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ABSTRACT

In this thesis a new class of methods for solving power system
load flows is developed, which is called the alpha-modified quasi-second
order Newton-Raphson (alpha - M.Q.S.0.N.R.) class.

The theory is derived from the Taylor expansion for multivariable
functions and is developed using rectangular coordinates. The first
part of the theory is actually the Newton-Raphson algorithm. This is
expanded by including the second order terms from the Taylor expansion
to produce a quasi-second order Newton-Rahpson solution method. The
theory is then further modified to yield the more general alpha-modified
me thod.

Extensive testing is performed using the new method for seven differ-
ent power systems. The same systems are rerun with the Newton-Raphson
so that a comparison can be made and the new method's relative merit
judged. The rate of convergence is studied, as well as the mismatch
values which occur during the load flows. This is done for many different
values of alpha and for the different systems. The results are analysed
and discussed in detail with the main result being that the alpha -
M.Q.S.0.N.R. method tested, with alpha equal to zero, is superior to the

Newton-Raphson.
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CHAPTER |

| NTRODUCT ION

1.1 Background

1.1.1 Definition of Load Flow

Load flow (or power flow) is the most frequently performed of
routine digital-computer power network calculations. A load flow
program is used to determine the powerflow, both real and imaginary,
over transmission lines and the corresponding bus voltages across the
system. This calculation is a steady state solution or snapshot of the
system under one specific condition and configuration. A configuration
describes the system connections, such as the particular lines connected
and generating stations on line. The system conditions describe the
magnitude of load and the generation schedule to meet the load. Simply
put, load flow is therefore defined as the solution for the static oper-

ating condition of an electric power transmission system.

1.1.2 Uses for Load Flow Calculations

Load flow calculations are performed in power system planning, oper-

ational planning, and operation control. |t js necessary to use them to

see the effects on the whole system of, and help determine, network changes

involving:
] & plant site selection
2 plant size and number of units
3. operation of plant (i.e., base load or peak)
L. routing of new transmission lines

5. location, and voltage level, of new area interconnections



6. bulk power transfer capability

7. size and location of capacitors and reactors for reactive
compensation

B contingency evaluation due to temporary loss of generation

and/or transmission circuits

Over the past decade, load flow calculations have also been utilized
more and more in optimization and stability studies in electric power

systems.

1.1.3 A Brief History of Load Flow

Twenty-Five years ago all electrical networks were solved either
by hand or by a network analyser. The analyser was simply an electrical
analogue device which scaled down the electrical quantities of a system.
It is now obsolete as a tool for routine studies of power systems and is
relegated to the worthwhile role of an educational tool.

This rapid demise of the '"'analogue calculator'' started in 1956 when
the first truly successful (i.e., practical) automatic digital simultaneous
quadratic equations solution method was developed by Ward and Hale [71].
Their method was an approximation to the Newton iterative technique using
rectangular form which allowed it to be run on the small-memory computer
by neglecting the off-diagonal elements of the Jacobian submatrices and
also by using the admittance matrix formulation. Using this as a basis,
the programs, which immediately followed, implemented the Gauss-Seidel
algorithm, introduced by Glimn and Stagg [33], and were accepted by the
Power industry. Other methods were also proposed such as Jordan's re-
laxation method [39] and zero mismatch methods, but Gauss-Seidel's became

the industry standard.



Unfortunately, Gauss-Siedel requires a large number of iterations
to obtain a solution and this number increases with system size. Also,
the algorithm is such, that any adjustments made in an iteration take
several more iterations to propagate their effect throughout the system.
This sometimes leads to convergence problems.

In the early 1960's the Bonneville Power Administration (B.P.A.) was
engaged in research involving the Newton-Raphson method, which had been
shown to have very powerful convergence properties [72], [73], [74], but
poor computational efficiency. |In 1963, Sato and Tinney of B.P.A. publicly
introduced the concept of optimally ordered elimination for the solution
of large, general, sparse networks, and showed such methods were very
efficient for solving large power system problems [53]. The mathematics
behind the concept are concisely summarized in [63] and [65]. This con-
stituted a major break-through in power system network computation, with
the original application being to dramatically improve the computing speed
and storage requirements of the Newton-Raphson method [64]. As a result,
this method is now widely regarded as the preeminent general-purpose load

flow approach, and has been adopted by much of the power industry.

1.1.4 Impetus for This Thesis

With the stimulus of increasing problem sizes, on-line applications,
System optimization, and the fact that there is no '‘best' method for all
Systems, the development of faster and more efficient algorithms for
solving load flows continues to be the object of many research efforts.

Recently Sachdev and Medicherla introduced the second order Newton-



Raphson (S.0.N.R.) method for load flow solutions [46]. It was applied
in polar form. In discussing that paper, El-Hawary and Vetter [29]
suggest that employing the rectangular form may enhance convergence. This
seems like a reasonable assumption. For quadratic functions, as the load
flow equations are, the derivatives of order higher than two are zero.
Thus, a second order Taylor expansion-based iteration, such as Newton-
Raphson, will converge in one iteration in the single variable problem.
The load flow problem is a multi-variable problem that normally requires
more than one iteration to solve the nonlinear equations. The use of the
polar form introduces trignometric functions, but with the rectangular
form, terms beyond second order are zero, thus making the second order

scheme exact, and likely superior.

1.2 Scope of the Thesis

In this thesis. a quasi-second order Newton-Raphson (Q.S.0.N.R.)
load flow method in retangular coordinates, as suggested in [29], is
developed. This then forms the basis for the formulation of the alpha-
modified quassi-second order Newton-Raphson (alpha-M.Q.S.0.N.R.) method.

Chapter Il provides the theory upon which this thesis is based
First, the load flow problem is formulated in rectangular coordinates.
Then, starting with the Taylor expansion for multivariable functions,
the Newton-Raphson technique is evolved.

The derivation of the Q.S5.0.N.R. is detailed in section 3.3. This
is followed by the formulation of a number of alpha-modified second order

schemes in section 3.4. The alpha - M.Q.S.0.N.R. method number one, der-



‘ved in subsection 3.4.2, is the algorithm upon which most of the testing
was performed.

Chapter 1V details the application of this method to solving load
flows for a number of test systems, which are described in section 4.3.
The next section presents and analyses the results obtained.

The last chapter summarizes the conclusions reached as a result of
the testing, and suggests some areas in which further efforts could be
applied. Seven appendices are included. These describe many aspects
related to the development reported in the text. Among these are des-
criptions of test systems, derivative evaluations, program listings to

mention a few.



CHAPTER 1II

SOME BASIC DEVELOPMENTS

2.1 Introduction

In this chapter, some background theory is developed which will
form the basis for work reported in this thesis. The following section
briefly introduces the theory of the Newton-Raphson technique which is
the foundation for the methods developed in chapter 3. Section 2.3
illustrates how a general power system is represented so that its
parameters and variables can be used in the load flow solution methods
effectively. Section 2.4 sets up the problem by formulating the static
load flow equations of the system modeled in the previous section. The
last section then derives the Newton-Raphson method in rectangular

coordinates to the load flow equations.

2.2 Introduction to the Newton-Raphson Method

It is well known that the Newton-Raphson method is based on a
Taylor expansion of multi-variable functions, where only the first order

terms are considered. For a system of nonlinear equations, fi’ the

Taylor expansion is,

1 n SF_L
fo(x,+A,, x,tA., ...) = f.(x,, x ) + 17 T A. ox.
P71 1 72 "2° ¥ " 2° e J J
2c
1 n n 9 i
o ]
21 _E § A Ak ijaxk
j=1 k=1
1 n n n h 83fi
+ 3! I r L A, A A, 9x,3x, 9x
j=1 k=1 g=1 KOk
-+ , =2, ...n (2.1)



The Newton-Raphson method uses only the first order approximation of the

above expression, which leaves

n of ;
ol Hhys xo%A, 5 wnn) = Fulx o, xp, 0n) = .z] A 3?}; i=1, ...,
. (2.2)

In vector form this can be written as,

Af=J28
and manipulated to obtain

b= af (2.3)
with which we can solve for the increments, Ai. Here, J denotes the
Jacobian matrix of first order partial derivatives. |In the last section

of this chapter, this method is employed in solving the static load flow

equations for a general power system.

2.3 Modeling of the power system

Before developing the static load flow equations and the solution
methods of concern, modeling of the power system must be discussed.

A balanced three-phase power system is assumed, and the transmission
system is represented by its positive-phase-sequence network of linear
lumped series and shunt branches. Figure 2.1 represents a simple
3-bus system and illustrates the main types of buses as well as the
main parameters and variables associated with each line and bus.

The symbols used in figure 2.1 are defined as follows:

Sp = Pp+_jQp Power generation or power demand at bus p
Vp = VpLep Voltage at bus p (polar coordinates)
Z =R _+jX Series impedance of the transmission line between

bus p and bus q

X Shunt reactors and or static capacitors at bus p

n
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FIGURE 2.1 MODEL OF A 3-BUS POWER SYSTEM



quo’ quo Transmission line shunt reactance. In a normal line,
Xpgo = Xgpo and their sum is the total line shunt
reactance. Xpgo # Xgpo if there is a tap setting
transformer in tandem with the line.
Buses are categorized into three main types for load flow solution
purposes:
(i) A load bus, such as bus 3, has the total injected power, P,

and the reactive power, Q, specified, while the voltage

magnitude and angle are the unknowns to be solved for.

(ii) A voltage regulated bus (a generator bus), such as bus 1 or
bus 2, is one at which the total injected active power, P,
is specified, and the voltage magnitude is maintained at a
specified value by the reactive power injection, Q. Therefore

Q and the voltage angle, 6, must be solved for.

(iii) The slack (or swing) bus. One of the generator buses, such
as bus 1, is taken as the slack bus. Because total line losses
are not known before a load flow study, one bus must have the
active and reactive power unspecified so that it can pick up
'"the slack''--the difference between the total injected power
of all the other buses and the requirements of the system
loads. The slack bus voltage angle is assigned as the system
phase reference and is considered a known quantity. Being a
voltage controlled bus, the voltage magnitude is also set and
known.

If a line has a fixed tap setting transformer as shown in figure

2.2, the transmission line variables are manipulated in order to obtain
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BUS p BUS q

a.

FIGURE 2.2. FIXED TAP SETTING TRANSFORMER IN
TANDEM WITH A LINE.

BUS p BUS q

pp Yqq

FIGURE 2.3 EQUIVALENT MODEL OF THE LINE WITH THE
TRANSFORMER OF FIGURE 2.2.
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the equivalent model of figure 2.3 so that it will be compatible with
the load flow solution procedure. The manipulation is performed in the
following way.

The transformer performance expressed using the transmission form
of the two-port network presentation is

ep- == - a O -et-

ip o 1/a Lit (2.4)

o

This describes the relationship between the nodal voltages and
currents at node p in terms of those at node t on the line side of the
transformer.

For the transmission line the following relationship holds:

. . = P =
ee] = [ 11+ (vg/veg)] (-1/vg) q
YtYq y (2.5)
Iy Lyt + yq + ( ytq)] [-(1 + ;3-)] i
L - - tq - L -
Substituting equation (2.5) into equation (2.4) yields
ep | = [ oLt + Cany, )2 (-a/¥, o) cq
2.6)
: 1 YtYq 1 Yt . (
i —Ly. +y + ( ) ] -— (1 + —) I
X P | La t q Ytq a Ytq- - Q_

In order for the transformer and line of figure 2.2 to be replaced
with the equivalent T networks of figure 2.3, equation (2.6) must be

equivalent to the transmission relationship of figure 2.3, which is,

- - p= Y - o -
_ qq
e = (1 + —3) (-1/y_ ) e
p Yoq Pq q
y_ .Y y (2.7)
'p Yop * Yaq ¥y ) (1 + 35 'q
o - - pq pq =l - -

Equating the two relationships for the elements (1, 2) leads to

-a
_.‘] ==
MNpq Viq
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which reduces to
= /a
Yoq ~ 7ta (2.8)

Also we have for the (1, 1) elements:

b 4 s 1 ¥
1+ ( qq/ypq) a [1+ ( q/ytq)]

which reduces to,

=y + - 2.9)
Yag ’tq " Yq  7pq (

The equality of the (2, 2) elements results in

1+ (Ypply_) =

1 y
— ‘] +
o i ( t/ytq)

which reduces to

_ 'z
y ——

pp a a

& & = 1) - (2.10)

With equations (2.8), (2.9), and (2.10) the transmission line with
a transformer of figure 2.2 is transformed to the ''standard line"
representation of figure 2.3 whose parameters can now be used in the

formulation of the static load flow equations.

2.4 Formulation of the Static Load Flow Equations

2.4.1 Introduction

Nodal analysis is almost universally preferred in the formulation
of the load flow problem for analysis. This is because of the
simplicity of data preparation and the ease with which the bus

admittance matrix can be formed and modified for network changes in

Subsequent cases. It is centered around the nodal equation,
1=Y.E (2.11)
where the vector | is the set of currents flowing into each bus and the

vector E is the set of bus voltages, and the vector Y is the bus
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admittance matrix.

2.4.2 Derivation of Load Bus Equations

The power at bus p is defined as

U

s =V | 2.12
p p P ( )

Also,

Therefore,

P j =V | :
P i JQD PP 2. 3%)

Taking the conjugate of both sides of (2.14), so that Ip can be

evaluated more conveniently, results in,

ol

P - j0 =V | 2.
5 JQp 1o (2.15)

Referring to figure 2.1 it can be easily seen that, applying ohm's

law, the total current flowing from a bus p, would be,

m
| =V (y )+ I (V -V (2.16
P p Ypo q=1 ( P q) qu )
q#p
where,
A
Vp = voltage at bus p
Vq L voltage at a bus, g, which is connected to bus p
A
m = number of buses connected to bus p
ypq . the series admittance of the line connecting bus p
and bus g
ypo 4 the sum of all the shunt admittances to ground connected

to bus p, including that of bus shunt reactors and/or

static capacitors and that portion of the line shunt
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admittance delegated to the leg of the T-equivalent
model of the line which is closest to bus p.

Equation (2.16) can be reduced to

m
I =V Y - ¥ +V vy
P P PP _ d9 pPqg
q=1
q7p
where Ypp is the sum of all admittances connected to bus p.
m
Y =y t Ly
PP po q=1 Pq
q#p
Letting Y = -y , the general form will be
Pg Pq
| = E vV Y
P g=1 9 P9 (2.17)

where n is the number of buses in the system. Note that for any bus
g not connected to bus p, the term qu is zero.

Substituting this result into equation (2.15) gives,

% N
P = JQ = Y y VY (218)

Equation (2.18) defines the load flow problem to be solved. The
real and reactive portions of the power are separated to form a set
of 2n equations. The method that will be used for solving these
requires the use of rectangular coordinates. Thus, with
V =e + jf 2.1
5 ep jfp (2.19)

and

Y =G __ - jB (2.20)

The expressions in rectangular coordinates are substituted into
equation (2.18) to give,

n
-jQ_= (e -jf ) = if )(G_-jB
PLmi = (e -Jf ) = [(eq + jf ) (G -JB )]
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n
= (e - jf) I
p p

[(e G +FfB )+ j(fG -8B )]
g=1 9

Pq q P9 9 Pq 9 pg

Separating the real and imaginary parts gives,

n
+fB )]+ f[Z
d P9 P q=1

)
Il
®
=

I 843
—~
®
fep)

fG -eB )]
L pa g pq)

B )]

n
=f [ X G + f B - e
: L (e a®pq’ [ , 9Pg g pg

P

[{ I et e
=
o

|
4]

q
Simplified, the static load flow equations in rectangular coordinate

form are,

n
P = ¥ [e(eG + fB +f (fFG -eB )] 2.21
o bepleghng * g pa) ¥ o Tabhg ™ CaBpq) el

n
= I [f G+ f B - fG -eB )] 2.22
Tl 5 %q%q * Fafpa) 7 % Fafhq T SqPpd 222)

2.4.3 Derivation of the Voltage Controlled Bus Equations

Equations (2.21) and (2.22) specify the static operating state at
the load buses. However, at a voltage controlled bus, the specified

variables are active power and voltage magnitude. The two equations

governing such a bus are equation (2.21) and

(2.23)

2.4.4 The Slack Bus

At the slack bus the voltage magnitude and angle are specified.
The active and reactive powers are determined at the conclusion of a
load flow solution, since the purpose of the slack bus is to provide the
additional power to supply the transmission losses which are not known
initially. As a result there are no equations to be formally solved

iteratively for this bus.
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2.4.5 Summary

The load flow nroblem for an n-node power system consists of a set of

2(n-1) nonlinear simultaneous algebraic equations to be satisfied.

