AND ANGLES ON TUBE 10.

COMPLEX WYE(120+120)+V(120)+CUR(220)P(1203PINJ(10)

COMPLEX CONJGsWHY+CINJ

OIMENSION Y(201200120)eE(2+120) ¢AYE(2:120) +PUWR(2.120)

DIMENS ION ITYPE(120)+JTYPE(120 )e VEE(120)+ANG(120)+YSH(120)
DIMENSION KINJ(10) +JK(240) o+hK(240)

EQUIVALENCE (WYE(1e1)eY(103e1)2+(V(1)eE(141))e(CUR(L)AYEIL:1))
EQUIVALENCE (P(1)+PWR(1,1))

REAL JAKE({240.240)

READ PARAMETERS AND INITIALIZE

READ (1.202)NADM.NBUS
DO 10 I=1.NBUS

00 10 J=1eNBUS

WYE(Ie J)=CHPLX(D +0+04+0)

READ BUS DATA

CO 35 I=1.NBUS

READ (9+201) 1IBUSeJTYPE(I)eITYPE(I)eVEE(LI)eANG(I)
ANG(1)=ANG(I1)%3.14155/180.0

E(3+I)avEE(I)*COS(ANG(I))

E( 2.1 )=VEE(I)SSINCANG(I))

READ (1,204) YSH(I)

WRITE (6¢205) IBUS+JITYPE(IJITYPECI)+VEE(I)eANG(I)eYSHII)
IF(ITYPECI) eEQe0) Y(2:e1e1)=Y(2el+1)+YSH(I)

BUILD ADMITTANCE MATRIX

DO 20 I=1+NADM

READ €1¢200) IFRITOWHYsCHG
WYE(IFRe ITO )=~wHY

SYE(ITCsIFR)3=uHY

Y(2+IFRe IFRINY(2,1FRe IFR) 4+ (CHG/2,0)
Y€(2¢IT0e ITO)=T(2e1TCe ITO)+(CHG/240)
DO 30 I=1.NBUS

DD 30 J=1.NBUS

IF(I1eNEsJI) WYE(I +IIZWYE(IZIWYE(IeJ)
K=0

DC 36 1I=1,NEUS

CALCULATE POWER INJECTIONS

IFC(JTYPE(1) eNEel1eORITYPE( 1)eEQe2) GO TC 36
PINJ(I)=CMPLX(0«0+040)

CINJ=CHPLX(0e0+000)

DG 38 J=1.NBUS

IF(JTYPE(J).NE.O) GO TO 38

IF(IeNEsJI) CINJI=CINIS(VIII=V(JI)I)ISWYE(I4J)
CONTINUE

Source Listing - Reduction



noOOn

nnn

aonon

nOn

3¢

45

s2

61

62
60

71

T2

70

161

KxKel

PINJ(KI=V(I)SCOUNJGICINI)
RINJ(KI=]
CONTINUE

KX=K

CALCULATE CURRENTS AND POWERS

CO &S

I=31 oNBUS

CURCII=CMPLX(060+0Q)

00 SO

IF (ITYPE(1)eEQe2.0R«JTYPE(I)+EQs2) GO TO SO

00 52

I=}1 +.NBUS

J=14NBUS

CUR(II=CUR(II+WYELILJ)I®V(J)
P(1)=v{I)eCONJGC(CURCI))
CONT INVE

COUNT

NLD=0
NVC=0
D0 60

JACOBIAN

I=31 ,NBUS

J=ITYPE(1)=-2
1F (J) 62+62:60
NLO=NLD ¢}

GO0 TO

60

AVCENVC+1
CONTINUE
NIACE2SNLD4NVC
NHENLD+NVC

RECRDER BUSSES

X=0
L=NLD
D0 70

Ix1e.NBUS

J=ITYPELI)-1
IF (J) 7172+70

K=K+1

JK(K3I=T

GC TO
LaLe+l

70

JK(L)=1
CONTINUE

COUNT

NL1=0
NV1=0
NL2=0
NV2=0

REDUCE

DO 160 1=1,NBUS

1IF (JTYPE(1)eEQc1) ITYPE(II=ITYPE(I)+3
IF (JTYPE(1).EQe2) ITYPE(I)I=ITYPE(I)+E
JITYPE(I) +2

GO TO (161+1€2e16001€301640160+16091€0+160) +J

AMLIENLLle2

GO TO

160

Source Listing - Reduction
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162

163

166
160

noNn

onn

171

176

170

85

NVIENVi+l

GO TO 160
AL2=NL2+1

GO TO 160
NVY2ENYV 241
CONTINUE
NJIZ2¢NL 1+NV1
NJI2EZ2ENL2 4NV 2
NJARENJ1+NJI2
NHIENL14NV]
AH2ENL24NV2
NJIPI=NJ1+12

REORDER FCR REDUCE

X=0

L=NLL

M=NS L

N=RENL2

DO 170 1=2.NM .
JKI=IKC(I)
JEITYPE(JK] )+
GO TO (171 0272¢175017301744175617631756175)eJ
K=Kel

NK(I)=K

NK( I+NMI=KONH]
GC TC 170
L=Le?

NK(I)=L

GC TQ 2170
MM

NK(I)=m

NK( I+NH )M NH2
GG 7O 170
N=N+1

NK(I)=N

GO TO 170

NK( I+NH)=NJAC
NK(I)=NJAC
CCONTINUE

BUILD JACOBIAN

D0 80 I=1eNH

K=JK{1)

AKI=NK (1)

IF (leLEONLD) NXIPENK(I+NH)

DO 80 J=1eNR

w=JK(J)

NKJ=ENK (J)

IF (JoLEJNLD) NKIPENK{J+NH)

IF (KeEQGeM) GO TO 85

A=E(1 o MIBPY (1 eKoeM)=E{2eM )Y (2:KoM)
B=E(2M)PY (Lo KeM)+E(2 o M)BY (2oK o)

JAKE(NK IeNKJ)=(ASE(2+K) )=(BSE(1.X))

IF (XeLEeNLDeAND oJoLEoNLD) JAKE(NKIPsNKIP)IESAKE(NKIeNKI)
GO TO 80

JAKE(NK JoNK I )Z=PUR (2 +K)I=(Y (2eKK )JSVEE(K ) SVEE(K))

Source Listing - Reduction
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non

95

S0

39

29

121

122

200
201
202
203
213

20S
20¢
207
217

107

IFCILE NLDAND o JeLE e NLD ) JAKE(NKIP ¢ NKJIP )= JAKE({ NKI o NKJI)I+2 o $PUR(2 oK}
CONTINUE

D0 S0 I=1sNH

K= JxX(I)

NKI=NKLI)

NK IP=NK ( T+NH)

D0 90 JI=NBUSINJAC

NKJI=NK(J)

NKJIMENK ( J=NH)

N=JK( J=NH)

IF (KeEQeM) GO TO 95

ABE(l o M)ISY (1o KoM I=E(Z2:MISY (20K o M)
BEE(2:M)BY(1sKoHILE(LoMIBY (2K o M)
JAKE(NKIoNKJIZCASE(] oK) I+ (DIE( 2.,XK))

JAKE(NKIP oNKJIM)==JAKE (NK] ¢ NKJ)

G0 YO SO

JAKE(NK I eNKJ)=PURCL oK) +(Y( 1K KI)SVEE(K)*VEE(K))
JAKE(NKJ eNKI)ZEPWR(L oK)= (Y {1.,K,K)SVEE(K)SVEE(K))
CONTINUE

PERFCRM BIFACTCRIZATION

DO 29 IP=1 sNJ1

IPP=]1P+]}

DO 39 I=IPPNJAR

JAKE(IP I IRJAKE(IPI I/ JAKE (IPs IP)

DO 29 I=IPP NJAR

DO 29 J=IPPNJAR

JAKE(] ¢ J)XJAKE(I 0 J)=JAKE(I+IP)SJAKE(IP+J)
WRITE (€.206)

DL 121 1=2IPP.NJAR

BRITE (6+203) (JAKE(I+J) ¢ J=IPP ¢NJAR)
BRITE (10213) (JAKE(IeJ)e J=IPP«NJAR)
WRITE €6+206)

DO 122 I=1.KK

KI=KINJCI)

WRITE (&£9207) KINJ(IDI+sPINJ(IILVEE(KI) 2ANG(KD)
WRITE €10+217) KINJ(I)ePINJI(I)e VEE(K]I )} +ANGIKI)
STQP

FORMAT (2I5,3F10.5)

FCRNMAT (16 ¢2I84¢3XeFB8e4eFB84.2)

FORMAT (215)

FORMAT (1X+12F10e5)

FORMAT (12F10.5)

FORMAT (72X+F8.5)

FORMAT (31643F12.4)

FORMAT (72X)

FORMAT (1X+110+4F12.48)

FORMAT (110+4F12e4)