At a load bus, p,

n
P = e (e G + f B + f (f G - e B 2.k
p q£1 p( q P9 q pq) p( q pq q pq) ( )
n
= f (.G + fB - fG - .B 2.22
% oy P dpg a pa) ~ epFalpq ™ eqPpq) 22
At a voltage controlled bus, r,
n
P = qE1 er(qurq + qurq) + fr(qurq - qurq) (2.21)
=+ f 2 (2.23)

2.5 Formulation of the Newton-Raphson Method in Rectangular Form

2.5.1 Solution Criteria

The equations defining the static operating state of the power
system, derived in the previous section, must be satisfied for an exact

load flow solution. The criteria for solution will be set up as,

APp B Ppsched ) Ppcal =94 2 (2.24)

AQp } stched ) Qpcal <y - (2.25)
for load buses and

|APD| B lesched ) Ppcall % 5 (2.24)

BV 121 = TV L gched = 1V loay] < 8 (2.25)
for voltage controlled buses, where Ppsched’ stched’ and |Vp|Sched are

the scheduled variables; P and |Vplgal are the variable values

cal? Qcal’

as calculated by equations (2.21), (2.22), and (2.23), respectively;



¥

APp, AQp, and Al\lpl2 are called the bus mismatches; and & is the

tolerance within which the bus mismatches must fall to constitute a

solution--normally of the order .01 to 10 MW. or MVar or (kv)2

2.5.2 Formulation For the Load Buses

The Newton-Raphson (N.R.) method requires that a set of linear
equations be formed expressing the relationship between the changes
in the active and reactive powers and the bus voltage components
during the iterative solution procedure. This is achieved using the
Taylor expansion. For the systemof nonlinear, multivariable equations,

fi’ the Taylor expansion is

fi (x1+A1, X,y c..) = £, (x1, Xy )
1 n oy
+ 1! X A, 3x.
iop 37
N2
1T n n 0 f;
4 21 X Lo AN, A 9x.9Xx
j=1 k=1 kK
N3
1 n n n . 1:i
+ 31 % 5 A, A A, 9x.9X, 09X
=1 k=] gy 4 KA ATRTL
+ . . . , 1i=1, 2, ...n

(2.1)

The N.R. method is based on taking the first order approximation

of expression (2.1), which is the first two terms

- 3F
Frlog #0805 X+ 8y, nn) = Filxg, Xps nn) #2040 57
j=1 J

i-_-], ceey N (2'27)

Rearranging (2.27) to get it in the form of the mismatch criteria

relationships of section 2.5.1,
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¢,
n |
Folxgt by, x, + 4, ) - Filxgs %y, ) = R
J=1 J
or )F
n i
=1 J

Applying this to the load flow equations, the function, fi’

becomes that of the active bus power Pp, or the reactive bus power

Qp, both being functions of the voltages of the system's buses. Thus,
n SPP
Pp(v1 AV, Y, H sz, ven) = Pp(v1, Vo, «..) = iET(gv?-Avl)
n p
Qp(v1 AV, VAV, L) - Qp(V1, V,, ) = 151(5V?' V.)
(2.30)
| f,
AP =P (Vy + AV,, V., + AV, ...) = P (V,, V.. ...)
p p'1 1 2 2 p' 1 2
AQp = Qp(v1 + AV], v, + sz, R Qp(V1, V,, ced)
and
¥y = By ok Iy (2.19)
then, 3P 3P
n p n p
APP = _g (ﬁgf.ae]) + § (5?7- Afi) (2.31)
i=1 l i=1 [
n an n an
AQ, = z (55~ he) + L = AF) (2.32)

(2.31) and (2.32) is the needed set of linear equations expressing the
relationship between the changes in active and reactive powers and the

components of the bus voltages. In matrix form, for an n-bus system
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(the nth bus being the slack bus),

1 [ oep 3P sp. 1 ogp 3P ||
AP — _—‘—-‘I_ ] . . . ' ] 1 . . . ] Ae
1 de e Jde | of of of 1
] 2 n-]l 1 2 n-1
l
d )
1 P2 BPZ o 8P2 '3P2 8P2 3P2 -
2 801 e, Ben-l: Bf] sz afn_] 2
| : :
i X
. \ .
: 2
AP' Pn-1 8Pn-1 i & u 8Pn-—]: aPn-] aPn-] 3Pn-1 AR
' n=1 861 Bez Ben_1| 8f1 SFZ 8fn—1 n-1
|
b e o ol R B e evms e e s TG (e g e e B r————— — —— — — — — - B
0 9 { 3
” T e T T B 2 if
1 861 Bez Ben_]: 0 ’ sz 8Fn-1 1
3 9 d '
T I T O R AR I I
% 8@1 Bez Ben_1 ‘8f1 afz Bfn_] 2
: . l i
; I :
: l ) .
. . i " . "
AQ' aQn-l oQ =1 o « oQ -1 lBQn-] BQn-1 e . aQn-1 AF
n=1 oe oge de | of of of n-i
¥ | | 2 n~1 \ 1 2 n—1~ i |
(2.33)
The coefficient matrix of first order partial derivatives is called
the Jacobian matrix. In compact form, we have,
- S , G .
AP - J.I : J2 Ae
- SGPUR NPRIOR S SO
|
A J J Af 2,
-Q.. L 3 : L L 4 (2.34)

The elements of the Jacobian are derived in Appendix A.

2.5.3 Formulation for the Voltage Controlled Buses

In section 2.4.3 it was noted that the equations governing the

voltage controlled buses were,
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n
P = 1% [e(leG +fB )+f(fFG =-eB )] (2.21
P =1 P aPq q pq D q Pq q p9 )
and
2 2 2
V = e + f .
Vo I7 = e,” + f (2.23)
In the previous section the linear relationship for AP in terms of
Ae and Af was found. In the same way, using the Taylor expansion as

a basis, the linear relationship for AIVIZ I's

N 3|V |2 n 9|V |2
P Ae.) + 2 ( P

=1 0% ! =1 °f;

BV, |* = AF ) (2.35)

This leads us to the complete linear relationships for the system of
n buses of which there are m voltage controlled buses (one of which is

the slack bus). This is given by (2.36). In compact form, (2.36 is

represented as

Cap ] = -J1 : J27 [ i |
i e e PR F—
|
AQ Jo, v J
3 L
----- |7 Af (2.37)
_Alv[_ _JS : J6 I

where J1, J2, J3, and Jh are the same as in equation (2.34). The

Jacobian elements for J5 and J6 are derived in Appendix A, along with

those of J1, J2, J3, and Jh'

2.5.4 Step by Step Procedure

Having obtained the relationship (2.37), the basic step by step
procedure of the N.R. method can be listed, briefly as follows:

1) Form the bus admittance matrix, [Y]
2) Initialize the bus voltage components, e. and f.
i

3) Calculate Pi’ Qi’ and [VJIZ using equations (2.21), (2.22),

and (2.23), respectively.
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Calculate AP., AQ. and A[VJIZ with

B = sohed T T 2-36)
AQi - Qisched ) Qi (2.39)
AJVJ|2 = | Jsched|2 . lvj\z (2..40)

Check to see if APi’ AQI’ and A|Vj|2 are within the specified
tolerance, £. |If so, solution has been achieved. If not,
continue.

Calculate the Jacobian matrix elements

Solve the set of equations (2.36) for Aei and Afi. That is,

compute
-1
T T \ : : y
Ae J1 : J2 AP
BB B 2.41)
Af '
( 2
. _ J5 : J6_ ?{Vl_
Update e, and fi’
(k+1) (k) (k)
i - & + Dey (2.42)
(k+1) (k) (k)
7 =+ A (2.43)

Go to step 3.
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CHAPTER III
DERIVATION OF SOME ALPHA-MODIFIED QUASI-

SECOND ORDER NEWTON RAPHSON METHODS

3.1 Introduction

In the previous chapter theory was developed upon which the work
reported in this thesis is based. Section 3.2 briefly illustrates how
the Newton-Raphson method is extended to obtain a second order Newton-
Raphson technique (S.0.N.R.) and then an alpha-modified second order
Newton Raphson procedure for solving a set of nonlinear simultaneous
equations. Section 3.3 extends the Newton-Raphson derivation outlined
in the previous chapter, by detailing the derivation of the S.0.N.R. and
its application to the load flow problem. This is what we can call a
Quasi-Second Order Newton Raphson (Q.S.0.N.R.) method in retangular
form. Section 3.4 builds upon this by developing a number of alpha-
modified quasi-second order Newton-Raphson (M.Q.S.0.N.R.) methods, one
of which is programmed and tested on a number of power systems, the

results of which are presented and analysed in chapter 4.

3.2 Description of the method

A second order Newton-Raphson is an obvious extension of the

Newton-Raphson method. It is obtained by simply taking the second order
terms of the Taylor expansion, for a multivariable function, into

account. This results in 9 f
i

f.(x1+A1, x2+A

| cw) = fi(x], Xy s L..) + 7 Aj A

2,



2

azf.
_1_ n n l
+2 £ X A. A 9x.0ox (3.1)
=1 k=g 4 K 3K

we now have to solve a system of second-order equations in the increments
A. Unless n=1, this will not have an explicit solution. The above

expression can be written in vector form as,
A H o (3.2)

Here Afi is the gradient of Fi’ and Hi is the Hessian, which is the matrix

of second-order derivatives.

Many alternative forms exist for implementing the above relationship.
In the next section, the Q.S.0.N.R. method is presented and, in section
3.4, the alpha-modified algorithms are derived. The basic idea of an
alpha-modified method can be shown by rewriting equation (3.2) in the

following form,

Afi-a. [

]
i )] A (3.3)

This is in fact the basis for the M.0.$.0.N.R. method number one which

is derived and applied to the load flow problem in subsection 3.4.2.

3.3 Formulation of the Quasi-Second Order Newton-Raphson method in

Rectangular Form

3.3.1 Derivation of the active power second order correction factors

With the Newton Raphson method, only the first order terms of

the Taylor expansion are used [equation (2.27)! . Now the second order

terms will be ultilized. This results in,

fi(x]+A1, x2+A .) = fi(x1, X

2° 2?
n-1 n Bl

+ T ¥ (A. A, Ox.0x
j=1 k=j+1 J
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) (3.4)

Equation (3.4) is of the form,

AF, = D, + b, + D3 (3.5)

where, D] represents the first order terms and D2 and D3 represent the
second order terms.

To obtain the active power correction factors we write

AP. =D +D. +0D (3.6)

this relates the change in active powers with the change in the bus
voltages, Aei and Afi.
The first order terms are the same as those derived in Section 2.5.

For the active power component, they are,

oP oP
n~1__J3 P
= 3 + 9
D1p 21 e, (Aeq) Bep (Aep)
g
a#p
P op
n-1 p p
+ ¥ OFf (Af ) + 3F AFf .
L . q p ( p) (3.7)
qg=1
a#p
The second order terms are D and D_ .
2p 3p
2
12p 5 P
1 n-1 P ” )2 : n=1 P ( )2
D = = 2 2 e + — z Af
2 2 2.0 2 o.f
P g=1 %% q a=1 : q
qFp 1#p
azpp a‘Pp
1 2 ] —— 2

, which reduces to
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] asz g asz "
D, == (he )™ + = —= (Af )
2p 2 3 e 2 p 2 3 f 2 P
P P
Evaluating the second order terms gives
2 2
D, =G A + G AF (3.8
2p pp ( ep) Pp ( P) )

A1l the second order partial derivatives (Hessian terms) are derived

in Appendix B.
Now for the rest of the second order terms, D3p
D = A + B + C )
3p p p P (3.9)
where
2
n-1 n-1 9 Pp
A = % T —=+— (pe ) (AFf)
P aml =] Beqafr q r
n-2 n-1 asz
B = I I —— (Ae ) (nre )
p a=1 r=g+] Beqaer q r
n~Z n-1\ asz
. = ' % ———— (Af ) (Af )
S —— afqafr q r

Now, expand and reduce the above terms. Starting with,
n-1 n-1 aZP

A = 3 I —E— (AF) (2e)
p o=l Pl Beqafr r q

This is equivalent to

Expanding,



n-1 n-193 P n-1 9 P
A = I Ae [ I AMF ] + £ Ae Af
p =] q r=lE)eJ3fr r q=1 q P aeqaf
q#p r#p q#p
n-1 82P Bsz
+ Ae y ——— Af + Ae A —F——
P o Bepa fr r P P Bepa fp
r#p
This reduces to,
n-1 -1
A = I Ae Af (-B_) + Ae T B__ Af
P =} P p Pq P oy PE r
= P
q#p r#p

In more compact form, the above expression is,

n- 1
A = % B [Ae Af - Af Ae ]
P =] pr P r P r
r#p
Next, the term,
n-2 n-1 asz
B = Z F —t— (pe ) (Ae )
p g=1 r=g+] Be&)er q r

This term can be expanded in the following way:

2 2

UL p-193°P
P qzl r§q+l depe, (bey) (te,) + qil epe
r#p
n-2 n-1 3% a2
’ qip+] riq+l aeéaer (Aeq) (Aer) B r£p+] gg;?;:

As a result of the following relationship,

BZP

P

ggggg:-= 0 for r # por g # p

the expression for B reduces to,

P
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(3.10)

(Aeq) (Aep)

(Aep) (Aer)
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p-1 aZP n-=1 BZP

B = § —E— (Aeq) s} + & 2 —B (Aep) (te )

p =1 aeqaep p F=p] aepaer

Substituting the values of the Hessian terms yields,

p- 1 n-1

B = Ae G Ae + Ae % G . Aer

P p q=1 Pg qg r=p+] P

which is,

n-1

B = Ae 3 G Ae 11

P P - pr r (3 )
r#p

Now for the last part of equation (3.9) which is

n~2 n~1 asz
Cp = qi] r£q+l ﬁc;ﬁ; (qu) (Afr)
p-1 n-1 azpp
) qil riq+] anfr (qu) (Afr)
r#p
p-1 82P
+ qi] 3fq3fp (qu) (Afp)
n-2 n-1 asz
i qrz-p+] riq+l ﬁ;é—‘_c? o) F)
] 82Pp
+ rip_,_] W (Afp) (Afr)
Since gzp

D e B
3fq3fr O for r #p or g # p

the expression for Cp reduces to,
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p-lE§2Pp
Cp = qil af&)F; (qu) (Afp)
o ol 82Pp
4 rip+] afpafr (Afp) (Afr)

Substituting the values of the Hessian terms yields

p= n- |

C = Af L G Af + Af V2 GrAfr

P P g=1 PQ g P r=p+] P

which, in more compact form, is

il

C =Af T G__ Af (3.12)

P pr r
r=1]
r#p

Thus, equation (3.9) is reduced, using (3.10), (3.11), and (3.12), to

D = Ae
3p P

+ Af 2 [Gpr Af_ = B de ] (3.13)

r=1
r#p
Combining equations (3.8) and (3.13) yields the second order terms of the

Taylor expansion in the form,

+ Af E [G Afr ~ Bpr Aer] (3.14)

which are the active power second order correction factors.



3.3.2 Derivation of the reactive power second order correction factors

30

From equation (3.4), we write,

AQi = D]Q + D2Q . 3 D3Q

The first order terms are,

n-1 23Q 0Q
DIQ= % a——gp- Aeq+§—-é—p— (Ae )
q=1 q p
q#p
n-1 23Q 9 Q
+ L —= (AF) + =5 (Af)
0 q 3
q=1 q P
q#p
The second order terms, D2Q and D3Q’ are
1ok , 1107 2
D2Q = E- i zp (Ae ) + -2— 2 ‘"—i'l?' (f_\.f )
q=1 2eq g=1 3 fq
q#p q#p
2 2
o Q 0 Q
+% = (ne )2 +-;-—-———2p (af )*
de’p P o f p
which reduces to
2 2
o Q o Q
P20 =7 35 (e )% + 3 R (a7 )
doe p 2 fp 2
which, in turn, is
2 2
D = B Ae + B Af
2Q pp ( p) PP ( p)
As well,
D..=A_+B_+ C

3Q Q Q Q

where,

(3.15)

(3.16)

(3.17)

(3.18)
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n-1 n-1 BZQ
g=1 r=l q r .
n~2 n-1 82Qp
B. = ¥ I —t— (pe ) (2e )
Q g=1 =gl aeéaer q r
n-2 n-1 azQp
C.= I 2 ———— (Af ) (Af))
2 q=1 r=qg+l] afq‘afr g '
First, expanding AQ’
n-1 n-1 82Qp
A.= % he [ T —F—— Af]
Q =] 9 o aeqafr r
q#p
gl 82Q
+ le T peeabe— jif
p .dedf r
r=1 p r
Expanding again yields,
n-1 n-1 aZQp n-1 BZQP
A. = I Ae y —— Af + ¥ Ae Af —F——
Q g 9 o Bepafr r a=} g p aeqafp
g#p r#p q#p
| =132 3 2Q
+ he F oo AF 4 he AT gl
p _,0edf r p poeadf
r=1 p r
r#p

Substituting the values of the Hessian terms reduces the above expression

to,
n-1 n- |
A, = Af . G Ae + Ae L =G AT
Q P __ PG g P ._ pror
q=1 r=1]
q#p r#p
which is, in a more compact form,
n-1
A - E -
0= 2 Gpr [Afp be - be AF ] (3.19)

r#p



Now for the next term,

n-2 n-1 azQp
B. = I I —2r — (pe ) (Ae )
Q g=1 r=q+l aeqaer q r

Expanding,

o
Il
| I e
B
O
—
>
¢
S
——~
>
@
=

n-2 n-1 3 Qp
S b3 —L— (pe ) (Ae )
SIS gy Beqae q r

n-1 82Q

p
+ T —L — (pe ) (Ae )
rep+] Bepae p r

we have,

p-1 aZQp
B.= 1§ ——— (Ae ) (2e)
oede
o =1 " g p . ¢

n-1 82Q
+ 3 N .- (Aep) (Aer)

r=p+] aepaer

Substituting in the values of the Hessian terms yields,

p-1 n-1
BQ = Ae L B Ae + Ae z B . Aer
P q=1 Pq q r=p+] p
and in compact form
=1
B. = Ae B Ae

32

(3.20)



Finally,
2

n-2 n-1 ) Qp
(af ) (af )
1 r=q+l a]cqa{:r' 9 '

a3
il
i ™
™~

Expanding,

i p=l 570

C. = é 5 P (qu) (af )

1 r=qg+l afqafr

r#p

1 320

- p
+ E g?—g?—-(qu) (Afp)
=1 "'q p

n-2 n-1 32Qp
+ 3 % e (qu) (Afr)

g=p+l r=q+l quafr

n-1 BZQ

P
+ T —t— (Af ) (Af )
_—" prafr P i

Since
82Qp
5?25?:' = 0 for r #p or ¢ 7 P

the above is essentially,

p-1 BZQP

C.= » —L— (Af ) (AFf )
3f af

g=1 " 'q p d P

n-1 azQp
+ 3 —at— (Af ) (A )
o] prafr P 2

Using the derivative expressions we then have
1 n-1

C,=Af T B Af +af T B Af
- q r=p+l P

33

(3.21)
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Thus, equation (3.18) is reduced, using (3.19), (3.20) and (3.21), to

n-1
D = Af z G A + B f
3Q P =1 ( pr r pr . r)
r#p
n-1
+Ae T [B Ae -G Af ] (3.22)
p D pr r pr r

Combining equation (3.17) with equation (3.22) yields the second

order terms of the Taylor expansion in the form,

n=-1
= # = % Ae + B f
Tp D2Q D3Q Afp x [Gpr e - A r]
n-1
+ Aep ri] [Bpr Aer - Gpr Afr] (3.23)

which are the reactive power second order correction factors.

3.3.3 Derivation of the voltage magnitude second order

correction factors

Again, for voltage controlled buses a relationship is needed that
relates the change in the bus voltage magnitudes with the changes in the
components of the bus voltages, Aei and Afi' Here we desire the relation-
ship to include second order terms. This is a very simple derivation to

perform. From the Taylor expansion it can be written that,

2 n 'dvi!z n BlV.Iz
AV "= 2 ———de; + E AT
=1 %5 4 = Ty
24y 12
1 0" pe. Af il
AR °; 2Tk de.of
j=1 k=1
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Conon o2 |v. |2
t == L Af. Ae
2 ol ] ] k afjaek
n-1 n azlvilz
+ % T Ae, he
j=1 k=j+1 K 2ej0e
n-1 n levilz
+ ¥z Af . AF (3.24)
i1 ket k BF 3f
Since the relationship for |vi|2 is simply,
v |% = e+t 7 (2.23)
the first and second order partial derivatives of |V.|? will be derived

here. Doing this will show how easily (3.24) may then be reduced.

a|\1.|2
— = 2e j =1
oe. j ?
j J
= R
alvilz
i i j =i
of . ?
i J
=0 s  J F
BZIVE]Z
e 3F - 0 . for all j and k
j k
azlvil2
YT 0 , for all j and k
j K
azlvil2
= 2 ; j =k =
aejaek
=0 ; otherwise
32|vi|2
' = 2 ; j =k =i
afjafk

=0 , otherwise
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With these derivations, (3.24) is quickly reduced to,

2 2

AV, = 2e; ne. + 2f. Af. + de.” + Af, (3.25)
with the second order factors being
U. = ne.” + af.° (3.26)

3.3.4 Step by step procedure for the Quasi-second order

Newton-Raphson method

Having derived the second order correction factors in equations (3.14),
(3.23), and (3.26) for APi, AQI’ and Alvilz respectively, the basic step

by step procedure of the Q.S.0.N.R. is now listed, briefly, as follows:

1) Form the bus admittance matrix, [Y]
2) Initialize the bus voltages components, e. and fi

3) Calculate P., Q;, and [lez using equations (2.21), (2.22) and

(2.23), respectively

L) Calculate the power and voltage magnitudes mismatches, APi’

AQI’ and A|Vj|2, with,
APo = Pescuep = Pi (2.38)
AQ: = Qigepep ~ (2.39)
2 2 2
A[Vj[ = 1VjSCHEDl |vj| (2.40)

5) Check to see if APE, AQi, and A|Vj|2 are within the specified

tolerance, £. If so, solution is achieved. |If not, continue

to step 6.
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6) Calculate the Jacobian matrix elements

7)  Solve the set of equations (2.36) for Ae, and Afi' That is,

compute
-]
d il TR 1 B A
|
B TR I Nt (2.4)
L ] e
8) Check to see if a solution has been achieved. |If so, procedure

stops, only needing to go through one half of the present

iteration. |If not, continue.

9) Calculate the second order correction factors, Rp, Tp, and Ui
with equations (3.14), (3.23), and (3.26) respectively, using

the values of Ae. and Afj obtained in step (7)

10) Update the power and voltage magnitude mismatches by subtracting

the correction factors of step (9) from the original mismatches

of step (4)

AP = AP - R

p P P

|
A =AQ - T
% % T
I
alv. %= alv.|% - v,

i
11)  With the new mismatch values from step (10), solve (3.36) for
new values of Aei and Afi. The same Jacobian found in step (6)

and used in step (7) is again used here.

=

Laell=[ oy 1 0, ] et
L 3 —u

s | |03 E b f?---l

] LY g - _§|v|2_
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12)  With the values of the voltage changes found in step (11), up-

date the bus voltages.

I O

Pl e () ()

13) Go to step (3).

It is worth noting here that steps (1) to (7), which constitutes one
half iteration of the Q.S.0.N.R., is, in fact, the Newton-Raphson method

(when combined with steps (12) and (13)).

3.4 Alpha-Modified Quasi-Second Order Newton-Raphson Method

3.4.1 Introduction

The most direct way of incorporating the second order correction
factors, derived in subsections 3.3.1, 3.3.2, and 3.6.3, into a load
flow procedure is with the Q.5.0.N.R. method described in section 3.3.4.
Now, in this section, four alternative means of applying the factors
are presented. The first two of these alternatives will each be shown
to be simply a special case of a general alpha-modified technique. The
other two will be immediately written in general alpha-modified forms.
In each of the first two general techniques, the Q.S.0.N.R. is also
shown to be a special case.

The first alpha-modified method was studied, applied, and analysed

in detail. The results are presented and discussed in Chapter 4.
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The other three alpha-modified methods were not persued beyond the formu-

lation stage, even though they are fairly straightforward, due to time

limitations.

3.4.2 M.Q.S5.0.N.R. method number 1

First, we will rewrite the linear relationships which includes the

second order terms and which are solved in the Q.S5.0.

changes [step (11) of Q.S.0.N.R.].

From the N.R. procedure, we have

AP = NRCP
P
AQ = NRC
s Q
AV |2 = NRCV
p
where,
n- 1 aPp n-1 BPP
NRCP = I o /_\.el + 2 S?Afl
i=1 | i=1 I
n-1 3Q n-1 BQp
WAL = 2 gadey v B oope ok,
=] [ = |
n-1 3|V _|? n-1 a[vp]z
NRCV = 3 e Ael + . 5T Afi
| = i =1 |
Also,
AP = - P

>
o
o
|
o
i)
w
L
o
m
()
I
f. )
o

N.R. for the voltage

(2.31)

(2. 32

(2. 35)

(2.38)

(2.39)

(2.40)
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The second order correction factors are,

= 14
Rp Aep (CR1) + Afp (CR2) (3.14)
T = Af (CR1) - Ae (CR2) (3.23)
p p p
U = Ae (re ) + Af (A ) (3.26)
p p p p p
where,
n-1
CR1 = rzl (Bpr Afr + Gpr Ae ) (3.27)
n-1
CR2 = ril (G Afr - Bpr Aer) (3.28)

Based on the Taylor expansion, the mismatch relationships with the

correction factors added become

AP = NRCP + R (3.29)
p p
= .30
AQ = NRCQ + T (3.30)
AV ]2 = NRCV + U (3.31)
p p

In the S.0.N.R. method, Rp, Tp, and Up are calculated using the

Aei and Afi as determined from the N.R. portion of the procedure. The

factors are then incorporated in the following way [step (10) of Q.S.0.N.R.]:

AP = NRCP (3.32)

AQp

NRCQ (3.33)

12

A’Vp = NRCV (3.34)
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where,
APp' = &P - R (3.35)
AQP = AQp - Tp (3.36)
Awp]z' = A]Vp]z - U (3.37)

Equations (3.35), (3.36), and (3.37) are then solved for new values
of voltage changes, Aeil and Afil

The M.Q.S.0.N.R. method is the same as the Q.S.0.N.R. method until
the point where the second order correction factors are calculated.
Rather than calculate those factors entirely, we now calculate only CRI
and CR2 with equations (3.27) and (3.28), using Ae. and Af. as calculated
with the N.R. relationship [step (7) of Q.S.0.N.R.].

We can see how the correction factors will be used by writing out

and expanding equations (3.29), (3.30) and (3.31), as follows,

il 8Pp , =] BPp , aPp ,
APP = ii E'é-i*Aei + ii -,;F—I- Aei + (*g'é-l;'+ CR1) Aep
i#p i #p
5P ,
+ (=2 + CR2) Af (3.38)
of P
P
n-1 3Q , n-1 3Q ; 0Q ;
AQ = ¥ —Ere, + 1 —Rpe., + (=L - CR2) 2e
p P Bei | - 08, [ Sep p
1#p i #p
0Q ,
+ =2+ CR1) Af (3.39)
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, n-13|v ]2 . n=1 3|V |2
AIVI = 2 %—-Aei + ¥ pr Afi
P i=1 i = i
i#p i#p
2 2
BIVPI i 3|Vpl ' L
+ aep - Aep) Aep + afi * Afp) Afp (3.40)

Equations (3.38), (3.39), and (3.40) are solved in the given forms
with the second order correction factors modifying only the diagonal

elements of J], J J3, Jh’ JS, and J

2° 6’
_ ! -1
= v Tae
Bl IR et AU e I i
) \ I
J v J AQ
' = T R ) (3.40)
AT A :
i o LJS : J6 . LAIV’ -

The load flow procedure then continues on, as before [step (12) of
Q.S.0.N.R.]. The main changes from the Q.S5S.0.N.R. occur in steps (9),
(10), and (11).

It is easily shown that the Q.S.0.N.R. and the M.Q.S.0.N.R., number

one, are specific cases of a general scheme, if we write equations (3.38),

(3.39), and (3.40) in the following forms,

n-1 9P ,
AP - o [(re ) CR1 + Af (CR2)] = ¢ —2E se.
P P P p o e, i
n-1 9P :
+ 7 E—E-Af

e |
I

I !

+ (1 - ap) [CR1 (Aep ) + CR2 (Afp ) ]

(3.42)
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n-1 BQp :
A = AT CR1 - (A CR2] = ¥ —= Ae.
Q - o [(F) (se;) cR2) = 3 5B ose
n- 1 BQP ,
+ I -a—f_-:'Afi

=1 |

+ (1 - ap) [CR1 (Afp ) - CR2 (Aep ) ]

(3.43)

(3.44)

|f we set alpha equal to 1, then these equations reduce to the equa-
tions employed in step (11) of the Q.S.0.N.R. method. If alpha is set
to 0, then (3.42), (3.43), and (3.44) reduce to equations (3.38), (3.39),
and (3.40) which constitute the modified Q.S.0.N.R. method presented in
this subsection. This is the alpha-modified Q.5.0.N.R. which was pro-
grammed and tested. The programming is such, that, given the proper
flagging, a particular power system under consideration can be solved by

N.R., 0.S.0.N.R. (i.e., M.Q.S.0.N.R. with oy = 1) or M.Q.S.0.N.R. with

any other alpha value that is desired.

3.4.3 M.0.S.0.N.R. method number 2

As stated in the introduction to this section, the three alpha-

modified second order methods described in this and the next subsections
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were not programmed. However they represent major variants of the alpha-
modified idea and, as such, should be presented.

As with the M.Q.S.0.N.R. method number 1, the load flow solution
procedure for this method is the same as the Q.S.0.N.R. until we come to
the point where the second order correction factors are calculated.
Instead of calculating at this point, the correction factor expressions
of equations (3.14), (3.23), and (3.26) are incorporated into mismatch

equations (2.31), (2.32), and (2.35) to arrive at the forms,

n-1 9P , n-1 9P ,
AP = 3 —2 pe. + 3z =£ af,
p i v OB, | i u T4 i
=1 i i=1 |
n-1 :

which reduces to

AP

Il
+
o
>
0]

|
w
>
—

"
>
)]

X ‘ : :
P : oe. o p pl p |

n-1 3P
_p |
3 ii] (afi + Bpi Aep + Gpi Afp) Afi (3.45)
Similarly,
n= | BQp |
AQ = | — + G ., Af + B . A .
% o (Bei pi AFp 7 By dep) Ae;

n-1 an )

+ e -
,i] (af; + Bpi Afp GPi Aep) AF . (3.46)

and,
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5 n-l 3|V |2 . n-1 23]V |2 '
My |“ = 1 —P— ne. + = P Af
4 9B, | ._, of i
= i i=1 |
| | g
' (Aep) he, (Afp) Afp (3.47)

From (3.45), (3.46), and (3.47) we can see that every non-zero
Jacobian element will be modified. These equations are used in this

form to solve,

= . [ ) | ey » -
Ae = J] : J2 AP
- —— -—=- ' -==- R
N O T O I Bl
AT ' ' 2
J v J AtV
o s - 5 l 6 = L I | -

From here the procedure continues on as with the Q.S.0.N.R.
In a general alpha-modified form the mismatch equations can be

written as

n-1
AP - a T [(G. Ae - B . Af ) Ae, + (B . Ae + G . Af ) Af.]
P P i pi p pi p l pi p pi P l
n-1 aPp ,
- iil [EE?'+ (1 - a) (Gpi Aep - Bpi Afp) Aei ]
n-1 9P ;
-~ B [—Baf. + (1 -a) (B se +G . of ) af, ] (3.48)
n=-1
AQ - % G . Af +B . A Ae. + : - X :
Qp ay z [ ( o Af, " ep) e. (BpI Afp GpI Aep) Afl]
n-1 3Q ,
= [—2 + (1 -a) (G. Af + B . Ae ) re. ]



n=-1 an 1
+ lil [5?:'+ (] & G) (Bpi AFP = Gpl Aep) Afi ] (3-49)
Y2 , , -1y |? R a}vplz |
AV - o (Ae "+ Qe ) = % Ae. + % AT,
P f = 0 I I P Bf! I
+ (1 - a) (Aep) Aep
+ (1 = g) (Afp) Af (3.50)

By setting alpha equal to one we obtain the equations for the Q.S.0.N.R.
method. With alpha equal to 0 we get the specific case, illustrated earlier
in this subsection, of all the Jacobian elements being altered while the
mismatch values, APp, AQp, and A|Vp|2, remain unaltered.

Thus, we have M.Q.S.0.N.R. number 2 method for solving a load flow

problem.

3.4.4 M.Q.S.0.N.R. methods numbers 3 and 4

These two methods change the basic Q.S.0.N.R. method a little more
drastically than the first two alpha-modified methods. However, they are,
in fact, variants of those two methods since they use the same ''second
order'' mismatch relationships.

Basically, the change from the previous two procedures is the elimina-
tion, except during the first iteration, of the Newton-Raphson voltage
correction calculations [step (7) of Q.5.0.N.R.] which constitutes the
first half iteration.

All the derivations needed for these two new methods have been

evaluated previously. Therefore the proposed procedures for both can be
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presented now, and are as follows, (unless noted, each step is for both
methods) .

1) Form the bus admittance matrix, [Y]

2) Initialize the bus voltage, e, * jfi

3) Calculate Pp, Qp, \Vpl2 with equation (2.21), (2.22), and (2.23)

L) Calculate the bus mismatches with

n-|
= ~ - . Af. + G . Ae.
APp Ppsched Pp oy ii] [Aep (Bpl AT o el)
+ Af (G . Af. - B . Ae.)] (3.51)
P pi | pli I
n-1

AQp = stched - Qp - ap Ii] [Af (Bp; Afi + Gpi Ael)
- Aep (Gpi Afi - Bpi Aei)] (3.52)
2 2 B 2 2

AV = IV ogcheal” = V17 - o) [lae )™ + (af )7] (3.53)

Note that during the first iteration, Aei and Afi will be zero,

which will make the '""alpha terms'' of the above relationship, zero.

5) Check to see if the power and voltage magnitude mismatches,
calculated in step (4), are within the specified tolerance. |If

so, solution reached. |If not, continue.
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Calculate the ''modified Jacobian'' elements. For M.Q.S.0.N.R.
number three, we take the expression from equations (3.42), (3.43),

and (3.44), resulting in elements for J, given by

oy P .
J](p,l)—aei 3 I #p
BPp
=§'é—i-+(|"0f.p)CR] s - 1 = p
for J2:
BPp
Jz(pal) =ﬁ ’ '#p
BPp
=—a—1_-i—+(]'OLp)CR2 , | =p
f 3
or 3
BQp
J3(p$1) _8_eni_ ’ ]#p
BQP
= EE?' - (1 - ap) CR2 s, 1 =p
for th
BQP
JA(P,I) = 5??' , 1 #p
0,
= 5?7' ¥ {] = ap) CRI r +FF
for J5:
o|v_|% |
o1y |
ol + (1 - ap)(Aep) , 1 =p



for J6:
| o|v_|?
Jg(p,i) = af? =0 , i #p
alvp]2 1
= X + (] m ap)(Afp) ’ L= P

For the M.Q.S.0.N.R. nunber four, we utilize the expressions from
equations (3.48), (3.49), and (3.50), resulting in the elements

being for J]:

Ji(p,i) = SEE' + (1 -a)(G_. Ae - B_, Afp)

for J._:3

"
b
Jz(p,i) = af; + (1 - cf,p)(Bpi Aep + Gpi Afp)
for J3:
BQp
J3(p,|) = 3;?' + (1 - up)(Gpi Afp + Bpi Aep)
for qu
BQp
Ju(p,l) = 5??- + (1 - ocp)(Bpi Afp - GpI Ae )
for JS:
al\!pl2
JS(P,l) = ve. + (1 - aP)(Ae )
for J6:
o|v_ |2
Jo(po1) = —=E— + (1 - a ) (af )
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note that, for both methods, during the first iteration Aei
and Afi are both zero. This leaves the coefficient matrix com-

posed of true Jacobian elements.