END

Source Listing - Reduction



VONOVPLWNw-

" e

-

e

Q0e5SE7
Ce974S
Ce 9682
06980
09994
0e 9500
09910
l.01%0
140351
10350
Q0e9874
Qe994S
049701
0 «9869
Ce9700
O0.98€2
009925
069730
0e9629
0e9S556
05543
Ce9636
Ce 9907
09920
10200
10250
09680
0e 9616
09632
101412
Q06670
09630
Oe 9655
049840
09799
Ce9800
09877
10098
Oe.5688
09700
Qe5668
09850
Ce9841
10013
10063
10350
10315
1.0350
1.03%0
10202
Ce9974
09503
09867
1.,0000
10000
10000
10055
09963
140350
10315
10350
le0243
10349

T AZkc

=16¢950
-=160455
=160 065
-126321
=11 0848
-146633
=15.105
-5.715
Qo628
84410
-14¢957
-1%a512
-166337
=16022S
-186523
-15¢7$6
-13953
-16.224
-16e71%
=150895
-14e341
=11.811
-6e 8SE
-7¢110
0e331
24047
-12711
~140387
-15+326
=8e763
=1541%0
-13.200
-17123
-16.487
=166933
=16¢ 940
-15.983
-10e719
-19e4843
=20.558
-21.011
=19+434
=160 643
-140369
=12.654
-10133
=T7e723
=80481
=Te816
-Se 847
=124001
—-12¢916
=-136840
-13.008
~132%6
-13.107
=11936
~12¢750
-Se481
-80660
=Se124
=5.849

— AT

~0510012
020000
=035000
=06208996
=0+00004
=0.52000
=0e415001
=028000
~0400000
4.,4999S
-0e70000

038001
=0634000
=0e14000
-0+89998
= 025000
-0.11001
«060000
=0e4459S
=0.18000
=0+14000
-0+10000
=0e 07000
=013000

220000

3+14000
-0e71000
-0.17000
=0624001

0400000
=0e2559%
=0.58999
=0.23000
~0+59000
~=0e32997
=0.31002

0.00001
=0«00000
=0.27000
=0.660012
=0e37000
-0.56000
~0«18000
-0+16000
=0653000
=0.05000
=0.340038
=0e20000

117001
=0417001
-0417000
=018000
=0423000
=065001
=0s63000
-0.84000
-0e12000
=0412000
-1e22000
=0e77999

160000
=0e77000
=0e 00000

P N LLT T

Input Data

=032000
=0409000
=-0.10002
003055
000009
=0.09169
=~0401997
-0e.18718
=-000000
071799
-0 22998
110000
~01599%
~0e00559
=020394
=0+10000
-0 +02952
-0.02142
=0e229%4
=0 « 02999
=0.08000
=0 04999
=0 029906
004657
-0 e15945
0e187S52
009562
=-0.07000
=0+03967
000006
0.07237
~0.31798
~0+08999
=0e19975
=0.08995
=0 .04452
000010
=000006
=-0e¢121002
009043
=-010002
011363
-0.07000
008000
~0022000
0+12850
=-Q0600002
=-0e11001
078816
~0..04002
=0 07999
=0035000
=-0«11000
~020261
-003015
=-0.08815
=0402999
=003002
Ces6130
=-0.03004
310046
-0 23999
=000006

A Aannnn

0.00001
=0.00000
-~0.00000
=0 00004

0.00004
=0. 00000

0. 00001

0.0

0.00000

0.00001

0« 00000
=0.00001
~0.00000
=0.00000
~0.00002

0. 00000

000001
=0.00000
=0. 00001
=0.00000
=0+ 00000
=000000

0000000
=0+ 00000

000000

0.0

e 0

0.00000

0. 00001
=0.00000
=0.00001
=0.00Q01

0.00000

€+ 00000
=0.00003

0.00002
-0 00001

000000

0.00000

0.00001

0.00000

0. 90000

0.00000
-0« 00000
=0. 00000
=0+ 00000

0. 00000

000000
=0.00001

0.00001

0.00000
=0« 00000

000000

000001

0. 00000
=0, 00000
=0+ 00000

0400000
=0+ 00000
=0.00001

0+ 00000

0e 00000

0« 00000

A Annan

000000
=000000
0.00002
0.0
~Q0.00009
0.0
=0.00003
°.°
800000
0e0
=000002
-~C0«00000
-=0.00001
~Qe¢00001
0.0
000000
=0.00008
2.0
-=0620006
=000001
=0.,00000
-=Q000001
-=0.0000a
Ce0
Ced
0.0
Q.0
0.20000
=0.00003
-0,00006
0.0
Q.0
=0.00001
Ge0
=000005
0.0
-=000010
000006
000001
o.o
0.00002
Q.0
-=0.00000
~0400000
0.00000
040
000002
0.,000012
0«0
0.00002
-=0+00001
=0 00002
0.00000
0.0
0.0
0.0
~0.00001
000002
0e0
0« 0000a
0.0
~=0s00001
0.00006

- ARAAn
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10350
10350
10233
10172
10350
09826
0.9862
09800
069910
09682
09747
09579
10027
09989
10053
10350
1,023
09988
10010
10056
1.0150
1.00%3
1.0150
1.0178
10350
049850
05200
10152
1.,00852
10045
09926
1.0013
1.01 3
10253
1.0100
10300
1. 0102
le0124
1.0144
09812
C«9800
CeS722
0.5520
09830
0e 9845
0e9923
1.03%0
009750
09930
Ce9601
09600
1.0050
09784
Ce 9604

bt 4 FS XJ
=0e960
=0e343
-2.622
=1e040
1.582
=5209
-5.662
~6e937
-50883
-5,977
8573
-3.338
-2+.424
=2¢710
-2:370
00
=0e708
-24083
=1 0046
1170
2540
le122
1047
Se578
Sed61
Je726
3.825
4035
14259
-0e726
=-1e624
=1e72S
-14218
-1.693
-20082
-1e297
0.131
20639
-86817
=8¢577
-B.778
-11335
-9e770
=10219
=119¢5
=10.140
=13e664
-14,035
=13.557
~13 569
-1.403
=17.039%
-4 o453

Input Data

Yo wwwvw

391000
Je53000
-0.28000
0+ 00000
5010000
«0+66001
000000
=0.12000
=0e06000
=0.68000
=0.47000
- 0.68000
=0.61000
=0+71000
=0+39001
0.0
=054000
=0.20000
=-0011000
=0e23999
-0.231000
0.00000
~0+48000
6007001
=1+63000
=0410000
=0.6499%
=-0+12000
=029995
=0.42000
=0438000
=0.15000
=034000
=0.42000
2415001
=0.22000
=0.05000
0416999
=038000
~0e31001
~0.43000
=0450000
=022000
=0,08000
=039000
0.36000
=0.68000
=0.06000
= Qe 07569
=0+22000
~1.83598
=0420000
=033000

vevvwve
Cel0871
~043006
=0¢07000
=0 «00008
Jdelbals
=0 30004
0000003
=0e10716
Oe11170
=0.18001
=0 10999
=013001
=0048003
-0 26000
=0422002
00
=0+00005
~027000
=-0.10001
=006999
002569
«=0+10000
002846
=-0e10002
055393
=0e31008
=0 622553
-0401000
=0+07001
=016000
=0030998
=0.15001
=-0.08969
=008001
-031259
1 060806
=0.15001
=002967
023999
=0 32959
=0e15954
=0615999
~0.19716
=0+01000
=0.03001
-028001
0.47155
=0.01498
De153812
=-0.03002
~0.0069%4
-3 01552
-0.08000
-0e15002

VoWV
=~0.00000
0. 00000
~0, 00000
~0.00000
~0,00000
0.00001
=~0.00000
0. 00000
-~0.00000
0.,00000
-~0.00000
0. 00000
~0,00000
=0+ 00000
0.000012
0e0
0.00000
-~0.00000
000000
0.00000
~0.00001
0.00000
=0. 00000
0. 00000
~0,00001
-~0.00000
000000
~0.00001
0.00000
-0.00001
-~0.00000
0.,00000
0. 00000
000000
0. 00000
-~0.00001
0,00000
=0+ 00000
. 00001
=0, 00000
0s 00001
=-0,00000
«0. 00000
~0s00000
000000
=0 00000
=-0,00000
0. 00000
0s 00000
=~0.00001
~0. 00000
=0.00002
0. 00000
0. 00000

~vewwvuc
Sel
0.0
Ce Q0000
0.00008
Do
Oe COO0O0A
=0400003
Qe 0
Qo0
0400001
=0e 00001
000001
0+ 09003
-0«00000
0e092002
°.°
000005
=0e 00000
000001
-0« 00001
OeC
000000
[ Y]
090002
0ed
CeC
040
0. 00000
000001
0.0
-000002
000001
=0¢ 00001
0-00001
0e0
0eO
000001
-0 00003
0e00201
-000201
Ce0
~0«00001
Qe O
-000000
000001
000001
°.°
Qe
Oed
000002
-0« 00006
Je0
0e 39000
000002
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000000000000 000000000000000000000000000000n70V00000000090000000