7)  With the mismatch values found in step (4) and the modified
Jacobian elements found in step (6), solve the following set of
simultaneous equations for the voltage corrections

_ |
ol B S TR I 3 B
3 : Jy, AQ
S | e e __.._—-2-
af | Js 1 g AV _

8) Update the bus voltages of the Kth iteration,

LK) (K (0
f_(K+1) _ fi(K) (K)

+ Af.
] I

9) Go to step (3).

With the alpha-M.Q.S.0.N.R. methods number 3 and number 4, the main
advantage over the other second order methods presented previously is the
elimination of the need to solve a second set of simultaneous equations
during a single iteration. As a result the storage requirements should be
slightly less and the computer CPU time per iteration will be substantially
reduced. And, since the second order correction factors are employed, it
would appear that the rate of convergence to the load flow solution would
be very similar. Certainly these two methods are worth investigating and

will be mentioned again in the concluding chapter.
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CHAPTER [V
APPL ICATION AND ANALYSIS OF THE
ALPHA-MODIFIED QUASI SECOND ORDER

NEWTON-RAPHSON METHOD FOR SOLVING LOAD FLOW PROBLEMS

L.1 Sparsity

As stated in the introductory chapter, the powerful convergence
properties of the Newton-Raphson technique in solving load flows can
only be utilized competitively through the use of sparsity programming.
For the author's programs, a package of subroutines for the solution of
sparse sets of linear equations obtained from the Atomic Energy
Research Establishment (U.K.) in Harwell, England [14] was adopted.
These basicaly employ Gaussian elimination and aim at maintaining both
stability and sparseness. |t also has the feature which, after an
equation set has been solved once, allows further systems with the same
coefficient matrix, or one having the same sparsity pattern, to be
solved more economically. Load flow solutions do, of course, benefit
immensely from this feature. Only slight modifications were required to
make these subroutines compatible with the program as it stood at the
stage of incorporating sparsity techniques, and with the computer system
being used. The subroutine specification sheets are given in Appendix C,
while their listings are in appendix E, along with the main body of the
program.

Incorporating the sparsity subroutine required major modifications
to the program. Maximizing overall efficiency and compatibility dictated

inclusion of programming modifications to (1) reorder the lines and their
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associated data into an optimum format, (2) decompose the bus admit-
tance matrix into sparse vectors, (3) construct the Jacobian matrix
sparsely, and (4) change almost all of the remaining program which

worked on these sparse matrices. However, after all was said and

done the benefits were immediately seen. The load flow, with the largest
system being tested (IEEE 118-Bus, which is not really that big), had a
reduction of 75% in core requirements and a 63% saving in CPU time,

for an overall cost reduction of 91%: This improved even more as the
program continued to be made more efficient. Of course, with systems

of about 25 buses or less, the sparsity programming caused an increase

in CPU time and storage requirements.

4.2 The Computer Program

4.2.1 General

The program was written in the FORTRAN |V language and was run on
an IBM 370/158 model |l with SVS operating system owned by Newfoundland
and Labrador Computer Services.

It should be noted here that the program, as it presently exists,
is an experimental testing program, rather than one for production runs.
As such, it does not yet contain the capability to handle many of the
special features of a ''real-life'' power system, such as under load tap
changing, phase shifting transformers, and tie line control.

Figure 4.1 gives the general flow chart which illustrates, in a
basic manner, how the alpha-modified quasi second order Newton-Raphson

procedure is programmed. It also shows that an ordinary Newton-Raphson
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Figure 4.1: General flow chart for the alpha-modified quasi-
second order Newton Raphson method.
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solution procedure is able to be performed. In fact, one of the
advantages of second order type extensions of the Newton-Raphson method
is that a subroutine with the additional programming can be simply
added to existing production programs with only a few minor changes nec-
essary.

Apendix D contains the documentation defining the computer
variable names, as well as how they should be dimensioned. The complete

program listing is contained in appendix E.

L.2.2 Definition of One-Half Iteration

As will be seen in the results, we use the term a half iteration.
This will be fully explained here. The second order load flow technique
entails twice solving a set of simultaneous equations for bus voltage
corrections. Once, with the power and voltage magnitude mismatches
calculated with first order correction terms and later, with second
order correction factors as well. |t is possible, however, that on
the last iteration needed for convergence, the convergence criterion
could be met with the 'first order' voltage corrections. |t may not
be necessary to continue on and obtain an updated set of voltage
corrections.

Therefore, before attempting to solve the second set of equations,
there is a check to see if this step can be skipped. One way this
could have been implimented would have been to calculate, at this point,
new voltages using the ''first order' voltage corrections, new bus powers
and voltage magnitudes with these new voltages, and new mismatches.

Then, perform the convergence test to see if these mismatches are within
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the specified tolerance. However, doing this duringevery iteration would
possibly involve as much or more computation time than if there was no
attempt to eliminate the last half of the last iteration.

A much simpler way of determining the necessity for the last half
iteration is utilized. With the ''first order' voltage corrections, the
second order power and voltage magnitude correction factors are calcul-
ated. |If these factors are all less than the given tolerance, then
the new mismatches would be all much the same as the previous mismatches
used in the calculation to obtain the ''first order' voltage corrections.
In most cases, this would lead to the updated voltage corrections being
much the same as the non-updated values, which is a fairly good indic-
ation that convergence has been reached.

So, if all the factors are lower than the tolerance, new voltages
are calculated, then new bus variables and mismatches, followed by the
convergence test. In the majority of cases, when this occurs, it has
been found that convergence has indeed been obtained. If, as is some-
times the case, it has not, then the program returns to the original

departure point and continues on with the second half of the iteration.

L.2.3. Program Limitations

The computer program is set up to perform a load flow study of a
straightforward normal power system with no extras. |t can handle load
buses and generator, or voltage controlled, buses with static capacitors
or shunt reactors; lines with series impedence and line charging sus-
Ceptances; transformers with off-nominal turns ratios.

It is not limited as to system size, though with each system a new
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set of dimension cards must be typed (the sizes of which are given in
appendix D). There can be any number of buses, lines, transformers,
shunt reactors or capacitors.

Buses must be numbered consecutively, starting at one. The
voltage controlled buses have to have the higher numbers, with the
slack (or swing) bus having the highest. The lines and their associated

parameters are reordered by the program.

4.3 Test Systems

4.3.1 5-Bus Power System

The 5-bus system is given in [55], and is the smallest system tested.
It consists of three load buses, two voltage controlled buses, one of
which acts as the slack bus,and seven lines. The system data consists
of (1) the scheduled generation and loads and assumed bus voltages,
(2) line impedances and line charging susceptances, and (3) Regulated
bus data. The other systems also have transformer data and static
capacitor or shunt reactor data. The data for all the test systems is
in appendix F.

4.3.2 23-Bus Power System

The 23-bus system is based on the one used in [11] for testing a
solution method for minimum loss and economic dispatch problems. In our
case, all buses but one (the slack bus) are treated as load buses.

There are thirty lines whose data, along with the bus information, is
presented in appendix F, tables F.4 and F.5.

L.3.3 IEEE 57-Bus Test System

This was originally a part of the American Electric Power Corporation's
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1962 system made available to the electric utility industry as a standard
test case for evaluating various analytical methods and computer pro-
grams for the solution of power networks. It eventually became one of
the standard IEEE test systems. |t consists of fifty load buses, seven
voltage controlled buses, eighty lines, seventeen transformers with off-
nominal turns ratios, and three static capacitors. All the data is
contained in appendix F, tables F.6 to F.10.

4 .3.4 IEEE 118-Bus Test System

This system came to be a standard test case in the same manner as
the previous one. It is made up of sixty-four load buses, fifty-four
voltage regulated buses, one hundred and eighty-six lines, nine trans-
formers with off-nominal turns ratios, and fourteen static capactors and
shunt reactors. All this data is in appendix F, along with the data for
the other systems, tables F.I1 to F.15.

4.3.5 Other Test Systems

The other three systems used for testing are simply the 5, 57, and
118 bus systems with only one voltage controlled bus each (the slack
buses), with their solution bus powers being used as scheduled bus loads.
This was done as a convenient way to obtain some new test systems. And,
indeed they are new with different convergence patterns and different
solutions than the systems from which they are derived. The data for
these systems, bus power, assumed voltage, line, transformer and static
capacitor and reactor information is the same as for the original
systems. They are referred to as the 5-bus (no.V.C.B.), the 57-bus
(No. V.C.B.) and the 118-bus (No. V.C.B.) systems, with V.C.B. standing

for Voltage Controlled Buses.
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4.4 Results

L. 4.1 General

The developed load flow technique has been extensively tested using
the seven power systems described in the previous section. These systems
cover a wide range in terms of size-5 to 118 buses - and the larger sys-
tems with only one voltage controlled bus provide an extra chal lenge in
that in such cases, convergence is usually more difficult to achieve.

Many variations of the alpha-M.Q.S.0.N.R. method were tried such as
adding second order corrections only in the first iteration or applying
them only to load buses. However, it was found that the best overall re-
sults occur with the straight forward application of the method. The im-
provement is in terms of convergence rate and computation time. Thus, this
variant will be the main focus of attention in this section.

The results of studies for all the test systems are presented
graphically and discussed in detail. For comparison purposes, all system
load flows were also solved with the Newton-Raphson method.

L.4L.2 Iterations to Convergence

From the description of Chapter 3 treating the alpha-modified Q.S.0.N.R.,
it can be seen that any value of alpha can be chosen and used. |t would
appear from the theory that the choice of alpha will be important. |Its
value determines what proportion of the second order correction factors is
subtracted from the bus mismatches and what portion is added to the Jacobian
elements in the setting up of the simultaneous set of equations to be solved

for the updated voltage corrections.
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Therefore, we are interested in studying what effect if any, do
different values of alpha have. After this is done we determine which is the
best alpha to use. With this best alpha, we can then see how the alpha-
M.Q.S.0.N.R. method stacks up against the Newton-Raphson method.

The above was accomplished by taking each of the test systems and
computing load flows with many different alpha values (ranging from -2.0
to +2.0 in increments of 0.1) as well as with the Newton-Raphson method.
The results of all this testing are tabulated in table 4.1, which gives the
number of iterations to convergence for each alpha value for all the systems.
Convergence was achieved when the maximum bus mismatches after an iteration
(or half an iteration) were below the given tolerance. These results have
been plotted for each system in figures 4.2 to 4.9 as graphs of iterations
to convergence versus alpha values for tolerances of 0.0001 and 0.001 p.u.
On the far right hand side of each graph there are two dots which tell the
number of iterations required for the two tolerances for the Newton-Raphson
(N.-R.) method.

Some general observations about the alpha-M.Q.S.0.N.R. method are
immediately evident from the graphs. With all the systems, except the
118-Bus systems, and with every value of alpha, the number of iterations
required for the smaller tolerance is either the same or only one-half an
iteration more. This indicates that the method could best prove its worth
against other techniques when low mismatch tolerances are specified. With
the 118-Bus systems, 0.0001 p.u. is about the lowest mismatch value that
can be achieved. This makes it more difficult to reach convergence, which

shows up on the graphs as a fairly erratic plot (figure 4.5, or as no con-
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vergence at all (figure 4.8). This is in contrast to the well-behaved
plots for the 0.001 p.u. tolerance in the same graphs.

In all cases, except for the 5 bus system, larger negative values of
alpha generally result in a higher number of iterations required for con-
vergence at best or no convergence at all (that is, at least not within
10 iterations). Except for the three smallest systems the same is true
for larger positive values of alpha. But, when the value of alpha approaches
zero, the method is consistently successful in bringing the load flow to
a quick and successful solution.

The results lead us to the conclusion that the best convergence pro-
perties will in all likelihood occur when the alpha value is zero. This
is reasonable since alpha having the value of zero causes the full second
order correction factors to be added to the diagonal elements of the Jacobian
submatrices and no portion subtracted from the bus mismatches. In effect,
this results in the second order factors being calculated partly using the
updated voltage corrections which are being solved for, thus moving those
updated values further towards the correct figures. This can be seen by
looking at equations (3.42), (3.43), and (3.44).

An additional advantage of alpha being equal to zero is that, because
it is only necessary to modify the Jacobian, diagonal elements, there is
less computational effort required than with other alpha values (except
for alpha equal to one, where only the bus mismatches are modified).

Now, having determined that zero is the best value which alpha can
have, the method with this alpha value must be compared with the Newton-

Raphson in order to judge its merit. The number of iterations required
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for two tolerances with the Newton-Raphson procedure is shown on the right
hand side of the figures 4.2 to 4.5. In every case, but one, the alpha
M.Q.S.0.N.R. load flow converges in half, or one-half more than half, the
number of iterations of the Newton-Raphson load flow. The only exception
is the 118-bus (No V.C.B.) system for which the Newton-Raphson fails to
converge while the new method converges in 2.5 iterations for a tolerance
of 0.001 p.u.

The first half of an alpha-M.Q.S.0.N.R. iteration is the same as one
N.-R. iteration. The second half iteration requires very little extra
storage and less C.P.U. time than the first half (or one N.-R. iteration).
This is so because bus mismatches calculated in the first half only require
a simple modification in the second half. Also, the Jacobian elements cal-
culated in the first half are used again in the second half, with only the
diagonal elements undergoing a computationally simple modification. As a
result, all the load flows converge, not only at a much faster rate, but
also in less time than the Newton-Raphson load flows and with almost the
same storage requirements.

L.4.3 Bus Mismatches during Load Flows

The comparison between the alpha-M.Q.S.0.N.R. algorithm and the Newton-
Raphson method is illustrated in Figures 4.0 to 4.16 from the point of
view of the bus mismatches during load flows. The largest per unit mis-
matches of the bus active power, reactive power, and square of the voltage
magnitude are plotted for each iteration for (1) the Newton-Raphson method,
(2) the alpha-M.Q.S.0.N.R. method with alpha equal to zero, and (3) the

alpha - M.Q.S.0.N.R. method with alpha equal to one (which is equivalent to
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normal Q.5S.0.N.R. method). The complete sets of maximum mismatch values
for each system and for every alpha value between -2.0 and +2.0 (in 0.1
increments) are tabulated in Appendix G.

On the graphs we can again see how much faster is the rate of con-
vergence with the alpha - M.Q.S.0.N.R. method with alpha equal to zero
in comparison with the Newton-Raphson method. Also, in almost every
case, the former method converges to a more accurate solution than does
the latter.

Comparing the new method with alpha equal to zero and with alpha
equal to one shows that in the 5-bus, 23-bus, 118-bus, and the 5-bus
(no V.C.B.) systems, the latter converges to a slightly more accurate
solution in the same number of iterations as the former. However, with
the 118-bus (no V.C.B.) system the method with alpha equal to zero is a
great deal better than when alpha equals one. With the 57-bus system it
is also much better in that it converges faster. And, with the 57-bus
(no V.C.B.) system the method with alpha equal to one does not even con-
verge. Therefore, as an overall result, the alpha-M.Q.S.0.N.R. method
with alpha equal to zero is superior to the Q.5.0.N.R. method (which is
the alpha-M.Q.S.0.N.R. method with alpha equal to one).

L. L. 4. Importance of the Initial Values for the Bus Voltages

Using the second order terms in a load flow allows convergence to
occur over a larger range of initial guesses of the load bus voltages than
with a first order technique such as Newton-Raphson. However, it was
found that only when the bus voltages started from a flat start did the

alpha-M.Q.S.0.N.R. method perform at its best. A flat start means that
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the initial voltage magnitudes at all load buses are set to one per unit
and the initial voltage angle is set to be the same as that of the slack

bus (which serves as the reference bus).

To illustrate this point, the 118-bus system is used. It has a slack
bus voltage angle of thirty degrees. Figure 4.5 shows the convergence
pattern for a normal flat start with each load bus having an initial volt-
age magnitude of one per unit and an angle of thirty degrees. Figure L.16
shows the convergence pattern when the load buses have their initial voltage
magnitudes the same, at one per unit, but their initial voltage angles set
at zero degrees. The difference between the two graphs is substantial.

The first shows the lowest number of iterations'to convergence to be two,
while the other shows two and one-half as the lowest. The range of alpha
values with which convergence occurs is much reduced in the second graph,
and the load flow when alpha equals zero is not the best. Also, convergence
for the Newton-Raphson method is not as good. So, there is no doubt that

a flat start should be employed for the best results.



TABLE 4.1:

Number of Iterations to Convergence for Various Alpha Values and Various Systems.