ONOHOOMMMOOOOHOOMOO0OHO0HDOOMO™OMKHOOOHHNMH00000O0OXO0000O O™ “O0OMO000O

09557
Ce G743
0«9682
Ce $580
[-PY-1113
0e9900
0.5910
10150
1.035:
10250
0e987¢
Ce 9945
097012
09869
Ce $700
09862
09925
09730
Oe 9629
0.9554
09543
G.9636
Ce 9907
Ce 9920
30200
10350
0. 5680
QeS016
09632
1.0141
CeS670
05630
0e$69S
09840
.6759
0+9800
0. 9877
10068
Ce 9688
06700
Ce9668
09850
Ce.92412
1.0013
1. 0063
10350
1.03315
1. 0330
1.03%0
10202
0e 9574
Ce9903
09867
10000
1. 08000
10000
1 .0055
Ca $563
10350
160315
10250
1.0243

~0+2958
-0.2872
=0+2004
-0 2152
-0e2068
=0 «2554
-0e2636
=0e2172

0.0110

Oel408
=0.2610
=0e2707
-0020851
-0 2832
-0.20884
-0.2787
=0+243S5
-0e2832
=0e2917
=0e2774
-02503
=Q0es20062
=De1208
=Q0el1241

C.0058

00357
-0.2218
-0e25112
=0e267S
-001329
=02651
=0.2308
=0e298%
-0.2878
-0e2955
~0e2957
-0 «2790
=0.1872
-0 3393
=0+3588
=0e3667
=0e3302
=0e2905
-0e2508
=062209
=0.1769
=0el3e8
=0.1480
=0el1294
=0.1649
=0209S
=0« 2254
-0e.2416
-0e2270
-0e2321
-002288
-0es2083
-0e2225
=0e13583
=000957
=0e08313
-0 0894

Output

Q0«0
0.0
0«0
0.0
~0.4000
0.0
0.0
0.0
0.0
0.0
Ce0
0«0
0.0
0.0
0«0
Oe0
0.0
0.0
0.0
0.0
0.0
0.0
0e0
0.0
0.0
De0
0.0
0e0
00
0.8
0.0
0.0
(-2
0.1400
00
0«0

~0.2500

0.0
De0
00
0.0
00
0.0
0.1000
0.1000
021000
0.0
01500
0.0
00
(-1% -]
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0«0
0.0
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63
6
(-3
66
67
68
69
70
71
72
73
74
%
76
”
78
79
890
81
82
a3
as
a5
a6
87
88
89
90
91
92
93
Ss
95
96
o7
98
o9
100
101
102
103
104
105
106
107
108
109
110
11
112
113
11a
111s
116
11?7
118

31632224 ~10.66796

OONOOODOOOOO0OOQ0Q0O0COOOG*"NNNNNNN* OOCOOOOOGOO"NNNN~“DODOOOOOODO~0000O0

CO»QOOMHMOOO~=O0*0000O" 000000 0OK™ HMOMOD™"0O000ONQOOOQOO~**0O~»OOKW™0O

1.0349
1.03¢€6
10350
10350
1.0238
1.0172
1.0350
Ce 9826
0.9862
0.9800
0.9910
009682
Ce 9747
0693579
10027
Q9999
240053
1.0350
1.0293
S.9988
1.0010
10056
1.0150
10053
2.0150
1.0178
1.0350
Qe9850
Ce 9800
1.0152
1.0052
140045
09926
10013
10133
20253
1.0100
1.8300
1.0102
1.0124
10144
O.5812
.9800
Q.$732
0+9520
09830
05845
09923
1.0350
0e$750
09930
0. 5601
Ce5600
10050
CeS780
0e9604

=10s 85768 123,27492 ~10.44283
=10,428534 31,41103

0.0

0«0

0.0
-29.18588

=0s 03733 ~41,69501

0.0
0.0

0.0
0.0
0.0

=3.93343
0.0
00
3.,71778

3.59323 -12.,05972

0.0

Ce0

=0.1021
=0e0724
-0+01068
=0e0147
=0 0632
=-0.0182
00276
=0.0909
=-0.0988
-0e1211
~0el1027
=0e1043
=0 +0798
-0e0583
~0e0423
=0 0473
=0e0a168
0«0
-0.0123
=0 +0364
=0.0183
0+0204
Cedaal
00196
00183
00974
Oel651
0 «0650
00608
OCe070a
0.0220
~00127
=040283
=0.0302
=040213
=0 <0295
=0e0363
-0 «0226
0.0023
Oel401
=0+0841
-0e2257
-0 e1497
=-0e1532
-0.1978
=0.17058
=0e1784
=0e1932
=031770
-0e2385
=002450
=0,2366
=0e2368
=0 0245
=0e2574
=0+0777

(- 2%

OO
-3e81208
2T .0€281
~56.57417

0.0

0«0

00 03269

=15.04833

0.0
0.0
00
[-21-]
00
G0
0.0
0.0
000
0.0
0.0
0.1200
00
0.0
0.0
0.0
0+200¢C
0.0
0.0
0.200G0C
©.1000
0.0
0.0
0.0
0.0
Q.0
0.0
0.0
0.0
000
0.0
00
0.0
0.0
0.0
0.0
0.0
0«0
0.0
0.0
00
0.0
0.2000
0.0
G.060¢C
0.0
0.0
0+.060C
0.0
0«0
0.0
0.0
00
0.0
0.0
0.0

0.0 2
0«0
0e 0
=6e 21845
40.53008
Ce O 3s
Oe O
[- IR
=-0e 302684

Output

4e S9T7AS
De20436
Ced
0.0
0.0
Se 380806
0«00069
0.0
0e0

-3 49223
36 .92810
=3.59323
0«0
0.0
CeO
12681151
=10 .48534
Oe O

0e0
~3.71728
986126
=1e04626
0.0
Q.0
=10.44183
3469295
Qe0

0.0
Q.0
=0e5076
S.0877
-2.1741
0.0
Q0.0
De004a2
56.9492
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68
7
82
92
100

1+49112
=0+4853
0.4676
240435
=221 98

15745
=00057
=0.0875
=0e3417
~0e4566

10172
10027
0.9%88
10152
10300

Output

=0+0182
=0s0423
=00364

Cs0704
=C.0226

(3]
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35

12

14

20

30

et
Pt
w

NERTE2,.FCRT

CIVFENS IONED FLCR £2 BUSSES.

MCDIFIES TO HMANDLE THE RECULID SYSTEM.

REACS PARAMETERSs B8LS CATA AND ADMITTANCES CN TULEE 2.
REACS CORRECTICN MATRIX *JCCR*, PCOER INJECTICAS. AND
BASE CASE VCLTAGES CN TUBE 10.

CCWPLEX WYE(62462)eV(62)eCUR(E2)eP(52)e5(62) ¢ CLNJIGuHY»BP ()
DINENSION Y(20£20€2)+E(2+E2)eAYZ(26€2) +PWR(2+£2)9PC{2462)
DINENSICN CP(E2)eCA(EZIVEE(E2)sANG(62) s YSH(EZ)

DIMENSION GMW(E2) +GPV(62) sGNVVIN(C2 ) +GRVIAX(O62)

DIMENSION JK(12S)eKZL180)eLBCEZIITYPE(ER) +JTYFZ(E2)

DINENSICN BFUR(2+Z) oEVEE(S I eEANCIS) DBV (S)+DBA(E) «DEP(S)SDEQ(S)
EQUIVALENCE (MYE(1e1)eYC{1e11))e(V{1)esECL1e1)) «(CURCLIGAYE(L1e2))
EGQUIVALENCE (P(1)+PWFR(122)e(EBP(2):EPWR(12+1))2(S(12).PO(1,:1))
REAL JAKS( 125¢12€)+JCCRC10+10) olMu{c2) LMV (E2)

OATA Y/7688%0.0/

REAC PARAMETERS AND INITIALIZE.

PEAD (2+202INADW ABUSEPS«ITHMAX
ITER=0
NLEC=0
NVBD=0

READ BUS CATA

OC 35 I=1eNEUS

READ (2+201) IBUSJTYPE(I) eITYPE(I) oVEECID+ANGIId ol MW (1)
ILMY(I)oGMW (1) eGMV LI IeGMVMIN(I)4GMVYMAX(I)+YSH(I)
IF CJTYPE(I1)eECel «ANCITYPE(I)SEC.0) NLEL=MBL42
IF (JTYPE(I)eEQel cANDITYPE(I)+ECel) AVEC=ANVBL+1L
REC(IEUSI=1I

LBl 1)=1BuS

ANG( I)=ANG(1)283.,14155/7180.0
Efl.I)=VEE(I)*»CCS(ANG(I))

ECZ+1)=VES( 1)®SIN(ANG(1))

PC(1eI)=GMW (I)=LMW(]I)

PA(2+1)=GVMV(II=LMV(I)

Y(Zelold=Y(2e101)4YSH(I)

NREC=NLED+AVSD

NJCCR=28NLED+NVEBD

NE=ASUS~-1

READ CORRECTICN MATRIXe POWER INJECTIONS AND ERSZ CASE VILTAGES.

OC 12 I=1.MJCECR

PEAC (1C»2CE) (JCUF (I+J)oJ=1eNJCCR)

DC 14 I=1.NF2ZD

READ (10+20€) xBDBP(1)+8VES(I)8ANC(])

BUILD ATHMITTANCE »ATRIX

CC 20 I=1.NACM

READ (2¢200) IFR«ITC oWhY CNHG

KEFR=KB( IFR)

XETC=K3{ITC)

WYE(KBFR +KBTC) ==uHY

MY E(KST SoKSFRIZ+wHY

Y(2 o KEFReKBFRISY (22 KEFR«KBFRIH(CFG/Z4O)
Y(2eKBTCeKBTOI=Y{2eKETO +XBTTI ¢ (CNG/2.0)
OC 30 I=leNEUS

DD 30 J=1.NBUS

IFCINTeS) WYE(I«l)=wYE{lel)=nYE(TeJ)

Source Listing - Reduced System Load Flow



NOOH

40

a1

a2

43

44

AS

46

A8

s2

50

56

S8
53

Se

GC TC a3

DC 41 I=1eNH

K=JK(I)
ANG(K)I= ANG(K) +JAKE (I eNJIP)

CO 42 I=NBUSINJIAC

K=JK{ I=Nr)
VESU(K)ISVEZ (KIS 1.0+ JAKE(I«NJPY)
CO 43 I=1sNBUS
EC(1+3)=vECSCI)I®CLS(ANG(I))
EC(SoII=VEE(I)ISSINCANG(I))
PC(l+I)=G¥M(I)=LMN(1)
PO(2+1)=GPVV(Id=LVVI(I)

IF (ITERGTITMAX) GC TO 110

CALCULATE CULRRENTS ANC PLwERS

DC 4S5 I=1.NEUS

OP(1)=0 .0

JC(1)=0.0

CUR(1)=C.0

DO 46 I=1.NLBD

DEP(I1)=0.

DBA(IY=0.

IF (ITYPE(I)«EQ.0} CEV(I)=BVES(II)=-VZE(I)
DBA(I)I=BANG(I)=ANG(])

DG 48 I=1.NK8D

DC 48 J=1.AHB8D

0BP( 1)=08P(1)+DBA(JI®JICOR(I+J)

IF (JeLZeNLED) CEP(I)’DEP(I)’DEV(J).JuOR(l'JORPHD)

IF (1.GTe.NLED) GC TC 48
C8QA(II=022 (1 )+CRA(SIBICCR{INHET o J)

IF (JelL SeNLED) CECLI1)=DB8Q(11+4DEV(JIISICIREI+NHET J+NHBD)

CONTINUE

1CHK=0

OC SO I=1+ANEUS

IF (ITYPE(1)e.EC.2) GC TO S50

CC S2 J=1.NEUS

CURCIISCUR(II+NYE(IWJIBV(J)
PLII=SVEIISCONJGICLR(IY)

CPCI)=PC(lel)=PuF (i I}

IF (JTYPE(I2eECe1) DP(II=DP(I)+CEBP(I)+EPNF(1.1)
IF (A3S(DP (1)) eGTEPS) ICHK=1

IF (ITYPE(I)«NE.O) GC TO 50

DA(1)=2C(24¢ I)=2wR (241)

IF (JTYPZ(12.EQel) DQLII=0Q(I)+T2C(I12+3PWR(2.1?
IF (ABS(DQC IV GTLEPS) ICHK=1

CONT INVE

IF(ICHK ¢EC el « ANC.ITERGT.0) CO TO 82
IF(ICHK .EQ 1) GO TO Sa

DC 54 I=1eNEUS

IF (1TYPE(I)+ECe2) GC TO Sa

GVAR=PuR {2+ I)4LMV(I)

IFCITYPE(I )eCQel e ANCoGVARCLT «GMVMIN(I)) GO TO E£6
IFCITYPE(I) eSEQeleANDGVARGTLGMVYMAX(TI)) GC TC =8
GC TC S3

GMV(I}=GMVMIN(I)}

GO 7O 58S

GMV(I)=GNMVYMAX (1)

ITYPE(I)=0

ICkk=]

PGS+ II=GMV(III=-LIMVI])

DA(1)=PQ(2+1)=PuR (2,12

CCATINJE

IF (ICHK.ZQe.0) GC TC 110

CCUNT JACCEIAN

Source Listing - Reduced System Load Flow
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noON

&1

62
60

71

T2

70

82

as

80

NLC=0

NVC=0

CO €0 I=1.NBUS
J=ITYPE(I)=)
IF (J) €1+E246C
NLC=NLD ¢ L

GC TC 60
NVC=NVC+1
CCATINVE
NJAC=2% nLD#AVC
NJP=NJACH+1

RECKRCER EUSSES

K=0Q

L=NLD

D0 70 I=1.NBUS
J=ITYFE(I)=2
IF (J) ?71.72,7C
K=K ¢1

JK(K)I=I

GC TO 70
=L+l

JK(LI=I
CCNTINVUE

BUILD JACCEIAN

ITERSITER+]

DD E0 l=x1.NH

=JK(1)

00 80 J=1.0+

“=JK(J)

IF (K.EGC.M) GC TD 8S
AZT(L1oMITY (1 o KoM)=E(2M)BY (2K M)
S=E(2eM)IBY(1eKoeMIHE(LMIZY(2eK,M)
JAKE(Ie3)=(ASE(24K) )=(ESE(1.K))

IF (1oL eNLD eARND e JoLENLD) JAKEC(IONF o JONFISIJARE(I J)

GC TC 80

JAKE(1eJ)==FWR (2 oKI=L{Y{2 KK ITVEE(KISVEE(K D

IF(IeLE NLD eAND 0 JoLESNLDIJAKE(14NH s u+NHIZJARKE (4J)¢2.5FuF (2.K)

CCATINUE

DD SO I=1.Nm

K=JgK(1)

DC 90 J=NEUS.NJAC

M=K J=NH)

IF (KeECeM) GC TO 6S
ASECLeM)IBY (1 oK oeM)=E (2eMIBY(2¢KoM)
ESE(2eMIBY( Lo KoM ISE(IMISY(2K¥)
JARE(IeJI=CABE(]1 K) )+ (E2E(2.,K))
JAKE{ I+ N o J~NH) == JAKE(I,.J)

GC TC SO

JAKE(1+J)=PRR(1 oK)+ {Y (1K KIBVEE(KIWEE(K))
JAKE(Je 1)=PuR (1 eK)=(Y(1eKeK)mVEE(K)®VEE (X))

CCATINVE
CORRECT JACCSIAN

DO S€ 1=1.NJCCF

K=1

IF (IeGTeNLED) K=ALC=ALED+I
IF (1eGTeNHED) K=NH=NHBD+1
CC 96 J=1,NJCCR

M=y

IF (JeGTNLAD) M=ALD=NLED+J

Source Listing - Reduced

System Load Flow

s
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$6

100

108

120

A7

200
201
202
203

1ie6

IF (JeGTNRED) M=NR=Ar8D+J
JAKE(KeM)=JAKE(KeP)I+JCCR(TY)

BUILD AJUGVFENT VECTCFE

OC 100

=JKRLI)

Izie MM

JAKE( JeNJPI=DP(K)

oC 105

IZNBUS+NJAC

K=JKE I=NH)

JAKE( T+ NJPI=DO(K)

CALL SCLVE (NJACeJAKE)

GO TO &C

WRITE (£,202) ITER

OC 47 1=1.,NBUS

ARC=ANG(I)®18C+0/2.18155

WRITE (6¢204) LE(I)JITYPEC(I)eITYPE(I)VEE(I)sARC.P(I)DP(I)eDO(I

STCP

FORMAT
FCRMAT
FCRMAT
FORMAT

128US*,

€21Se3F10.%)

(14 .212.9FE.5)

(21S¢10XeE10.48¢1I5)

(71X ¢ *ITERAT ICN NUMBER *¢ I&8/4Xs "ILS® 45X *BUS* s5SXe 'RUSe5X
10X o " PCUER® o1 1Xe"MISVATCr®/2X e *"NUFBER? 42X *TYPES®,

22X+ *VOLTAGE® 42X ¢ "ANGLE ® ¢ 84X e 2({ *REAL® +3 X+ *FEACTIVE?’ »3X))
204 FCRMAT (1XeISe3Xe213e2XsF8e4eFELe394FS5eS)
205 FGRMAT (12F106%)
206 FCRMAT (110e4F12.4)

10

12

END

SUBFGUT INE SCLVE (NJA)
DIVMENSION A(125.126)

MA X=N+L

CO 12 K=1N

KF=pAX+ 1=K

D0 10 J=1.KF

JPEVAXS 1=J

AlK ¢ JP)=A(K e JFI/ZA(KIK)
00 12 I=1.N

IF (I.ECeK) GC TC 12
00 12 J=1.KF
JP=VAX+1-J

A(l ¢JP)=A(1eJPI=ALT+KIBA(KIIP)
CCNTINUE

RETURN
END

Source Listing - Reduced System Load Flow



APPENDIX C

This appendix contains the FORTRAN source listing, a
description of the input and an output list for the final
segment of the program. The input is read from two separate
data files. The first file contains the Jacobian correction
matrix and boundary bus conditions produced by the previous
segment and described in Appendix B. The second file is
the same format as the input to the first segment, with three
features added. The first line is exactly the same format
as described in Appendix A. The next four lines contain co-~

efficients used for different iocad types,such as

1.0 1.96 0.501 1.77 1.0 2.40 11. 55.6
(n) (B) <) (D) &) (¥ (G) (H)

where (A) and (E) are constant multipliers for P and Q.
respectively,

(B) and (F) are coefficients of AV for P and Q,

(C) and (G) are coefficients of (_AV)2 for P and Q,
and (D) and (H) are coefficients of (AV)> for P and Q.