Tolerance Newton ALPHA VALUES
System (p.u.) -Raphson -2.0 -1.9 -1.8 -T1.7 -1.6 -1.5 -T.4 -1T.3 1.2
5 - Bus . 0001 3.0 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
. 001 2.0 1.5 1:5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
23 - Bus . 0001 4.0 4.5 .5 >10.0 >10.0 4.5 >10.0 3:5 3.5 .5
. 001 4.0 4.0 .0 >10.0 >10.0 4.5 >10.0 3.4 3.0 3.0
57 - Bus .0001 4.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0
. 001 4.0 >10.0 >10.0 >10.0 >10.C >10.0 >10.0 >10.0 >10.0 =>10.0
118 - Bus . 0001 4.0 ;W 5.0 3.5 4.5 5.0 4.5 >10.0 >10.0 >10.0
. 001 .0 3.5 3.5 3.5 3.5 4.0 4.5 >10.0 >10.0 >10.0
5 - Bus . 0001 3.0 2.0 20 2.0 2.0 2.0 1.5 1.5 1.5 1.9
(No.V.C.B) . 001 2.0 1.8 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
57 - Bus . 0001 B« U 6.0 4.5 4.5 .5 . 5.0 7.5 >10.0 >10.0
(No. V.C.B.) . 001 4.0 5.5 3.5 4.0 .0 D 4.5 7.5 >10.0 >10.0
118 - Bus . 0001 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 =>10.0
. 001 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 ~>10.0

08
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TABLE 4.1 (Continued)

Tolerance

ALPHA VALUES

SYSTEM (pistgs ) 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 17 1.8 19 2.0
b = Bus .0001 I «5 I 5 | 5 5 1.5 a5 l«3 1.5 Lad 1«5 I«5

.001 | 1«5 [ 5 1.5 b b5 1.5 1 b I 5 l+«5 | «5 I «5
23 - Bus .0001 2.5 2.5 2.5 2o 25 24+ 2D 25 2.5 25 25 Z2:5

.001 2.5 Ze'D LD 2.5 25 Z.+5 2.5 Z2:5 25 Zx3 25 2.5
57 - Bus .0001 3.0 3.0 3.5 345 4.0 8.5 >10.0 6.0 6.5 /7.5 >10.0 245

.001 £45 L+ 3.0 35 4.0 8.5 >10.0 Fud 6.5 7.8 >10.0 25
118 - Bus .0001 Lud e 2.5 4.5 3«0 30 2.5 4.0 30 2l 5.0 2o

.001 2.0 240 2.0 2.0 2.0 240 20 2.0 2.0 2.0 2.0 2.0
5 = Bus .0001 1.5 l«5 a5 1.5 (P 1.5 1.5 1.5 5 125 I 5 el
(No V.C.B) .001 1.5 l:5 | . 1.5 <5 1Y 15 1.5 1.5 1.5 .5 l <5
57 - Bus .0001 6.5 100 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 6.5 5w 5 4.5
(No V.C.B.) .001 6.5 >10.0 >l0.0 >10.0 >10.0 >10.0 >10.0 >10.0 6.5 55 L.5 L.5
118 - Bus .0001 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0 >10.0
(No V.C.B.) .001 >10.0 9.0 9.5 6.0 5:5 50 8.5 >10.0 >10.0 8.5 >10.0 >10.0
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CHAPTER V

CONCLUDING REMARKS

5.1 Conclusions

Although much time was spent developing and testing the alpha-
modified quasi-second order Newton-Raphson technique in rectangular
coordinates, the results were consistent enough so as to make pre-
cise conclusions possible.

First, it was found that, for all systems tested, load flow
convergence characteristics are best when alpha is equal to zero. With
this value, the method was shown to have a convergence rate about twice
as fast as the Newton-Raphson technique. The additional computing
effort envolved does not correspond to twice as much per iteration. There-
fore, the method is also faster in terms of computer time. Also, there
is only a slight increase in storage requirements. Though not discussed
previously, it does appear that this new method does have better conver-
gence properties than the second order load flow method in polar coor-
dinates reported by Sachdev and Medicherla [46].

The merit of this method is enhanced by the fact that by simply
adding a subroutine, load flow programs presently in use can be extended
to include second order terms without any major modifications.

As a final remark, it might be noted that there is an indication
that this method would be successful with ill-conditioned systems. How-
ever much more testing is required in this area before any conslusions

can be stated.



5.2 Future Work

In every test case conducted for this thesis, convergence with the
alpha-M.Q.S.0.N.R. (alpha equal to zero) occurs in 1.5, 2.0, or 2.5 it-
erations. Obviously, it would be very difficult to converge in fewer
iterations, no matter how good a technique was applied. |In order to
better assess the capability of the new method, it should be tested with
much larger systems and with difficult networks (including underground
transmission). An indication of its power is given by the rapid con-
vergence for the 118-Bus (no V.C.B.) system for which the Newton-Raphson

fails to converge. Similar results were obtained for another system not

reported here.

There is virtually an unlimited number of things that can be done
with the technique presented in this thesis to try and achieve a better
load flow method. | will suggest here some ideas to pursue and directions
to follow.

First on the agenda would be to perform the modifications necessary
to obtain further alpha-modified methods such as those mentioned in
Chapter 111.

As the theory for the alpha-modified methods illustrates, alpha can
take on a different value for every bus of a system being tested. There-
fore, an effort should be made to deve]op (and to test the worth of) a
procedure to choose the best values of alpha to operate on their corres-
ponding buses.

The present program could be expanded to include the ability to

solve systems with D.C. lines and links. Also, additional programming
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could be added to allow optimal load flows to be performed.

In an attempt to generally decrease the number of iterations re-
quired for this method (as well as for other load flow methods), it may
be worth utilizing a different, equally valid, convergence criterion.
Perhaps the average of all the absolute mismatch values, subject to
limiting the maximum value that a mismatch could have, could be used.
This would eliminate the very common situation where convergence is de-
layed only because one or two bus mismatches are not quite within the
given tolerance. |f the average were used, there would probably be sub-
stantial savings in computing time.

Another way of reducing storage requirements, computational effort
and computing time would be to develop, from the present algorithm, a
decoupled load flow method. This would, of course, be based upon ex-
ploiting the weak coupling between real power and voltage magnitude,
and reactive power and voltage phase angles. There is a good possibil-
ity though, that adding second order terms may be of insignificant value
in the presence of the major approximations used in decoupling.

A further area of investigation could look into ways of getting
better initial estimates of the voltages at load buses, such as a vari-
ation of that reported by Stott [58].

This is only a brief list of areas worth pursuing. The number of
major and minor modifications that could be applied to the alpha-M.Q.S.0.N.R.
method, is limited only by ones imagination.

In closing, the method in its own right should be applied to any

Practical problem involving nonlinear equations. Examples in the power



systems area include, but are not limited to, various formulations of
the economy operation problem, stability analysis, automatic generation

control, and hysteresis motor dynamic performance and optimization

evaluation.
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The Jacobian elements are the first order derivatives of the load
flows equations, (2.21), (2.22), and (2.23).

The first order partial derivatives of the active bus powers are:

3P,
— =e G - f B #
de P Pq P P9 LA

9P
P =926 + 3 (eG +f8B
oe P PP q pq q pPq

P q=1
q#p
aPp
P =B + fG .
qu P Pq P Pq 47 P
oP n
_P-92f,6 + ¥ (fG -eB )
of P pp -1 q pq P Pq
p q
q#p

The first order partial derivatives of the reactive bus powers are:

an
—= =¢e B + f G #
Beq P P9 P Pq TR
0Q n
—P -2eB - 32 (fG -e3B )
S PPP -1 4aPd 9P
p q
q#p

%

=-e G + fB =
qu P Pq P pPq HTP
3Q n
P -2fB + 1 (eG + fB
L PPP oy 9 PI 9PI

q#p



The first order partial derivatives of the square of the bus

voltage magnitudes are:
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The Hessian elements are the second order derivatives of the
load flow equations, (2.21), (2.22) and (2.23). As such, we may obtain
them by simply taking the derivatives of the Jacobian elements found
in appendix A.

Based on the first order partial derivatives, the second order

partial derivaties of the active bus powers are:
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The second order partial derivatives for the square of the bus

voltage magnitudes are:
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In this appendix a description of the sparsity directed
programs for solving linear sets of equations is given. These
were developed at the U.K. Atomic Energy Establishments' Horwell

Laboratories.



Harwel 1l Subroutine Library SUBROUTINE MC12A/AD

. Purpose

To calculate equilibration factors for the rows and columns of a sparce
axn matrix A, which, if applied before Gaussian elimination with pivoting,
will make the choice of pivots more likely to lead to low growth of round-off
errors. The scaling factors are integral powers 16*%*R; (for row i) and
16%%C; (for column j) of 16 (but this base can easily be changed to suit a
computer which uses a different radix for floating-point operations). Thus
pivots should be chosen as if the matrix elements had been

B. . = &.. :':]6:'::':(R_ + C. 1
i] ' J) (1)

The matrix A is stored in the condensed form used by MAIBA. Here the
non-zero elements are stored linearly by columns, with row numbers in a parallel
INTEGER*2 array and with pointers to the start and finish of each column in a
smaller INTEGER*2 array.

2. Calling sequence and argument list

CALL MCT12A(A, IRN, IP,N,NP,1SC,WS, ISING)

where

A is a REAL array which contains the non-zero elements of the matrix
to be scaled, with all elements of a column consecutive.

RN is an INTEGER*2 array in which IRN(K) contains i if A(K) holds aij'

P is an INTEGER*2 array of dimension (NP,2), where NP > N+1.
IP(m,2) contains j, the column number of the column which is stored
mth in sequence, and IP (j,1) contains k, where A(k) is the first
element of column j. [IP(IP(m+1,2),1) thus points to the first
element of A beyond those for column j. IP(N+1,2) contains N+1,
and IP(N+1,1) points to the first unused element of array A.

N is the order of A.

NP is the first dimension of IP.

1SC is an INTEGER*2 array of dimensions (NP,2) in which integer scaling
powers are returned, R. in 1SC(j,1) and Cj in I1SC(j,2) (see §3 below).

WS is a workspace array holding 4N REAL*L4 numbers.

ISING (INTEGER*L4) is set on return to 0 normally, but if row | or column J

of A is found to consist only of zero elements, ISING is set to | or
-J respectively. The scaling factors returned for non-zero rows and
columns are correct. For several zero rows or columns, only the last
one detected is returned in ISING.
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Note: The output and workspace requirements are identical for single -
and double-precision versions, only array A being declared REAL*8 in the

latter.
3. Method

The variables P and c. are chosen to minimize the function

J
s
p = T (f..-p.-c.) (2)
i, J J
where -
fij = log ]aijl/log 16 (3)

and the summation is over pairs i,j for which aj; # 0. This is done to
sufficient accuracy in only a few matrix-by vector multiplications. Then
Ri and Cj are obtained by rounding -p; and -Cj to integers. See Curtis
and Reid (1971) for further information.

Use of this method gives far better results on sparse matrices than
scali to equilibrate row and column norms, and MC12A/ADis called by MAI18A/AD

before factorising a matrix.

Reference

Curtis, A.R. and Reid, J.K. '"On the automatic scaling of matrices for
Gaussian elimination', AERE note TP.L4LL (1971).
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HARWELL SUBROUTINE LIBRARY SUBROUTINE MA18A/AD
MA18B/BD
MA18C/CD
MA18D/DD

1. Purpose

This subroutine solves a general sparse NXN system of linear equations

(i.e. find x = A 'b) or related problems.
There are four entries:
(a) MA18A decomposes A into triangular factors using a pivotal
strategy designed to compromise between maintaining sparsity

and controlling loss of accuracy through roundoff.

(b) MA186B uses the factors produced by MA18A (or MA18C) to find
A b, A1) b, ab or ATb.

(c) MA18C factorises a new matrix A of the same pattern, using the
pivotal sequence determined by an earlier entry to MA18A.

(d) MA18D loads the elements of a new matrix A into a storage array
in the sequence required by MAI8C, calling a user-supplied sub-

routine to obtain each column of A and using indexing information

stored by MAI8A.

It is envisaged that MAI8C may be called many times for one call of
MA18A, so it is much faster. Also it is expected that MAI8B may be called

with many different vectors for the same matrix A.

2. Argument lists

CALL MA18A (A, IRN,IP,N,NP,G,U,IA)



IRN

| P

CALL MA18B (A, IRN, IP,N,NP,W,B,MTYPE)
CALL MA18C (A, IRN,IP,N,NP,G)

CALL MA18D (A, IRN, IP,N,NP,W, NAME)

is a REAL*L4 (or REAL*8 for the D versions) array of dimension
|IA holding the non-zero elements of the matrix A on entry to
MAT8A or MAI8C and the elements of the triangular factors on
exit. Elements are stored by columns. For entry to MA18A,

they must be in natural row order within each column and the

columns must be in natural " order; that is aij precedes
AL if j <2 or if j=2%2and i < k. Thus a typical order
might be a a Before entry

]]7 83]9 alzf 23, 853, 354, ahS, 355
to MAI8C, the elements of A should be set by calling MA18D. A

is altered by MA18A, by MA18C and by MA18D.

is an INTEGER*2 array of dimension 1A*2, whose first |IA elements
are used to hold row numbers and whose remaining element§ are
used for workspace by MA18A only. |If aij is held in A(K) then
IRN(K) must contain i; for the above example IRN would contain

1,3,5,1,4,2,5,5,4,5, IRN is altered by MAIS8A.

is an INTEGER*2 array of dimensions (NP,13) where NP > 1. Before
entry to MA18A the values of IP(J,1), J-1,...N should be set to
the subscript in array A of the first element of column J of the
matrix and IP(N+1,1) should be set to the subscript of the first

unused location in A; thus in the above example IP would contain
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1,4,6,8,9,11. The contents of IP are altered by MA18A. ((IP
(1,d), I1=1,N+1), J=1,5) should be left undisturbed between a
MA18A entry and a subsequent entry to MA18B/C/D, or (for J=3,4)
to MAIBA if the previous scaling factors are to be used (see §4).
The rest of IP is available as workspace. An equivalence should
be used to ensure that IP starts on a 4-byte boundary. MAIS8C

uses the whole of I[P as workspace if it obtains new scaling

factors (see §4).

(INTEGER*4) is the order of the matrix A.
(INTEGER*4) is the first dimension of the array IP and should be

at least N+1.

(REAL*L4 or REAL*8 for the D version) is an output parameter used
to indicate the possible growth of errors during the elimination.
Normally MAT18A and MAI8C scale the rows and columns of the matrix
(see §4) so that the comparisons used in choosing each pivot will
be reasonable. The maximum difference between the floating-point
exponent of any element at any stage of the elimination and the
floating-point exponent of the initial largest element in its
column is evaluated; G is set to the computer rounding error
times 16 to the power of this integer. It is thus an estimate of
the relative perturbation on the elements of A. It is set to -1

in the event of an error, such as singularity of the matrix or

lack of space, preventing successful execution.

(REAL*4 or REAL*8 for the D version) is a number set by the user

in the range 0 < U < 1 to control the choice of pivots: if U > |
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it is reset to 1 and if U < 0 it is reset to the relative float-
ing-point accuracy. When searching a row/column for a pivot any
element less than U times the largest element in the row/column
is excluded. Thus decreasing U biases the algorithm towards
maintaining sparsity at the expense of G and vice-versa. The

value 0.25 has been found satisfactory in test examples.

IA (INTEGER*L4) indicates the size of arrays A and IRN. The number
of elements in the decomposed form of A is limited to IA which

may not exceed (32767-N) because of the use of INTEGER*2 indices.

W is a REAL*4 (or REAL*8 for the D version) working array of dimen-
sion at least N. W(Il) may be equivalenced with an element of

IP beyond IP(N+1,5) to save space.

B is a REAL*4 (or REAL*8 for the D version) array of dimension N

] T

- - T
used to hold b on entry and A b, (A) ]b, Ab or A'b on exit.

MTYPE is an INTEGER*L4 variable controlling the action of MAI8B. It
should have the value 1,2,3, or 4 according to whether A_]b,
(AT)_Ib, Ab or ATb is required. |If MAI8B is called erroneously,

it sets MTYPE=0 before return.

NAME is the name of a user supplied subroutine called by MAI8D. It

must be declared EXTERNAL by the calling program. It is called by

CALL NAME (N,W,J)

and should return all the non-zero elements aIJ of column J of
the new matrix in W(l), without altering other elements of W.

MA18D will call NAME N times (with J values not in sequence), and

load the new matrix into array A.
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L Use of the entries

Between a call of MAI8BA and a subsequent call of MA18B, MA18C or MA18D,

the contents of (IRN(1), 1I=1, 1A), ((IP(1,d), I=1,N+1), J=1,5) N,NP should

not be altered. IP(N+1,2) is set to N+I on successful completion of MA18A,
or to zero if an error has been detected. IP(N+1,3) is set to zero normally
but to 1 if MA18C detects a zero pivot.

By examining IP(N+1,2) and for MA18B, IP(N=L,3) subsequent entry points
can conclude that MA18A has not been previously entered, or that it or MAI8C
diagnosed an error. This causes an error diagnostic from the new entry. G
is set to -1 by MAI8BA or MAI8C if an error is found, so that the calling
program can test for success by examining the sign of G on return. MAI18B
detects two types of error: those due to invalid entry as described above,
which it signals to the calling program by setting MTYPE=0; or if it finds

MTYPE out of range, when it leaves it unaltered.

Execution of MA18C is much faster than MA18A, but it is important to
check the value of G on successful return from MA18C, in case the old pivotal
sequence is poor, for the new matrix, from the roundoff point of view. If
G is too large to be acceptable as a relative perturbation on A, the arrays
A, IRN, IP should be reset and MA18A re-entered. |IF there is ample space
in arrays A and IRN, it may be worth while to increase the value of U. The
number of locations used in A or IRN is (IP(N+1,1)-1). G should in any case

be monitored to detect error returns.

L Subroutines called and common block

MA18A (and in some circumstances MA18C) calls subroutine MC12A to obtain
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row and column scaling factors for the matrix. The application of this
scaling is controlled by a parameter in a named common block, which also
contains the output stream number for diagnostic messages. The common

statement is

COMMON/MA18E/JP,JSCALE

and the default values are JP-6, JSCALE=].

By including this statement in his program, the user can, if he wishes,
charge the stream number JP or the scaling parameter JSCALE.
NB: This should be done by Fortran instructions, not by BLOCK DATA.

The significance of JP is obvious; that of JSCALE is as follows:

JSCALE Scaling action

<0 Scaling factors determined during an earlier call to
MA18A (or MA18C) are applied to the current matrix.
= ( No scaling is done (i.e. all scaling factors are set

to 1.0).