In the section of bus data two additional bus type codes
appear:
100 111 1.030 . . .

(&) (B) (C) (D)
117



where (A) is the bus number
(B) is the load tyve code; 1 for general, 2 for res-
idential, 3 for commercial, 4 for industrial.
(C) is the reduction code. In this segment only the
presence or absence of the 1, signifying a boun-
dary node, is pertinent.
(D) is the bus type code.
The remainder of the line is the same as in the other seg-
ments, as in the entire section on line data.

The output is self-explanatory.
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NANOAANNAN

nNNn

nNDN

NnNDN

[aNala]

i

34

ta
"

18

119

NEBVAREZ LFCRT

CIVENSICNED FCR €2 BUSSES.,

TREATS ALL LCADS AS VICLTAGE VARIABLE.

MCCIFIEC TC FANCLE TFE RECLCEC SYSTEM.

READS PARAMETZRS. 8LS DATA AND ADMITTANCES Ch TUEE 2.
REAMCS CCRRECTICN MATRIX °*JCCR*e POWER INJECTIONSs ANC
BASE CASE VCLTAGES CM TUEBE 10Q.

CCPFLEX WYE(E2¢62)eV(E2)eCUFRLELI oPLEZ)I2S(CZ)«CONJIGuMYEBR(S)
DIPENSICN Y(Z2,€24€2) ¢E(2+62)¢AYE(2,€2)FUR(2462).FCL2,€2)

CIPENS ICN CP(E2)oCCIEZIeVEE(E2)oANG(EZ) o YEHIEZ) «28(Q,410) +EE(3.1C)
CINENSICN GPu(S2)eGUVI62) o CHYMIN(EZIoCMVMAX(S2)e YWR(EZ) o VMV( £2)
CIVERSICN JIK(12E)eKE(1ECIILECOZ) oITYRELCR) e ITYCE(EZYLLTYFE(ER)
CIVEAS ICN BFNMR(2 e5)eEVEE(EJeEANG(S)eDEV(E)LDEA(S)LCBRPIZ)DRA(S)
ECLIVALENCE (BYE(1el)oY(2s302))e(VIIDeE(141))o(CLR(1)sAYE(L,1))
ECUIVALENCE (P(1JePuR{11))e(SPL1)EPBR(141))4(SC(1)eFC(141))
REAL JAKEC1ZZ,12€2,JCCR{10¢102LMUW(E2)4LNV(ER)

RESL PIRAMETERS ANC INITIALIZE.

REAC (2202 INACH o NEBUSIEPSy ITHAX

CC S J=le.a

REAC (S0207) (AA(I¢J)+IX104)e(ES(Isd)e]=144]
CC 10 Ix=leNELS

CC 10 J=leMELSE

WYE{IeJd)=Co

ITER=0

NLED=C

NVEL=0

REAC BLSE DATA

CC 25 I=1eNELS

RESL (252C1) IBLSSLIVPE(L) o TYPE(I) eITYFE(IDSVEE(IDANC(!),
ILFRCII oL ¥VCI)oCMBLT)eCNV(IJaCMVMINIIIeGMVYNAX(IDexSH(I)
IF (JTYFE(I)eECeleANCITYFE(I)eECe0) MLECZNLEC]

IF (JTYFE(I)eECe1eANCITYPE(I)eECe1) AVESSAVEDe1
KE(IEUS)=]

LE(I)=1ELS

ANCCI)=ANG(1)03.14155/7180.C

Y(Zelol)=V(Zelel)eYSH(I)

M-ECSNLECNVELD

NJCCRzZ2BNLECeAVET

MM=NBUS=2

REAC CCFRECTICN MATRIXe PCWER INJECTICNS AND EASE CASE VOLTAGES.

CC 12 I=1+NJCCR

READ (1Ce2CE) (JCCF(XeJ) «J=1eNJICCR)

CC 14 I=1.MEC

REAT (1Ce2C€) KECLEF(IILEVEE(IILEANG(T)

ELILE ACKMITTANCE MATRIX
CC 20 I=1.NACH

REAL (2¢200) IFRITCesutYeCH(C
KBFR=KB(IFFR)

Source Listing - Combined Load Flow



laXaXa)

2C

3¢

aC

a1

L 2
a4

L 13

L3

K8 10=KBLITC)

WY E(KEBFRKETC )z=alY

WYE(KBTC o KEFFR )==~anY

Y(ZoKBFR oKEBFR )=V (2+KEFR (KBFFIH+(CHG/Z ()
Y2 o KETCoKETCIZY (2 oKETC+RKETLI+(CHE/Z L)
CC 20 I=1.AELS

EC 20 J=1eNELS

IF(leNEed) BYE(1+1)=uYE(IeI)=MYE(IeJ)
CC TC aa

CC 41 Ix=14NP

K=JKLI)

ANGI(K)ZANG(KI+IAKE(I+NIP)

CC 42 I=NELSoNJAC

KxJKLI=NH)

VEE(K)I®VEEL(KI¢JAKE( IoNJP)

CC 43 I=1eMELS

L= TYPE(1)

E(1+IX=VEEL(1)8COS{ANG(I))
EC2I)=VCECIISSIN(ANG(I))

CVv=VEE(1)»1.C
AMRZ(AAC2sLISCVHRA(I L)Y ICVYLAA(G L ICCVICVYILYVIZAALLLL)
VER(I)=LNMR(1I)S(].C4AAA)
EEE=(BEC2eLIVCVIEE (3oL ISDYICVHOB (Q4LIMCVSCVECVIVEE(TLL)
Vev(1)2LuV(Id%{]1.0+EEE) -
PCl{leId=GMU(I)~VNU(])
FC(2el)=CPV(I)=-VIV(I)

IF (ITERGTLITHAR) GC YC 11C

CALCLLATE CUFFRENTS AMC PCBEFS

CC 45 Ix1eNELS

CP(I)=CeC

CC(I1)=0.0

CLR(I)=C .0

OC 4& I=1e.NHET

CEF(I)=0.

CEC(I)=0.

IF (ITYPE{IJleECC) DEV(II=ENEE(II~VEE(I)
CEACII=EAMNC(I)=ANG(I3

DC 48 I=1.,MmEC

CC 48 Jx=1.NFEC

CEFCI)=CEFCIJ*CEA(JINICCR(Ted)

IF (JLENLEC) DEP(I)=DBPR( 1)40BV(JI®JICCR(IeJ¢NFEL)
IF (1CTANLEL) GC TC a2
CEC{1)=DEBC(I)¢DEA(LI®LCCRII4MMEDJ)

IF (JeLENLED) DEQ{1)=DEQ(1)40BV(JI*=ICOCR(I+NHED ¢ J¢NHED)
CCATINLE

ICFk=0

CC %0 I=1eMNELS

IF CITYFE(I)eECe2) GC TC SC

CC £2 J=1leANBLS

CURLINI=CLRCII®AYE(I«dISNV ()
FCI)=VI1)SCOMIG(CURC(IN)

SP{IN=FC(1e1)=PuFR(1,1)

IF (JTYFE(I)eECe1) CPCI)=CP(I)+DBPIIISEFRR(1,41)
IF C(ABS(CF(I))GTEPS) ICHKk=1

IF (ITYPE(I)eNESC) GC TC E£C
CCLII=FC(2e1)=PUR(24¢1)

Source Listing - Combined Load Flow
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(1 XaXa)

nON

L Xa X2l

€1

€z
€C

71

72

7C

IF (JTYPE(I)WEGel) CC(II=DC(II+DBC(II®EPWR(2,1)

IF (ABS(CC(I))}«GTeEPS) ICHE=1

CCNT INUE

IFCICHRGECeL «ANCJITERGTL0) CO TC 82
IF(ICHK.EQel) GC TC Sa

CC €4 Ix=1.MNELS

IF (ITYFE(I)EC.2) GC TC Sa
CVAR=PBUR (S I)4LNV(I)