MC12A is called by MAI8A to obtain scaling factors, but

]
e

the action with MAI8C is as for JSCALE < 0.

5 MC12A is called both by MAI8A and by MAISC.

| f JSCALE > 1, MA18C will change all 13 columns of array |P, otherwise it

will use only the first 5 columns.
The time overhead for calling MCI2A is significant on MA18C, but not
usually on MAI8A. Moreover, use of scaling factors with MAI8C affects only

the value of G, not the pivotal sequence as with MAIG8A.
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5. Error diagnostics

A number of error conditions are diagnosed which prevent successful
completion. Most are detected by MA18A, since the other entry points are
used only after this one has either succeeded with one set of matrix ele-
ments in the prescribed sparsity pattern, or has recorded its failure for

them. The following messages may be printed on stream JP by MA18:

(i) ERROR RETURN FROM MA18A BECAUSE THE ELEMENT HELD IN A(k) IS

OUT OF ORDER
This message covers sequence errors in the indexing information
supplied in IRN, IP; k gives the location at which the error
was detected.

(ii) ERROR RETURN FROM MA18A BECAUSE THE MATRIX IS SINGULAR. COLUMN
(or ROW) j 1S DEPENDENT ON THE REST.
This message covers two cases, (a) where the indexing information
specifies no non-zero elements in column (or row) j, (b) where
after elimination on the column or row all the elements eligible

as pivots are zero.

(iii) ERROR RETURN FROM MA18A BECAUSE IA IS TOO SMALL. SPACE RAN OUT
WHEN ELIMINATING ON PIVOT 1.
This message appears when there is insufficient room to store a
new non-zero element generated in elimination operations using
the ith pivot. Thus if i << N much more space will probably be
needed, but if i is nearly equal to N just a little more may

suffice.
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(iv) ERROR RETURN FROM MA18B BECAUSE MTYPE = m WHICH IS OUT OF RANGE.
This message needs no comment.
(v) ERROR RETURN FROM MA18B (or MA18C or MA18D) BECAUSE PREVIOUS ENTRY
TO MA18A (or MA18C) GAVE ERROR RETURN.
This message is given with MA18C in the second position only if
MA18B occurs in the first position. |In that case, the error de-
tected by MA18C was a zero pivot, which may not occur on subsequent
re-entry to MAI18C with a further new matrix.
(vi) ERROR RETURN FROM MA18B(or MA18C or MA18D) BECAUSE NO PREVIOUS
ENTRY TO MA18A.
This message is given if IP(N+1,2) is found to have a value which
is neither N+1 (after a successful exit from MAI8A) nor 0 (after
an error return from MA18A).
(vii) ERROR RETURN FROM MA18C BECAUSE ZERO PIVOT (i j).
This message signifies that aij was found to be zero when it was
due to be used as a pivot by MA18C.
(viii) ERROR RETURN FROM MA18C BECAUSE MC12A HAS GIVEN ERROR RETURN WITH
1S = j.
This message isgnifies that all the elements of the new matrix in

row i (if i >0) or in column (-i) (if i <0) have been found to be

Zero.

6. Met hod

The subroutine is described in detail in AERE Report R.684L, which should
be consulted for certain coding details if it is planned to transfer the sub-

routine to a computer other than the System/360.



C SUBROUTINE VSRTPM (A, LA, IR)

C

C-VSRTPM ==--=---- S/D----- LIBRARY L--===mmmmmmmmm o e e
C-VSORTP

c

C  FUNCTION VSRTPM - SORT ARRAYS BY ABSOLUTE VALUE -

c PERMUTAT IONS RETURNED

C VSORTP - SORT ARRAYS BY ALGEBRAIC VALUE-

C PERMUTATIONS RETURNED

C  USAGE - CALL VSRTPM (A.LA.IR)

C - CALL VSORTP (A.LA.IR)

C  PARAMETERS A - ON INPUT, CONTAINS THE ARRAY TO BE

c SORTED ON OUTPUT, A CONTAINS THE

c SORTED ARRAY

c LA - INPUT VARIABLE CONTAINING THE NUMBER

c OF ELEMENTS IN THE ARRAY TO BE SORTED
C IR(LA) - ON INPUT, IR CONTAINS THE INTEGER

C VALUES 1,2,....LA. SEE PROGRAMMING

C NOTES.

C - ON OUTPUT, IR CONTAINS A RECORD OF THE

5 PERMUTAT IONS MADE ON THE VECTOR A.

C  PRECISION - SINGLE/DOUBLE

; LANGUAGE - FORTRAN

»

5 o e o s s e s o i 35 S SRR S S £ S S 8 e s G i
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VSRTOO1O0
VSRT0020
VSRTO0030
VSRTOO04LO
VSRTOO50
VSRT0060
VSRTO007/0
VSRT0080
VSRT0090
VSRTO100
VSRTOI110
VSRTO120
VSRTOI130
VSRTO140
VSRTO150
VSRTO160
VSRTO170
VSRT0180
VSRT0O190
VSRT0200
VSRTO0210

VSRT0220

VSRT0230

VSRT0240

VSRTO0250



119

CALL VSRTPM (A,LA,IR)

CALL VSORTP (A,LA, IR)

Purpose
L oL B ol

VSRTPM sorts any LA consecutive elements of a vector into ascending
sequence by absolute value, keeping a record in IR of the permutations
to the vector A. That is, the elements of IR are moved in the same man-

ner as are the elements in A as A is being sorted.

VSORTP sorts any LA consecutive elements of a vector into ascending
sequence by algebraic value, keeping a record in IR of the permutations
to the vector A. That is, the elements of IR are moved in the same man-

ner as are the elements in A as A is being sorted.

Algorithm

VSRTPM/VSORTP uses the algorithm declared in IMSL routine VSORTM/VSORTA.

Programming Notes

ks IR and A must have dimension at least LA.

2. The vector IR must be initialized before entering VSRTPM/VSORTP.
Ordinarily, IR(1) =1, IR(2) = 2,..., IR(LA) = LA. For wider app-
licability, any integer that is to be associated with A(l) for |
= 1,2...,LA may be entered into IR(I).

3, |f entry VSRTPM is used, A is replaced by the sorted absolute values

of its elements, on output.

Example

CALL VSORTP (A,LA,IR)



Input:
Output:
A= (10.,9.,8.,7.
,7.,6.,5.,4.,3.,2.,1.) A= (1.,2.,3.,4.,5.,6.,7.,8.,9.,10.)

LA = 10
IR= 10, 9, 6, 7, 6, 5, &, 3, %, 1)

IR (]’ 2, 3) 14’ 53 6’ 79 8’ 9’ ]0)



APPENDIX D

DEFINITIONS AND DIMENSIONS

OF COMPUTER VARIABLE NAMES
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DEFINITIONS OF COMPUTER VARIABLE NAMES

For definitions of the following ten variables, see the sparsity

subroutine specification sheets in Appendix C:

A, (IA + IEXTRA), G, IP, IRN, MTYPE, N, NP, U, and W.

The other definitions are:

NAME DESCRIPTION
AA INPUTED FLAG WHICH TELLS IF TOTAL LINE shunt admittance

to ground is inputed (AA = 0) or only one-half of total
value is inputed (AA = 1).

Al a vector which holds the row numbers of the non-zero
elements of the upper (or lower) triangle of the bus
admi ttance matrix.

A2 a vector which tells us how many non-zero upper triangle
bus admittance matrix elements that have been at the
commencement of a given column.

ALPHA the value determines the portion of the second order
correction factor which is used to update the bus mis-
matches and the portion used to update the diagonal
elements of the Jacobian submatrices.

BB inputed flag which indicates whether the transformer
inputed information is the tap setting (BB = 1) or the
turns ratio (BB = 0).

GC inputed flag which determines whether a Newton-Raphson

load flow is to be solved (CC = 0)or one using the alpha -

M.Q.5.0.N.R. method (CC = 1).



D1, D2,

D4

DELK

DELMAX

DELMXP
DELMXQ
DELMXV

DELP

DELQ

DELS

DELTAP
DELTAQ
DELTAS
DELTAV

DELV

DESERY, DSHTY,

DSHTYD,

D3,

DTFMR

1272
v

diagonal elements of the bus admittance matrix.
vectors which contain the locations of the diagonal
elements of the Jacobian submatrices within the vector

of the non-zero elements of the Jacobian, JACOB.

CONTAINS the iteration number for which the corresponding

maximum mismatch values are stored.

the specified tolerance required in order for convergence

to occur.

maximum active power mismatch.

maximum reactive power mismatch.

maximum voltage squared mismatch.

variable which stores the value which DELMXP has at the
end of an iteration.

variable which stores the value which DELMXQ contains
at the end of an iteration.

temporary storage for updated bus mismatches; needed
when there is an unsuccessful convergence check at the
one-half iteration point.

active power bus mismatch.

reactive power bus mismatch.

vector which contains all the bus mismatches.
voltage squared bus mismatch.

stores the value which DELMXV contains after an
temporary storage for line data when the line numbers

are being rearranged.

real component of bus voltage.

iteration.



EB

EBI

ERROR1

F

A

IEXTRA

JACAI

JACAZ2

JACOB

KO

K1l

K2

KDEL

KKK

KMAX

KNECT

KTOT
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bus number at the receiving end of a line.

temporary storage for EB's when line numbers are being
rearranged.

voltage corrections after the first half of an iteration.
imaginary component of the bus voltage.

the number of non-zero elements in the Jacobian matrix.
workspace required for the sparsity subroutine, MAIBA.
vector which contains the row numbers of all the non-zero
elements of the Jacobian matrix.

vector which tells how many non-zero Jacobian matrix
elements there are up to the commencement of a given
column.

non-zero elements of the Jacobian matrix.

iteration counter.

the number of voltage regulated buses, not including the
slack bus.

the number of load buses.

the number of buses, not including the slack bus.
records the number of times that a convergence check is
performed.

if one-half an iteration is successful in converging,
value is set to 5. Otherwise its value is 0.

maximum number of iterations allowed.

records the number of lines connected to the slack bus.
the number of non-zero elements in the bus admittance

matr 1%,
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L INE contains line numbers.

LINE] temporary storage for line numbers during line renumbering
sequence.

MB the number of voltage controlled buses.

MAXY total number of non-zero elements in the upper (or lower)

tirangle of the bus admittance matrix.

NB the total number of buses.

NEWA] vector containing the row numbers of all the non-zero
elements of the bus admittance matrix.

NEWA 2 vector containing running totals, column by column, of
the number of non-zero elements in the bus admittance
matrix.

NEWY vector containing all the non-zero elements of the bus

admittance matrix.

NJACOB the number of non-zero elements in the Jacobian matrix.

NL the total number of lines.

P calculated active bus power.

PSCHED shceduled active bus power.

Q calculated reactive bus power.

QSCHED scheduled reactive bus power.

R second order correction factor for active power.

RECORD records the number of lines connected to the sending
buses.

S complex conjugate bus power.

SB bus number at the sending end of a line.



SBCAP

SERY
SERZ
SHTY

SHTYB

SUMI, SUM2

SUM3, SUM4

TFMR

uz2

V

VSCHED

VvV

Y

static capacitor or shunt reactor connected to the
sending bus of a line.

line series admittance.

line series impedance.

line charging susceptance.

line charging represented by admittance shunted to ground
at the received end of a line.

summation portions of the first order mismatch correction
factors.

summation portions of the second order mismatch correction
factors.

second order correction factors for reactive power.
inputed off-nominal tap setting of a transformer.

second order correction feactors for the square of the
bus voltage.

complex bus voltage.

sheduled bus voltage magnitude.

complex conjugate of the bus voltage.

non-diagonal elements of the upper (or lower) triangle

of the bus admittance matrix.

If a series of load flows with different alpha values is solved

during one computer run, then there are also:

AANT

AINTZ, AINT3

| FLAG

input of the initial alpha value.
other alpha values.

counter to determine if a table output may be terminated.



JFLAG

KFLAG

KKSAVE

KSAVE

LIMIT

SAVEP

SAVEQ

SAVEYV
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counts the number of tables printed on one page.

counts the number of tables with less than 2.5 iterations,
on a given page.

indicator as to whether the load flow solution ends in a
half iteration.

number of iterations to convergence for a particular
alpha value.

number of tables desired to be outputed; there are six
alphas per table.

the maximum active power mismatch is stored for every
iteration.

the maximum reactive power mismatch is stored for every
iteration.

the maximum voltage squared mismatch is stored for every

iteration.



DIMENS IONS OF VARIABLES

We have,

VARIABLE

e

NB number of buses

e

NL number of lines

e

MB number of voltage controlled buses,

including the slack bus.

DIMENS ION

A
Al

A2

CRI
CR2

D

DI

D2

D3

DY
DELK
DELP
DELQ
DELS
DELTAS
DELV
DSERY

DSHTY

IEXTRA + (NB - 1)

NL

NB

NB - 1

NB - 1

NB

NB - 1

NB - 1

NB - 1

NB - 1

2% (KMAX)
2% (KMAX)
2% (KMAX)
2% (NB - 1)
2*%(NB - 1)
2% (KMAX)
NL

NL



DTFMR

EB
EBI

ERRORI

iﬁBUS
|P
| RN

JACAI

JACAZ2
JACOB
L INE
LINEI
NEWAI
NEWA2
NEWY

p
PSCHED
Q
QSCHED
RECORD
SB
SBCAP

SERY

NL

NB

NL

NL

2X(NB - 1)

NB

NB

[(2%NB - 1), 13]
2% (1EXTRA + dimension of JACOB)

8% (number of lines not connected to the slack bus) +

Lx(NB - 1)

NB + 1

same as for JACAI

NL

NL

(2%NL) + NB

NB + 1

(2XNL) + NB

NB

NB

NB

NB

NB

NL

NL

NL
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SHTY NL

SHTYB NL

SUMI NB - 1
SUM2 NB - 1
SUM3 NB - 1
SUM4 NB - 1
TFMR NL

V NB

VSCHED MB - 1

W 2% (NB - 1)
Y NL

If a series of load flows with different alpha values is solved

in the one run, then there are also:

KSAVE number of alpha values used + |
KKSAVE number of alpha values used + 1
SAVEP (number of alpha values)?’* (KMAX)
SAVEQ (number of alpha values)®* (KMAX)

SAVEV (number of alpha values)* (KMAX)

). i
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102

160

106
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CO 210 J=1,NB
KECORD(J)=0
ClJdd=0.0
CONTINUE

FEAC LINE NUMBERs STARTING BUSs ENLC BUS, LENGTHs SHUNT ADMITTANCE
IN PeUe PER UNIT LENGTHS.SEFIES IMPEDANCE IN PesUe PER UNIT LENGTH

WRITE(€,102)
FCEMAT(///7+50Xs10{1H*),* L I NE D A T A *",10(1HX)/+/,27Xs*LINE"*

192X9'SBY 93X 'EB? 92X *TFMR RATIO® y2X, *SHUNT ADMITTANCE® y€X,?*SERIES
2IMFECANCE* s€X,'SB STATIC CAPS*,/)

C2 108 I=1,NL _
READ(S9100)J+SEB(I)SEBA(I)+SERZ+SHTY(I)sTFMR(I)»SBCAP(I)
FORMAT(3IS+SF10e49F1e0+sFSe4)

IF{(AACEQs0D.)GO TCO 75

SHTIY{(I)=2%SHTY(1)
WRITE(G6+104)1I,SEBUIJ)EB(I)sTFMR(I)+sSHTY(I)sSERZ,SBCAP(I1)
FORMATI(?' % 428 X9 2l CoFCul el X92F Gal 984X 92F 0 e84 97X 9F301+F804)
IF(TFMR(I)«FQ+0.)G0 TO 106

IF(BBeEQeO+)GO TO 80

B=TFMR(I1)

GO TC 85

B=1+TFMR(I)/100.

SERY(I)=1./(B*SER Z)
SHTIYEL(I)=(10/SERZ)% {1 0-(1.0/B))+SHTY(1)/2.
SHTY(I1)=SHTY(1)/B*%2-SERY(IJ)+SERY(1)/8B

SHTY(I)=2 «¢%SHTY(1)

GO TC 108

SERY(I)=1/SERZ

SHTYE(I)=SHTY(I1)/2,

CONTINUE

SPARSE STORAGE COF ADMITTANCE MATRIX
( INCLUDES REAFRANGING LINE NUMBERS IF NECESSARY )

ASSEMBLEZ DIAGONAL SLEMENTS

CO 119 I=1,NL

Y{(1I)=0.0

L=SB(T1)

vV=EB(1)
D(L)=D(L)+SERY(I{+SHTY(I)/2.+SBCAP(I)
C(MI=D(M) +SERY(I)+SHTYB(1I1)

CONTINUE

C(107)=0(107)+.06

KNECT=0

CO 220 T=1,NL



~d 32

,/E30111CK JOB (3011,10KCs1,02) sWELLON,CLASS=C
/% JOBPARM FORMS=0234

K/

EXEC

FORTGCLGIREGICON.GO=123K

J/FORT.SYSIN DD *

<

76

C
C
C

151

CONMBLEX Y,
SHTY s DSHTY s ZSERVSERY yDSERY sSHTYBsDSHTYBsSBCAP SERZ
DUMMY s DUM1 ,DUMZ sRECORCIEBI1JLINEL,LINE]

SB+sEBsAl yA2,D1 4D2yD32 +04 4, AAEBB,CC

COMPLEX
INTEGER
INTEGER
INTEGER*2

VeSsSES+SERH,IBUSSUMS 3VV oD NEWY

JACA1,JACAZ,IP(235,13),IRN(6248)

FEAL JACDB,MAGN
FEAL%8 ALPHA

CIMENSION
CINMENSION
DIMENSION
CIMENSION
CIMENSION
CIMENSION
DI NENSION
CIMENSION
CIMENSION
CIMENSION
DIMENSION
CIMENSION

D1(117)+,02(117)+D3(117)+D04(1173,CR1(117),CR2{(117)
£{(118).F{118),v(118),P(118),Q(118),D(118)sA2(118)
PSCHED({ 118),QSCHED(118),I1BUS(118),RECCRD(118)
SHTY{18€) y SHTYB{(186)+sSERY{(186)+sDSHTY(186),DSHTYB(186)
DSERY(186) LINE(186),LINE1{186),EB1(186),Y(186),A1(179)
TFMR{186) sDTFMR{186),SBCAP{(188)

SB(186€) ,EB(186),W{234) ,DELTAS(234),ERROR1(234),A(3124)
NEWY(476) NEWALLATE)NEWAZ2(119), VSCHED(S3)
JACOB(2124),JACA1(2124),JACA2(235)

DELK{20),DELP{(20) ,DELQ(20),CELV(20)

SAVEP{500) sSAVEG(S00) s SAVEV{500) +KSAVE(45) »KKSAVE(4S)
DELS(234)

COMMCN /MEMORY/ JACOE,JACALl,JACAZ
EXTERNAL RELOAD

WRITE(&E+2)
FORMAT(/+// +5Xe?

READ NUMBER OF BUSSES»
EUSSES INCLUDING SLACK BUS,

FI8 BUS TESY SYSTEM 7))

NUMBER OF LINES, NUMBER OF VOLTAGE CONTROL

AND FLAGS

READ(S .74 )ALPHA

FOEMAT{F10.3)

READ(S,100)AABB,CC
SEAD(S+100)NEBsNL »MB
WRITE(E,7E6)ALPHALAALZEE CCyNBINLyMB

FOREMAT(?

FORMAT (*

2/ /7 +5EXs "ALPHA AL BB Lt NB NL MB? 3/ +sF8Be
11:,2X+315,317)
PRINTOUT OF CHANGES MADE IN BUS NUMBERS
WRITE (6,151)
2 /7 +s5Xs*"THE FOLLOWING BUS NUMBERS WERE CHANGED TO ALLOW

1THE® o/ +*REGULATED BUSES TO HAVE THE LARGEST NUMBERS :'%':/7/,20Xs "' BE
2COMESY /)

DO 155 i1=%+10

FREAD(S9153)J1 9020039089059 J69J079J89JC9J109J119J12,+J139J14,J15,J16
FORMAT(1615) ‘
WRITE(65s154)J1+J29J39J89JS3J6 907 9J89JS9J10+J11,9J12+J139J14,J15,5J156

FORMAT(*
CONT INUE

0 ,8{146X,1I5,°" "

"2 14,/7))
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THE SENDING ANC END BUS DESIGNATIONS ARE REVERSED IF THE SeBe.
NUMBER IS LARGER THAN THE E.Be. NUMBER

OO

IF(SE{I)LT.EB{(IJIGO TO 30
IF(TFMRII)«eNE«De0Q) TFMR(ID=1./TFMR(I)
CUMMY=SB(I)
EB(II=EB(I)
EB(I)=DUMMY

0 CONT INUE

3

C Q

C FECORD THFE NUMBER 'OF LINES CONNECTED 7O EACH SENDING B8US
C

RECORD(SB(I)J)I=RECORDASEB(I))+1
IF(EE(I) sEQeNBIKNECT=KNECT+#+1
LINE(I)=TI

220 CONTINUE
KNECT=KNECT+RECCRC(NE)

REARRANGE THE LINES IN AN CORDER ACCEPTABLE FOR THE'FORMATION
OF THE SPARSE BUS ADMITTANCE VECTOR

O ey 09

CALL VSORTP(SBsNLLINE)

DO 31 I=1,NL
31 EB1(I)=EB(LINE(I))

DUNM1 =0

DUM2=0

CO 35 I=1,NB

IF(RECORD(I) «FGa0)GO TN 35

DUMMY=RECORD( I)
| D0 32 J=1,DUMMY
DUM1=DUM1+1
EB1(J)=EB1(DUM1)
LINE1(J)=LINE(DUM1)
CALL VSORTP(EB1sDUMMY,LINE1)
DO 34 K=1,DUMMY
CUNM2=DUM2+1
EB(DUM2)=EB1 (K)

(i
n

34 LINE(DUM2) =LINE1(K)

b §2 CONT INUE

c

€ REARRANGE THE LINE DATA TC BE COMPATIBLE WITH THE
C NEW LINE NUMBERS |

¢

DD . 3€" I=1,NL
CTFMRCOII=TFMRAI)
CSHTY{I)=SHTY{(I1)
CSETYBA(I)=SHTYB(I)

36 CSERY(I)=SERY(I)
CO 37 I=1,,NL
TFMR(ID)=DTFMR(LINE(I))
SHTY{I)=DSHTY(LINE(I)})



SHTYB(I)=DSHTYBILINE(I))
SERY(IJ)=DSERY(LINE(I))

WRITE(€,38)

FORMATI(///7+80Xs10({1H*),* R E OR DERED ARG N i D AT N "2
100 1HX) o/ /7 s1BXs " NEW! 9 SXs'0OLD? 3 /918Xy "LINE" 44X ,"LINE® EX7SB",3X+'EB
294 Z2Xs"TFMR RATIO 32X 9 *"SHUNT ADMITTANCE® JEX+'SERIES IMPEDLENCE® 46X "
3SB STATIC CAPe® /)

CO 40 I=1.NL

SERZ=1+/SERY(I)

WRITE(EIISIISLINE(I) +SBL{I)s=BLI)»TFMR{I)»SHTY(I)+SERZSBCAP(LINE(I]
193

FORMAT(® " 312X +31892X 3 139F 0 e393X32FQed984X92FSety7XsF3e14sF8+4)

CONTINUE

| J1=1
' LL=0
MM=0
A2 (1)=1
0N 128 I=1,NL
L=S8(1)
M=EB(1)
IFILL.EQ.D) GO TO 122
IF(L «EQelLLI)GO TO 124
IF(LEQsLL+1IIGD TO 122
CuUmMl=L-2
Cn 120 II=LL,DUMI1
120 A2(II+1)=U1
122 A2(L)=J1
GO/ VED 1326
1z4 IF(MeEQaMM) J1=J1-1
126 A1 (J1)=M
Y{J1)=Y(J1)-SERY(I)
Ji=J1+1
LL=L
MM =M .
1z8 CONT INUE
NAXY=J1-1
IF({L sEQeNB-1) GO TO 134
CUM1I=NB-1
Ca 132 I=L,.CUM]
132 AZ(I+1)=J1
134 CONT INUE
A2 (NE) =J1
NRL=MAXY
WRITE{(E+1E6S5S)IMAXY A2(NE)
1€65 FORMATILY Y3/ /7/7+SXs"MAXY=? 314 4SXs*'A2(NB)="s14,/777)
WRITE(6+,1331)0(I+s0(I)eI=1,4NB)
FORMAT(® *,80(3(4Xe"%k C(?',12,%)=2,2F12e4)477))
KB=0
K2=Ng-1
CO 1334 1=1,K2

P
(al
(uJ
-y
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Ka=AZ{I+1)-A2(1)

IF(KAEG.0)GO TO 133¢

CO 1333 J=1+KA

KB=KB+1

IFTA2(1I) .NE.KB)GO TO 1322
| WRITE{(&,1335)31,R2(1)
1335 FOFRMAT(® ',/4,65Xs%A2("+13,%)="',14)
1332 WRITE{(6,1330)KBsY(KB)sKE,A81(KB)
1330 FORMATL® P +SXs*'Y('9I3+°)="92F12+498Xs*'* A1('913,%)=',14,//)
1333 CONTINUE '
1324 CONTINUE

RESTORACE OF SPARSE ADMITTANCE ELEMENTS IN A MANNER MORE EASILY
USED WHEN THE JACCEIAN IS FORMED.

2l Nala

NEWY{1)=D(1)
NEwaL{1)=1
NEwAZ{1)=1
IA=A2(2)-A2(1)
PO 136 11=1,1A
KA=11+1
NEWY(K2a)=YI(I1)
136 NEWAL(KAD)=A1(1I1)
NEWA2(2)=KA+1
DO 1€2 I=2,NB
CUMl1=1I-1 |
DO 144 I3=1,DUM]
IF(AZ2{IZ3)sEQesA2(1341)) GO TO 144
KB=A2({I3+1)-1
CUNZ=A2(1I3)
PO 142 12=DUMZ2,KBE
IF(A1{I2)NE 1) GO TO 138
KaA=KA+1
NEWY(KA)=Y(I2)
NEWAL(KAD)=13
GO TC 144
138 IF(A1{I2)«GTel) GC TO 144
142  CONTINUE
144 CONT INUE
KA=KA+1
NEWY(KA)I=D(I)
NEWALI{KAD)=I
IF{]l sEQeNB)GO TO 148
IF{A2(]) «EQ.AZ2(I#1)) GC TD 148
KC=A2(1I#+1)-1
DUMZ2=A2(1)
CO 1486 14=DUM2,KC
KA=KA+1
NEWY(KAI=Y(I4)
146 NEWALII(KAD=A1(12)
148 NEWAZ(I+1)=KA+]
158 CONTINUE
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MDUM=2%NRL+NBE
WRITE(6,1442)(I ,NEWY(I)NEWALI{(I)sI=1,MDUM)

1442 FOBRMAT(? "33Xs7I="314,3Xs"'"NEWY="?,2F14.4,8Xs"NEWALI=",13,/)
NNE=NB+1 :
WRITE(€E,1443)(T,NEWA2(I)sT=1,4NNB)

14473 FORMATI(Y ¢ ,//+s6(2Xs"% NEWAZ2(¥,I3,%)=2,14))
- o b A e A s e e ot o it Skt s st s s s i i B
C
c READ IN SPECIFIED BUS CATA: REAL POWEEF, REACTIVE POWER, REFERENCE
e VOLTAGE V(SB)s VOLTAGE CONTROL BUS MAGNITUDES AND REACTIVE
C FOWER LIMITS
C
44 KO=ME-1
K1 =NE-MBE ’
K2=NBg-1

READ(S5+150)(PSCHED(I)»1I=1,K2)
READ(S+15S0)(QSCHED(I) +1I=1,K1)
FEAD(SH1S0)E(NB)+sF(NB)+{(VSCHED(I)e1I=1,6€)
IF(KO«sGT e6) READ{(SH1S50)(VSCHEDL(I)»I=7+K0)
150 FORMAT(8F10.3)
WRITE(E,1C60)(PSCHED(I)sI=1,4,K2)
1€0 FORMATIIHL1+//+* PISCHEDULEDJI(I) =',11F10e3+//+50(18X311F10e35//))
WRITE(E+161)(QSCHED(I)»T=1,K1)
1€1 FORMAT(1HO+//+" QIUSCHECULED)I(I) =%5117F1063+¢//+50(18Xs11F10e3+77))
WRITE(G6,162)E(NB) +FANE) y{VECHED(I),»I=1,KO0)
1€z FORMAT(//7510X9® VISB) ='92F10e39//7/7€6EXe* VSCHEDI(I) =%311F10e397/+50
1{18X911F10e3,77))
READ(S»10S)IKMAX,DELMAX
105 FORMAT(IS»F10.7)
READ(S,1SS0O)IEXTRA
1€50 FORMATA(I10)
WR ITE(E+,1663)IEXTRA
163 FORMATHL?® *3//7/7+10X,*IEXTRA=?415,/7/)

C = = = = o e = o o e e e mm e mm mm e e e e e o e e e e e e e e - e e - -
C |
C INITIALIZE UNKNOWN VOLTAGES AND REACTIVE POWERS
C
1J=0
1JK=0

DO 1019 1=1,4F5
KSAVE(I)=0
101¢ CONT INUE
101 CONTINUE
CO 2S00 I=1,K2
E(I)=.8656025204
_ FLI)=0e5
250 CONT INUE
KSE=K1+1
PO 21 I=KS,K2
=] CG(I)=0.0
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CONTINUE

CO 28S 1I=1,K2
CR1(I)=0.0
CRZ2(1I)=0.0
CONT INUE

CONT INUE

CALCULATE THE REAL AND REACTIVE POWERS

PELMXP=0+0

CELMXG=0.,0

DELMXV=0.0

Ie=0

CO 281 I=1,K2

TA=NEWAZ(I+1)-NEWA2(I)

IF(IA.EQ.Q0) GO TN 261

SUN1=0.0

SUMZ2=0.0

CO 2€2 J=1,1A

IB=18+1 '

IC=NEWAlI(IB)
SUNI=SUMLI+E(IC)*REALINEWY(IB)I)-F(IC)*AIMAGINEWY(IB))
SUM2=SUM2+F( IC)*REALINEWY(IBII+E(IC)*AIMAGINEWY(IB))
CONTINUE

FII)=E(I)%SUM1I+F(I)®SuUmM2

CG(I)=F(I)%®SUMI-E( I)%xSUMZ

CALCULATE MAXIMUM REAL AND REACTIVE POWER ERRORS

CELTAP=PSCHED(I)-FP(I)

CELTAS(I)=DELTAP
IF{AES{(DELTAF) «GT DELMXP)IDELMXP=ABS(DELTAP)
IF(IGT.K1)GO TO 261

CELTAQ=QSCHED(I)-G(I)

CELTAS{I+K2)=DELTAQ

IF{AES(DELTAQ)«GT DELMXQ)DELMXQ=ABS(DELTAQ)
CONT INUE

WRITE{(&,351)

FORMAT(1HO,15XsS(1H%),* POWEER ERROR1 MATRIX
P*,10Xs "DELTA Q' +5X+*'DELTA V-SQUARED',/)
PO 353 1I=1,K1
WRITE(E+:3S2)IsDELTAS(I)DELTAS(I®+K2)
FORMATHLY 9 ,1Ss2F177+/7)

138

"+S(1HX%X)es//7+15X, 'DELTA
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3E3. CONT INUE

C

c IF THERE ARE VOLTAGE CONTRGLLED BUSSES
C

IF(KQ«EQ«D)GO TO 273

OO 272 I=K5,K2

V2=E (I )=%2+F (1)%%x2
CELTAV=VSCHED(I-K1)*x2-y2
CELTAS{I#+K2)=DELTAYV |
IF{AES{DELTAV) «GT DELMXVIDELMXV=ABS{(DELTAV)
WRITE(E+s271)I+DELTAS(I)SPELTASI{I+K2)

271 FORMAT(® IS eF17 67901 7X9F177)

272 CONT INUE

273 CONT INUE

C = = = = = = = = = - = - = - - R oGl S 3 T e S SA N SR e
C

C TEST FOR CONVERGENCE OF SYSTEM

C

KDEL=KDEL+1
CELK{KDEL)=FLOAT{K)+FLOAT(KKK)/10.
CELR(KDEL)=DELMXP
DELQ(KPDEL )=DELMXQ
CELV(KDEL)=DELMXV _
WRITE(6+303) DELMXP,DLELVMXG,DELMXYV
FORMAT(® *43///7+SX+'"DELTAP MAXe ='9F15e¢89/+sSEXs"DELTAQ MAXe. ='",F15.8
1937 sSXs'DELTAV MAXe =" ,F15.8,/)
" IF (DELMXP ¢LE e DELMAX s AND«CELMXCeLE«DELMAX cANDsDELMXVeLESDELMAX)GO T
1C 950 '
IF(KKKeNE +S) GO TO 222
KDEL=KDEL~-1
KKK=0
K=K+1
CO 221 I=1,K2
E(I)=E(I)-ERROR1(I)
F{I)=F(I)-ERRCR1(I+K2)
221 CONTINUE

GO TC 1066
222 CONT INUE

IF(KeGE«KMAX)GO T2 1000

e s G e osmme e e e s e e W e e m— o e S ewm—mn mm—m m— — wmm— w— m— m— o mewm—n e wwm— wm—
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~
C CALCULATE BUS CURRENTS
C CALCULATE ELEMENTS OF THE JACOBIAN MATRIX
K3=Kz%2
K=K+1

WRITE(E+273)KsKKK
27¢ FORMATI(1H1+/ 98X ' ITERATICON NCoe " 91247 e%3119/7/+99Xs?'CONJUGATE? 97 99X
1 YGE POWER?Y 324X 4 ' CURFENT )
CO 320 'I=1,K2
S=CMPLXI(P{(Id)v—0Q(1I))
VV=CNRPLX{E(I)y-F(I))
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IBUS(I)=5S/VV
WRITE(6,281)S,IBUS(I)

FORMATL® ' 9/792F12eS97X92F1245)
CONT INUE

N M

[ B NI AN
QD v

K83=0
KTOT=NEWAZ(NB+1)— (2% {NEWAZ2(NE+1)—-NEWA2(NB) )-1)-1
CO 186 1=1,K2

JACAZ(I)=KB+1

KA=NEWA2(I+1)-NEWAZ2{( 1)