IFCITYPECIDeECel eARCoCYARLTGMVRINC(II) GC TC
IFCITYPE(I)eEGCel «ANDeGYARCTeGMVYMAX(I)) GC TC
€C TC <o

CHV(II=GNvrINI)

¢C TO0 £$

ChVIII=CHVMLX(I)

ITYPE(I)=C

1ICHR=1

FCL2+1)=CHVI)=LIV(I)

BCLI)=PC(2eI)=FRWR(Z2,1)

CCATINUE

IF (ICFrK.ECe0) GC TC 110

CCLAT JACCEIAN

NLC=0

M C=0

CC €0 Ix1.ANELS
J=ITYPECI)=-1
IF (J) €1.€2.60
NLC=NLC ¢

G¢C TC 60
AyCa=NvVCe)

CCNT INUVE
NJAC=2% pLCeprvV(
PIPENJACH]

FECRCEF ELSESES

k=0

L=ALD

€O 70 I=1sNELS
J=ITYPE(1)-]
IF (J) 7147&97C
K=K+l

JREK)I=T

¢C TC 7¢

L=L 4}

JriLI=I

CCNT INUE

BLILC JACCEIAN

ITER=ITEFR+2

CC EC I=1eN¢

k=JK{13

CC €0 J=1loMt

=gK(d)d

IF (KeEC.F) GC TC 85

ASECLoMISY( 1 oK oNI~ELZ oM IRY(Z eKoM)

Source Listing - Combined Load
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[aXaXa)

nNOon

&C

Sc

S¢

1cC

10%

11¢C

47

20C
2C1

122

EZE(2eMIBY (14K sMI+EC I MIBY(Z oK o M)
JAKE(I2JIZ (MBE(2K I I=(ESE(1K))

IF (IeLENLLeAND eJoLESNLL) LAKELI®NEJNFISJAKE(Ied)
¢C TC &0

SAKE(I ¢ J)==FUaR (2 oK I= (Y2, KX IBVEE(KIPVEE(K))

IFCIeLE eNLC ¢ANC o JoLENLDIJAKE(I* Mo J4NHIZJAKE (I0J )42 e2FUR (24K)
CCNTINVE

DL SC I=1 N

K=JK(I)

CC S0 J=ERELSANJAC

B JK( J=NH)

IF (KeECe¥) CC TC S=

ASE(1e¥WIBY(L oKoM)=E(2eMIBY (ZeKaM)
EZE(ZoMIBYC(L 1K oM )IFE(1MIBY(Z oK oM)

JOIKECLTI 2= (S9ECL +K DI I4(EBE(ZeK))
GAKECIOM o J= M) x=JAKE(I ¢ J)

¢C TO <O

JAKE(I 2 J)=FRA(1 oK) ¢ (YLl eKe K IBVEE(K )SVEE(K })

JAKE(I v I)TFRR (1 +K)=( VL3 o Ko R IBVEE(K)ISVEE(K))

CCATINVE

CCRRECT JACCEIAN

DL S€E I=1eAJCCR

K=l

IF (1eGTMLEC) K=ENLC~-ALECS]
IF (1+GTAMBL) KxNir=—AREL+]

LC SE JT1.NJCCR

b=y

IF (JeGTANLELC) M=NLD=NLED+.
IF (JeCT oNFEC) pENr=MrE0¢J
JAKE(K oW )= LAKE(K o# )+ CCR (1 0)

ELILC ALGPENT VECTCF

CC 100 I=1.MF

K=JK(1)
JARE( I oNJP ISCP(K)D

CC 10S I=NELSWNJAC

Kz JK{I=AH)
JAKE( I oNJIPIZLQUK?

CALL SCLVE (MNJACJAKE)
GC YC 4&C

WRITE (€.2033) ITER

CC 47 I=1.NELS
ARC=ANG(1)®1EC.0/3.1415S
WRITE (€e204) LEC(IIeLTYPE(IIeJSTYPE(I) »ITYFE(I)sVES(I) ¢ARC,
1 F(I)CF(I)eLC(D)

STCF

FCEVMAT (ZI1S43F1Ce5)
FCRMAT (I8 +12¢211+SFELS)

2CZ FCERAT (2IS310XsE1C4.1IZ)
2032 FCEMAT (/01X ot ITERATICN AUNEER® o184 4/0e3XePBUS* 45X TEUE . EXe *BLE e D)

1e'BLS® s 1CXs'PLRER? s113s " MISPATCH 0/ e2X o *NLNEER® ¢2X¢*"TYFES® e
CEX s VOLTACE o2 X s "ARCLE® o AX o2 (*REAL P e2 X *REACTIVE® 42X}

2C8 FCRMAT (1XelS 44X e3I2¢1XeFBe4eFB8e3eaFS5S)

2¢<

FCRMAY (1ZF1Ce%)

2CE FCENMAT (I11044F12.8)

Source Listing - Combined Load Flow



ic

SLERCUTINMNE SCLVE (NoA)
CIMENSICN A(125,12€)
PAZENG]

CC 12 K=1eN
KPENAX+Ll=K

CC 10 J=1+KP
JFEFAX4L1=]

UKo JPIZA(K P I/7ALKSK])
CC 12 Ix1.N

IF (leECeK) GC TC 12
CC 12 J=1eKF

JEFEPAX 1=

ACIeJPIER(1eJFI=A(leK)BA(KeoF)

CCNTINLE
FETLFEN
ENC

Source Listing - Combined Load Flow
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1ce

e e ey
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~an bW

112

lece
leB2
lel11
1. CCO
1.0CC
l1.CCC
l.CCC
1330
legCC
1e0CC
1.025
1.CCC
1.00¢C
1.CCC
1.CC0
1000
1. CCC
1.000
l.C2¢C
1.0CS
1000
leCCC
1.000
1.C0¢C
1.C0¢C
1.000
leCCC
1.C00
l1.8CC
l.C0C
14000
1.€CC
1.C0C
1200
1.CCC
l1.CCC
1.CCC
1. L0OC
1.C00
t.CCC
1.0CC
1.C00
le.CCC
1.C0¢C
l.C0¢C
1.CCC
1.C00
l.C0OC
t.CCC
1309
l1.CCC
1.€00
1.3CC
leCCC
1 .C0O0
le CCO
1e.C0OC
1300
1.CCC
lelCC
teCC2

1.CE=Q3 10
Ce%CL 177
-4.22 227
-Zel4 2Ce2
0.0 0.0 0.0
CeC Ce€2C CecEC
0.0 0520 Ge27C
CeC CatS0 €100
D0 Q279 Cel8C
O.C 0710 0260
CeC Ce 250 Ce22¢C
0.0 1200 Ce2€0
CeC CeC 0.0
03 Q.10 Ce07¢C
Ce0 C«300 Cel&C
CeC Caa2C C.21C
Ce0 0380 [ $-1-]
Q.0 CaCO7 Ce0C2
0.0 Q240 ceC2C
0.0 Ce0 0.0
C.C CeC Ce0
0.C C«00388 0.00291
CeC S.CC380 0.0C285
0.0 0.0041C 0.CC2C2
Ce0 0sC220% 0.0C1%4
CaC C.CC128 C.CCCSE
- Y- 000772 0.0CSEC
C.C CsC0358 0,CC26E
C.C CeC Q.CCZ7C
0.C 0.00110 0.0CCE2
Ce0 Ce.COa2& 0,0C2¢S5
Q0.0 CeClacE CoC1122
QeC 0.0038% 0.00252
C.C C.CCCEE Co.CCCES
C.0 0eClE22 C.01278
CeC CaCC20E C,CC188
CeC CeCCO74 C.DCCSS
0.0 C.00C98 0.0C070
CeC CoCCL1SS 0.CC11E
0.C 0+0044€ 0,0C32%
Ce0 0.00178 0.0C133
CeC CoCOCEA CoCCCER
0.0 0400342 C.0C25¢
c.C CoC012C C.CC0SC
CeC CeCl21E Q.0CE2S
Ce0C 0.00a6€ C,L,0C2%50
CeC C.C0CE0 0,0CC&0
G0 04037£8 CL,CC27€
0ed 000760 0.0C570
O0.C CelCSL2 C.0CA27
C.0 000152 Co.CCilla
CeC C.CCC32 C.0CCZAH
C.C CeCCCEC CoCCCEC
CeC C«08052 C.0CC2S
CaC Ce02144 C.CC10E
0.0 Cs.CC1a47 C.CC12C
0.0 0.00507 0.0028¢C
teC CaC3422 Co.CC3ZE
0«0 0400520 C.CCa2E
CeC C.0CCES C.OCCE?
Ce0 C.CC24a8 C.0CZ€L
CeC 0.CO81C J.,0CEQ7?

Input Data

1.0
140
1.0
1.8

=Ce420
=le84a0

2.4C

-2.21

~CeCE2S
C.C
Ce.C
C.C
C.0
Cel
G0
Ce0
C.C
Ca0
Cel
.0
C.0
C.C
0.0
CeC
Ce0
CoC

11.€
-57.5
=-2€.5
0.0
-0.2CC
Ce.C
=0.C32
=CeSC0
Ce0
Ce0
=1.€%0
0.0
CeC
00
0.0
OeC
Oe0
CeC
=1«000
=10.0092

€Set
-162.
-1C7.
- %]
0.700
CeC
0.090
1eSSC
0.C
0.0
2.ECC
0.0
Oe®
Ce0
0.0
C.C
0.0
CeC
t.CCC
16.000

124

CeC
Cel
C.2¢C
C.C
C.0
C.C
Ce20
CeC
C.0
C.0
Cel
CeC
CeC

Ce0
CeC
CeC



4]
WWNNNBOIWN -

e
o0v
- N

102
102
102
104

<1
11¢
T¢€
ac
ez
7
¢
s¢
$7
se
sS
ec
Sc
$2
Sa
1C¢

L]
11
10¢C
s¢
$?
1c0
1cc

S AP BLEPLBILOOIMEAMMADDODMOMNIRIRIN
PRMuUNAIR VAR PUCIOPUMS L~

-

-
& sl B DMLY IN

-
-0 [Z] N
-

1c2
121
102
1Ca
10

4e1265€ =wS.1858]
12.€4506=-2a2,60162
22.09€61% =74.05196
E.S 0505 =27,3Ca€C
3.65C11 ~10.44E140
teCatta -35,07¢CC2
2.C0C028 = 12.52672
1.C3%514 -=,25203
Z.082C21 -1C.31082
1.54596 <~E,22042
1.02C25 =—4.£2651
C.C -z7.C037C2
£.2734C =17.2557S
2.2E283 =1C. 75237
1.76238 =£,7622C
Ce71C34 -2.23380
2.8CE37 ~1Z.5C1C1
€.a1462 -Z1.05048
3.2%C67 -1C.5C124
S EITEE -15.7272E
€.20627 =14.€5368
24127%2 -1C.EE3%S
1.21809% =%,324€7
259602 -11.7253¢
CeS0€14 =1.15247
1.01228 =Z.2C4GS
Ce €2CSE =-C.E13C6
CeZBS1E =C.CiE2E
Ce11326 =C.CAD76
C.ES1CS =-1.374CS
1.0G428 =1.7¢€€S
Ce12723 =C.07028
CeZCZa4 =C.267%E
060737 =1,28267
CoeS45CE =-1.24113
0.2€%26 =—Cez2€€2
Ce82E9S =~Ca8%7a8
C.4SE22 =~Col1€aS1
0e14272 =C.l%171
1.8322€ =2.3C4G6S
CeZ€C2C =CaCS2€2
0e2113€ =C.3%12¢
CeCRA1E =1.86E78
Ce%a712 =Cl.EE22a
Ce3BS17 =-Co21S29
Ce28482 =-C.2CS14
Ce1S4a5  C€.12152
Ce®724C =-1.C75€a
Ce$S42SC =2,14527
Coe?4237 =1.£571G
Ce1SES7 =Col85S¢
Ce2547€ =Ce2%1EC
Cel17301 =~C.14780
1414472 =C.577E7
3.38L56 -—a.42821
€.34207 =4.5£33%
J.€422z =~Z.lll4aC
10.67465 =-S.118¢€8
Ce75SE3 -Z.EZ252
227502 =El.AEEEL
£,72264 -4.88625
1. €SC33 =1.Ci25€
4.86288 -£,2210%
2.3LE5€ -a.42821
2.4E25€6 =Z.67€12
Input Data

0.8CEQQC
CelCaCC
Ce012¢0
C.C2CCC
C.CELEC
0.0C€aC
C.C1EEC
Q.Ca530
C.CZS4a0
CsCZECC
C+.CEa00
C.C

C.0%44a0
0.C2380
C.CacCecC
0.C7720
CoCLEEC
CeC21CC
C.023C2
CeCELAC
C.0tago
C.C2acO
C.Ca76C
Q.02160
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ITERAT ICN AUMEER
Eus

8Ls
NUMBER
08
7
a2
s2
108
78
s
8o
o1
€3
-3
(1]
L3
<7
se
9
31¢
S1
53
L)
62
€3
(1)
66
€?
[
&3
es
8s
27
as
[ 14
a1
4SS
4¢
42
47
at
a3
L

o
»

w [
S LUNO®OININL

-
oOoON
N s e

1e3
108
10¢
121
111

TYPES

WRNMUWNRNAMRBRNANROBRONPMNMNVNRBMMDOBAOMMWNAOMMNIGN SR N AN WN @R R G Wl e 0o g 00 o 00 02 40 00 of bm 00 4o o g0 bo e

NOo00O0ODONOONO0DODNONO0O0ONBO0O00O0N0000N00O0O0NDOOONOOOONNNNNNNNNRNNN =M e~
NOANONNONOONNNAOCHNONOONONODNRONOO0AONOONDNDO"™HNOONOOOMNNOKOONO

EuS
VCLTAGE
102¢7
3CC22
CeSSES
1s012C
1+C3CC
10004
1eC0SC
1e€32C
1026C
1.6€27
1 0032
CaS$517
1+CC0a
101212
1aC253
1eC1CC
1 eCCEC
1«C02C
0597
CaSS2¢
Ca5852
Ce$73C
CeS7%¢
CeS728%
Ce$€212
CeS71S
CaSSE2
CeS41C
CeS28C
CeSBAS
CeS2¢2
CeS21 %
1.CCat
oS54
CeSECL?
CeS5€E
Ce$53S
Ce551¢€
OeS7LE
CeS772
C+S7E2
CeS6E7
CeSCES
O.273¢
Ce E22
CeokC2¢
1.C07a
1e.C0712
1 ,00¢$
100712
1eCC71
leCC1la
CeSSEZ
CeSS5C2
-1 ¥
CeSS4Z
CeS55€12
1eCCCE

ELS
ANGLE
=1.081
=2e432
-Ze.CEC
4.076
-1.258
=2e7%6€
2378
C-C
=Ce704
le281
=C0.718
-1.620
—le724
-1a23C
=1.6G4
=2e082
=1+40¢
-leSSZ
-1.662
-1e737
=1.E32
-1.614
=1eSEC
=le564
=Ce$7%
=2e044
~2574
-le4sA
=2e502
-106%
=C.258
C.026
1422
-1.2%0
=le052
-1e.68¢
=1.752
~le 722
~173¢€
-1e22%
—2eZ5S
—2.€21
-Zet3€
=Ze528
=3« 065
-2.185
1243
—leZaAd
-1a24%
-1.244
=le24E
—-1.664
=1.67%
=1le707
-1730
-173C
= 146%S
-1.70S

FCHER

REAL
1e45C2a
=leCS5ac8
=C.C2C22
1435245
=C.CE&7720
=Ce71CC12
=Ce25000
CeC
=0+C0080
=Ced2C0C
«Ce2CCCC
=0e42C80C0
=Cs2ECCC
=C+LCOGE
=C.34CCC
=Cea2CCC
=1+8399¢
=CeCC2ES
=Q.CC27S
=CeCCaC?
=0.CC156
~C.CC221
=-0eCCY52
=GsLC23¢
=C.CCCCC
=CeCCICH
=0.CCa0e
=CeCl32E
-0.CC223%
=-CeCCCES
~Lal1€72
=0.CC17¢
=C.CCCTa
=CeCCCS3
=CsCC1%2
=C.CCaa>
=CesCC176
=C.CCCE2
=0sCC23a
~CeCC11S
=CeC1C74
=0+CCa01
=CaCCC?¢
=0.CCESa
=C.CCZES
«Q0esCCAQE
=CeCC15a
=C.CCC22
=-CelCCEZ
~CLeCCCE2
=C.CClac
=~C.CL14a8
=C.CCSCE
=CeCCaliC
=0e.CCET7
-0.CCCES
=C.CClacC
~0.CC813

Output

REACTIVE
1le €167
=Ce3€117
=Ce225CC
=0.2€C279
Ce 22527
=CectCCE
=Ce32003
[ X 4
«0.0000%
~0.£7000
—=Cel1€0C2
~0e3210C3
=Ce 14SSE
=0.0018%
=C.CE002
=Cel12%E
—2eELT76E
=Ce £C26C
«0eGQ2E7
«Ce 003123
=CelClas
=C0eQC0G1
=Ce.CCES3
=CeCCZE3
~0.0C206
=CeCCCT?
«0s0C222
=Ce.CCSSE
-CelC2223
«=C.0C063
=C.C12Ca
=0.0C1222
=CesCCCEa
=CsCCCES
=0.CC112
«C.CC222
~=0.0C121
=C.CCCC2
-CelCZE2
=C.0C0ES
=CesCC75a
=C«C0207
=C.LCCE?
=CeCCAS2
~C.Clas8
=CeCCA27
=-0.CCl18C
-CsCCC23
=CsCCCeEZ
=CesCCOAC
=C.C0110
=CeCCICE
~GeCCI7S
-=C.CC222
=C.CCaal
=C.CC000O
-Ce (C22S
-CeCCECT

MISMATCH
FEAL FESCTIVE
€e000C2 cC.0CC1
«C.,00082 -0.000¢C2
=L.S00CC =Ce 00000
CeV00C! Co.C0CCCe
C.00080 0.0
C.008C2 C.CCCCE
C+000C0 0.0C0922
Ced Ce0
€.000C0 C.CCCCE
«~C.00000 C.0COCOC
=CesCCOCC CocCCCC2
€C+.000Q0 0.0CC022
«C«S00C0 =~0.00002
=C.000C4 =C.CCC11
-C.00000 0C.000C1
CeGCCCC C.C
=C.0C0C1 0.0
€Ce000C0 C.0C000
«C.080C0 =C.CCCCC
Ce000C0O0 =0.00000
=Cs0COCC Co.CCCCC
€C.0CO0CC C.CCO0Q
C.000C0 C.C00C0
€.000CC <C.CCCCC
C.00000 C.0C000
=CeCLCOCC =CoCLCCE
C.C00CC c.CCCCC
C.000C1 0.00C0%1
C.0C0C0O0 Co.CCCCC
«C.000C: ~0.0CCCC
CeSCCC2 C.CCCC2
€C.000CLC <C.CCCCC
~€.0C0C0 =C.CCO00
€.000C0 C.CCCCC
C.000C0 0O.00QCC
C.CCOCC C.CCCCC
Ce8COCC C.CCCCC
€.,C00CC <.CO0CO
Ce0COCC CoCCCCC
C.000C0 ©.000C0
C«0C0Ca =-C.CCCCE
=Ce208034 =C.CCCIS
C.000C:1 C.0CCO!
€.00012 C.3CCCS
Ce00070 ¢C.00QES
C.0CCEa (C.0CCSE
«Ce0C0CC =CoCCCCC
«(s00CC1 =C.0CQ01
€CeCCOC1 Co.CCLCC
£e00CCC CeoCCCCC
C.000080 0.CCOCC
~C.000C1 ~0.CLCC2
€C.000C1L <C.CCCCL
Ce00OCC ©,0000C0
=CaCCOCC =CoCCCCC
C.J00C0 C.CCOCO
C«CCOCO C.00CCC
Ced00C1 C.0CCCH
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APPENDIX D

This appendix contains the output list for the final

segment of the first test of the load flow program.
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ITERATICN NUMBER L]

eus sus eus eus POWER MISMATCH
MUMBER TYPES VOLTAGE AAGLE REAL REACTIVE REAL REACTIVE
44 110 005557 =1%.G€2 =0,22€85 =0.06044 =0.00001 ~0.00003
49 111 1.035C <=5.029 0.%50080 =0.001€0 ~C.00014 G.O
63 112 1.635¢C 0.0 0.0 Oe0 Ce0 0.0
45 120 1000S€ =14.25€ =CeST002 =0421533 (.00002 =0.0C0£7
/6 121 1035C =11747 =0,C8554 0613265 =C.0000& 0.0
47 120 1C315 =$.333 =0.2400€ C.00073 (.00006 =0.00073
ag 120 10353 =104210 =0.0301% =0.00532 (00015 =0.0CCEEL
1 200 140122 =131135 =0.,00006 =0.00013 C,00006 0.00013
11 20080 140083 =11e324 =0.,CCCSE =Ce0C027 (C.00000 =C,0C0012
12 300 100480 =11,33% =0.,00676 =0.,00324 =C,00002 0.00001
13 200 14C0S7 =11.451 =0,C0222 =0.CC156 ~C.00001 =0.000C1
14 200 1.00%€ =11.8452 =0.00022 =0.00011 =(C.00000 =C.0C00CC
1s 200 140051 =11.448 =0.C0127 =0.00062 =C.00001 =0.00300
16 200 10051 =11.448 ~0,00072 =C.00035 =(.00000 =0.00000
1?7 200 10082 =11.523 =0.00067 =0600033 =(C.,00001 =0,00C0C
18 20¢ 24002 =11E57 =0,CC%22 ~0.CC255 =C.00001 0.00000
19 200 140032 =11,56S5 —=0.,00247 ~0,00120 =C.000C1 «0,00C01
2 200 10073 =11.353 0©.C0001 =0.00001 =C.00001 0.00001
21 200 09941 =12.794 =0.0C263 -0.0C147 (C.00013 0.00012
22 200 05535 =14.2€1 =0.00245 =0.0C121 =C.00000 0.00000
23 200 0eS533C =14.327 —=C.CC207 =0.00101 =C.00008 =0,00004
24 200 005322 =14.323 =0,C0007 =0.00003 =~C.,000C0 =~0sCCOCC
2% 200 05415 —=14,734 =0,00444 =0.,00212 =(,00011 =0.000CS
27 200 069547 =14.201 —0,CCE2E =CeCC303 =C.00009 =C.00004
28 200 0e93GL =14,7€C =0.CO0ST3 ~0.C0274 =Co00016 =0.00012
3 200 CeG71€ =12.8€1 =-0.,C0108 =0.00052 C.000Cs 0.00002
31 200 0e9504 =12,930 ~0.00208 =-0.,00100 =C.00006 =0,000C2
22 200 06383 =12.5962 ~0.00385 ~0.00188 =C.00012 =0,0000S
33 200 09294 =12.950 ~0.€02C1 =C.0C0S8 =Ce00010 =0.00005
. 200 100032 =1145€3 =0.001321 =0.C0066 (00004 0.0000%
5 4 00 0e55E1 =11, E52 «C.CC8S4 =0.0C437 =~C.00001 0.00001
-] 200 0eGBGE = 12.04% =0,C035E3 =0.0C172 =Ce0C0C0 Co.0CO02
7 200 0.582€ =12.311 =0.C0509 =0,00235 (C.00009 =0.000C7?
71 200¢ 0eS72€ = 12,464 =0.C0161 —=CoCCO078 =C,00001 =0.0C000
72 200 0eSEGA =12.513 =CeCOSSE =0oCO0ASE =(.00012 =0.,00005
-] 20¢ CeSLOC =22429€ —=0.CC22€ =0.C0205 =Ce00000 =0.00000
81 200 09716 ~12.24¢€ =0,CC4327 =0.,00206 =C,00004 ~0.0C002
82 20¢ 005678 =12.220 =0.0C374 =0,00183 =C.00008 =-0.0CCO1
83 200 0eGEES =12.25€ —0,CC280 =0.CC134 =C,000C3 =C.00002
8a 200 CeS6EL —=12.273 =0.CC1€E =0.,0007F =C.000C2 =0.,00002
as 200 065702 =12.23% =Ce(CCS512 ~Co004481 ~C00014 =0,0000€
9 200 0eG772 =126427G6 —0+CCAH69 =0.00227 =~Ce000C6 ~0.0C002
10 200 CeST7ET =122€67 =0.C0245 =0,00118 =C.,08003 =-0,0CC01
3 200¢ CeSOELE =12,45E8 =0,CC260 ~Ce0C178 =C.00006 =0,00002
101 200 10236 —10.62€ =0.0011% =0.0C0%8 (C.000C0 Co00002
1c2 200 14C1€2 =1C.9E3 =0.CC14% =C,0C072 C.000C2 0.00002
121 2a¢0 10015€ =104976 —=C+CC243 =-0.0C116 ~C.000C1 =0.,0C0C1
122 200 1¢C152 =10977 =0.,00060 ~0.00025 =C.00000 =0.,0C00C
103 200 10078 =11.282 =0.CC280 =0,CC137 =C,00000 0.00001
104 200 10042 =11.410 —0.CC232€ =0+0C116 =~C.000C0 ©0.,00002
105 200 16C01E =11.457 =0.0C344 =0,0C163 C€.000C3 =0.00002
151 200 10000 =11502 «=0.0C25F =0.0C12% =(C.000C2 =0.,CC001
1%2 20¢ CeSSS3 =11eS517 =0.,00489 =0.0023€ =C,00003 =-0.000C2
| & ] 200 10002 =11502 ~0.,0C258 =0+0C273 =CeCO0C2 =0.0C002
106 200¢ 04994€ —=11.512 =0,0C478 =C.00232 =C.000C5 =C,CCQO1
1€0 200 005638 =11.602 =0,L00C8 =0.00002 C(C.000C8 0,00002
161 200 0eS67€ =12.1€5 —0.CC443 ~C.CC214 -C.,00004 =C,00002
162 20¢ CeSE37 =12+487 ~0,00513 =0.,00246 =C.00009 ~0.,000Ce
107 200 Ce§G22 =11.%2E —=0.C0220 =CeCC1C6 =C.000C2 =0.,0C001
108 20080 CeS87E =11.540 =0,C0087 =Co00C483 =Ce000CO =Co.0C3CC
109 2 00 0eSEAS =114550 =0.CCOESE =C.00032 ~C.000C0 =-0,00000
110 200 065762 =11.5€7 «=0,0CE5E =CoCC288 =Ce000C6 =Co0OCCCI

Output - First Test