KD=0

IF(KAEQeNB) KA=KA-1

CONT INUE

n
o

FORMULATE J1 AND J4

Y Y ) v

DUMMY=NEWAZ( 1)
IFI(NEWAL (DUMMY+KA-1) ¢eEQeNB) KA=KA-1
CUNLI =DUMMY +KA-1
P3O 182 11=DUMMY ,DUMI1
KB=KE+1
KG=2%KTOT+KB+KA
JACOE(KB)=E(NEWAL (I1))*PEALI(NEWY(I1))+F(NEWAL(TI1))XATIMAGI(NEWY(I1))
JACOE(KG) =—JACOB(KB)
IFINEWAL(I1)eGTeK1l) JACOBI{KG)=0.0
JACAL(KB)=NEWALI(I1)
F JACAL(KG)I)=NEWAL(TI1)+K2
IF(NEWAL(I1)<NE.I) GO TO 182
{ JACOB(KB)=JACNB(KB)+REAL(IBUSINEWAL(I1)))
| JACOB(KG)=JACOBIKG)+REAL{IBUS(NEWAL{I1)))
IFINEWAL(I1)«GT K1) JACOBI(KG)=2.%F(NEWAI(I1))
D1{T)=KB
04 (1)=KG
CONT INUE

(n
AV}

FORMULATE J2 AND J3

O Y ) =

DUMMY=NEWA2( 1)

CO 1E4 I1=DUMMY,DUMI

KB=KB+1

KH=2%KTOT+KB—KA
JACOCB(KH)=—E(NEWALI(I1))=AIMAG{(NEWY({I1))+FI(NEWAI(I1)I*REALINEWY(I1)
1)

JACOE(KB)=JACOB(KH)

IFINEWAL(I1)eGTeaKl) JACDBI(KB)=D.0
JACAL(KB)=NEWAI(I1)+K2

JACALI(KHI=NEWALI(TI1)

IF(NEWAL(I1)eNELI) GC TO 184
JACOBI(KEB)=JACOB{(KB)—AIMAG(IBUSI(NEwWA1(I1)))
IFINEWAL(I1)eGTeK1l) JACOBIKBI=2.%E(NEWA1(I1))
JACOE(KH)=JACOB{KH)+AIMAG(IBUSINEWALI1(I1)))

L2(I)=KH
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D3(I)=KB
CONT INUE
JACLAZ(I+K2+#]1 )=KG+1
CONTINUE
JACRAZ(NB)=2%KTOT+1

PRINT JACOBIAN VECTOR

WRITE(6,403)
FORMAT(1HL s/ /+5Xs? THE JACOBIAN SPARSITY VECTOR AND ROW LOCATION V

1ECTORs JACAL' 3/ /+2(4Xs 71" 35X '"JACOB(I)®"sSXs*JACALI(I)*)H/)

NJACOB=8%( NRL-KNECT) #{(NB-1)%4

N2=NJACOB/?2

DO 404 I=1,N2

N3=T+4N2

WRITE(6:405) 1,JACCB(I)sJACALI{IDs N3, JACOBIN3)+JACAL(N3)
FORMATUL? %3/ 31XsJ83F1G6e€9110+%%1 ,]6,F14,6,110)

CONT INUE

MNE=Z2%NB—-1

WRITE(6,14448)(IsJACA2(1)s1I=1,MNB)

FORMAT(® *,3//7,6(3Xs%| JACA2(*,132,2)=2,14))
WRITE(E,1448)

FORMAT(® 3/ //77+4Xs2T80,4X3'D1(I)"s3Xs*'D2{(I)"+s3Xe*'D3(I)*+s3X»"D4(1)"

1+7)

CO 1447 I=1,K2

WRITE(S,14486)1, D’(I)oDZ(I?cD’(I)’D4(I)

FORMATI® "4/ +2X913,418)

CONTINUE

TA=JACAZ2(2%K2+1)~1

WRITE(E,16€4 )NJACCB,y 1A

FORMATI(Y *3/77/7e¢SXs*NJACOB=" IS sSEX97'IA=,154,/77/)
IF((K#+KKK/5) +LE.2) GO TC 1770

USE MA18D TC LOAD THE JACOBIAN NONZERO ELEMENTS INTO THEIR
FROPER PLACES IN THE ORTGINAL *A' MATRIXe. THEN MA18C FACTORS
THIS MATRI Xe

O 154G JU=1,1A

A{ J)=JACCB(J)

CALL MALEBD(AIRNsIPsN:NPsWesRELCAD)
CALL MAIBC(ALZIRNSsIPINJNP,G)
WRITE(€,1554)G

GO TC 155¢

CONTINUE

N=2% (NB-1)
NP=N+1

CO 185351 I=1,1A
ACTI)=JACOBA(I)
IRNCID)=UACALI(I)
CONT INUE
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DO 1552 I=1,NP
IP(I,1)=JACAR(T)
CONT INUE

mn
n
AV

SET PARAMETER, Us CALL MA18A TO FACTOR JACOB AND CHECK FOR ERRO

YOO e

U=0+25
CALL MALBA(A»IFN,IPsNsNP,GyU, JA+IEXTRA)
WRITE(€,1554)G
1554 FORMAT{*OVALUE OF G{ RELATIVE PERTURBATION OF A ):i1%3/+41("%% )s//»E
11568 Z2Y 70 :
IF{(GeEQa=1e0)eCRIIPIN+1,2)eEQs0)) GO TO 1553

C

C SCLVE FOR THE VOLTAGE CORRECTIONS (FIRST ORDER)

-

158¢ MTYPE=1
CALL MALIBB(ALJIRENsIPyNsNPyWsDELTAS,MTYPE)
IF{(MTYPELEQ.0) GO TO 1556
GOLTES 1S58

C

1553 WMRITELE5,1555)

185 FOFRMAT{(®*-INVALID RETURN FROM MA18A")
STCP

1556 MPRITEL(6531557)

1E€7 FORMAT(*-INVALID RETURN FROM MA1E88B"')
STCP

C

168 CONTINUE

8

WRITE(E,3686)
EE FORMAT(1HOs/7/77sS(1H%x) s VOLTAGE ERROF1 MATRIX ',S5{1Hx%),//7+s15Xs *CEL
1TAVE*'S10X+*DELTA F*,/7)
DONBERUE=]T s K2
ERROR1(I)=DELTAS(1I)
ERRCR1I(I+K2)=DELTAS(I+K2)
SE7 WRITE(E+352) I,FEREOR1(1I)+ERRCR1(I+K2)
IF{CCEQeD.)GO TD 411

(ud

Y

CALCULATE SECOND ORDER CORRECTION FOR REAL AND REACTIVE POWERS

O

ey

CONTINUE

WRITE(6+407)

FORMATIIHO W/ / /" NOe? 315X "SUM3B?, 17X s TSUMEG? , 1S Xs'R7P,1EX»"T?" 15X ,1?
1RXALPHAY 3 12X s " TRALPHA® s 7Xs*L ")
L=0C

IB=0

DO 1€52 I=1,K2
IA=NEWA2( I+#1 )-NEWA2( 1)
IF{IA.EQ+Q)GO TO 1662

SUM3=040

SUME=0,.0

CO 161 J=1,1A

R~
o
wd
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IB=IE+1
IC=NEWAL(IB)
IF{IC.EQ«NB) GO TO 1€£€1
SUM3=SUM3-AIMAGINEWY (IB) )*ERRORI(IC+K2)+REAL(NEWY(IB)I*ERRORI(IC)
SUNMG=SUMAG+REALI{NEWY(IB))*ERRCRI(IC+K2)+AIMAG{(NEWY(IB))*ERRORI(IC)
1€€ 1 CONT INUE
CR1(I)=SUM3
CRZ(I)=SUMs
' E=SUM3*ERPDORI(TI+SUMARERROR1I (I+4K2)
T==SUM&XERRORI(I)+SUMIXERROR]1 (I+K2)
IF{ABS(R) e LT sDELMAX<ANDLABSTI T)«LTDELMAX) L=L#1
F0=R
T70=7
R=RxALPHA
T=TRALCHA
WREITE(6+308)I1+sSUMI3sSUMELZFECsTOWResTHL
408 FORMATI(LIHO s/ +3X9I39F20e83sF212892F1C08+92F19e8,16)
603 DELTAP=PSCHED{(I)-F(I)-F
€07 PELTAS(I)=DELTAP
CELS(I)=DELTAP
IF{I«GT«K1) . GO TO 1662
604 DELTAQ=QSCHED(I)-Q(1)-T7
CELTAS(I#K2)=DELTAQ
CELS(I+K2)=DELTAQG
1662 CONT INUE
IFI{LEQeK2)GO TO &12
1066 CONT INUE
IF(LeNEsK2) GO TO 1067
PO 333 I=1,K2
CELTAS(I)=DELS(I)
‘CELTAS(I+K2)=DELS(I+K2)
I B CONT INUE
1067 CONT INUE
IF(ALPHA cEQe D e AND «KD«EG«D)GO TO 433

)

WRITE(6+368)
3€8 FORMATI1IH]1 315XsS(1H%x),'" PCWEER ERRORZ MATRIX *"4,35(1H%®)//7+15X,s'DELTA

1 PY',10Xs?DELTA Q' ,5SX'DELTA V-SQUARED?®',.,/)

CO 3€5 TI=1,K1
3€S WRITE(69352) 1.DELTAS(I).DELTAS(I+K2)

IF THERE ARE VOLTAGE CONTROLLEC BUSSES

SO 00D

41 IF(KQEQe0)GO TO &44
PO 442 I=K5,KZ2
U2=FERRORI1(I)*%#2+ERROE1(T+K2) %%2
U2=UZ2%xALPHA
CELTAV=VSCHEDII-K1)%%2-E(I)%k*2-F(I)*%2-U2
CELTASAI+K2)=DELTAYV
WRITE{(6E+s271)1,CELTAS(I),DELTAS(I*K2)

442 CONT INUE

444 CONTINUE
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TF(ALPHAEQe1.)GO TO 414

CO 33 I=1,K2
JACOEB(DI(I))=JACOB(DI1(I))+(1.-ALFHA)®CRI1(I)
JACOEB(DEZ(I)I=JACOBI(DA(I))+(1.~-ALPHA)I*CRI1(I)
JACOB{D2(I))=JACOEBI(D2(I))+{1.~-ALPHA)*CR2{1)
JACCBI(D3(I))=JACOBID3(I))—(1.~ALPHA)I®CP2(I)
CONT INUE

IF THERE ARE VOLTAGE CONTROLLED BUSES

IF(MB.EQs1)GD TO 1706

CO 1705 I=K54+K2
JACOB(D3(I))I=JACOBID3(1I))+(1.~-ALFPHA)XERROR1(I)+(1.-ALPHAJ)I®*CR2(1I)
JACOE(D4(I))=JACOB(LA(I))+(1.—-ALPHA)*ERRDOR1I(I+K2)—-{(1.-ALPHA)®CR1 (I

1)

CONTINUE

CONT INUE

TA=JACAZ2(2%K2+1)-1

IF(KeEQsl) GO TO 1703

PO 164G 1I=1,1A

A(I)=JACOB(I)

CALL MALIBC(A,IRN, IPyNsNP,WsRELOAD)
CALL MALIB8C(ALIRNsIPsNsNP,G)
WEITE(6,1554)G

GO TC 414

CONT INUE

N=2% (NB-1)

NP =N+1

CO 1700 I=1,1IA
A{TI)=JACOB(I)
IRN(I)=JACAL(])
CONTINUE

DO 1701 I=1,4NP
IP(I,1)=JACA2(1)
CONTINUE

SET PARAMETER, Us CALL MAL1EA TO FACTOR JACOB AND CHECK FOR ERRO

U=0+25

CALL MAI1BA(A,IFN, IPsN NPyGsU, IA+IEXTRA)
WRITE(€,1554)G
IF((GeEQoe—100)eCR«I{IIPIN+1,:2)EQe0)) GO TO 1853

SOLVE FOR THE SECCNC ORDER VOLTAGE CORRECTIONS
NMTYPE=]
CALL MALSB{AsIRBN,IPsNsNP W,DELTAS,MTYPE)
IFIMTYPE.EQe«O) GO TO 1E5%568

WRITE(6,371)



145

271 FORMAT{1HO//7/+51{1H%),?* VOLTAGE ERRDOR2 MATRIX ®*+5{1H%),//+15Xs*'DEL
1TA E"s10X,*DELTA Fiyu /)
CO 372 1I=1,K2

372 WRITE(6,352) I1.,DELTAS(I)DELTAS{(1I#K2)
C
C CETERMINE THE NEW REAL AND IMAGINARY BUS VOLTAGES
C
411 DO 420 I=1,K2

E(I)=E(I)+DELTAS{(I)
420 FCI)=F{I)+DELTAS(1I+K2)
L

GO TO 900
IF DCING A HALF ITERATICN

12 DO 413 'IT=1,K2
E(I)=E(I)+ERRORI(I)

413 FUI)=F{IJ)+ERROR1I(I+K2)

IFIKKK«EQeQ)K=K~-1

KKK=5—-KKK

GO TC 901

C
5 CONVERGENCE OBTAINED = CALCULATE SLACK BUS POWER
"

50 SUMS=CMPLX{0+05,040)
DUNMY=NEWA2{NB+1)-1
CUM1=NSWAZ2{(NB)

CO 509 I=1,4,NB

=09 VIIDI=CMPLX(E(I)»F(1))

CO 510 I=DUM1,DUMMY
CUM2=NEWA1(1)
SUMS=SUMS+NEZWY{I)%®xV(DUM2)

§10 CONT INUE
FINB)=REAL{SUMS®*CCNJGI{VINE)))
C{NB)=—AIMAG(SUMS*CONJGI(VINB)I )

C
C WRITE CUT BUS DATA
C
IF{CC+EQel+3GO TO SO3
WRITE(E€,502)K
302 FORMAT(1H1+/7+5({1H%)s* FIRST CRDER NEWTON-RAPHSON ITERATIVE TECHNI

1QUE CCONVERGED IN®*,I2,' ITERATIONS ' +S(1H%) 4/ //777+31X»*BUSY",7X»?*'VO
2LTAGE?® 8Xy "MAGNITUDE? s 2ZXs'"PHASE(DEGS) ' 92X "REAL POWER?' 42X+ 'REACT1IV
3E FCWEER®,/)
GO TO'S0S

S03 WRITE{E+511)K KKK

=11 FORMAT(1H1,/s5(1H%) s SECCND CRDER NEWTON—-RAPHSON ITERATIVE TECHNI
1QUE CONVERGED IN'"3129%2%,11,?' ITERATICNS "9/ /77777 +31X+'BUS? s 7Xs?*'VD
2LTAGE?! »EX s "MAGNITUDE! 42X s 'PHASE(DEGS) " 42Xy "REAL POWEFR " 42Xy "REACTIV
ZE POWER' ,/)

S08 CO S£12 I=1,NB
FHASE=ATANZ2IF{I) L E{I))*57 28578
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MACGN=CABS(VI(I))

512 WRITE(6+sS13)I+sVII)sMAGN,PHASEWP(I)sQ(1)
513 FORMATILY * 2 X sl 7 02X 902 F B ol XoFT 098X sFC eSS 96X 9sFB8e8,4XeF8e4)
C
C CALCULATE AND WREITE OUT LINE FLOWS
C
WRITE(EyS14)
12 FORMATI1H1 o/ //+45X310(1H*)s* LINE FLOWS '3 10(1H%x),//+s3EXy"LINE'"4X
1,7SBY,3XH'EBY" sSXs'REAL POWER'® 2Xs"REACTIVE POWER?',.,/)
CC S15 I=1,NL
L=SB(1)
v=EB{(I)
SS=CONJGIVILIIR(V(L)I-V(M)I*SFERY( I)+CONJGIVILII*VIL)I*(SHTY(I)/72.0)
SR=CONJGIVIM) IE(VIM)=VIL) I*SERY({ I)+COCNJIGIVIMIIARV(MIX(SHTY(I)/72.0)
SS=CONJG{( SS)
SR=CCNJIGISRK)
WRITE{(©€,516)1I,,LsM,SS
515 WRITE(E+516)IsMsL»SR
€16 FOFMAT(?' " 437X+315,2F134)

GO TC 1005 -
1000 WRITE(E,1001)KMAX,DELMAX
1001 FORMAT(/»/9/97+3X+"THE MAXIMUM ALLOWED NUMBER OF ITERATIONS HAS BE
1EN. PERFORMED *,%(%,12,%)','WITHOUT ACHIEVING CONVERGENCE 7O THE ODE
2STRED-ACCURACY *,5,%°(*"3FB8eS9%3',%,.7)
1008 CONT INUE
WRITE(E,1004)DELMAX
1004 FORMATA /9797 +7:5X+"THE REQUIRED ACCURACY WAS?® ,FB8.5)
WEITE(E,1011)
1C11 FORMAT(/7/7+SXs*THE MAXINUM MISMATCHES AT EACH CONVERGENCE CHECK WE
IRE 293 /793X ITERATION' sEBXS*'DELTA P ,12X+'DELTA Q' +12X*DELTA V%x2°?
2e7 33X OL Y _ ) sBXsTULU?_ 1) 12Xs7H*:%°)412X+10("_"34/)

C
¢
WRITE(6,1012)DELK (1) +DELP(1)+sDELG(1)+DELV(1)
1012 FORMATLONiF351+3XiFET0i2X6F 1748 32XeF17e8970% ___ A i)
C
- SAVING MAXIMUM MISMATCHK VALUES OF EACH ITERATION
C WITH THE PRESENT ALPHA VALUE
«

CO 1013 1=2,KDEL

IJ=1J+1

SAVEF(IJ)=DELPF(I)

SAVEGI(IJ)=DELQG(1)

SAVEV(IJU)=DELV(I)

WRITE(6,1012)DELK(I)SDELP(I)LDELG(I),DELV(1)
1012 CONTINUE

IJK=TJK+1

KSAVE( IJK)=KDEL-1

KKESAVE(TIJK)=KKK

IF(CCeNESl) GO TO 1070

WRITE(6,1009)ALFHA
1C0S FIORMAT(///7+5Xs*" THE VALUE OF ALPHA WAS'" F6e.2+¢/77/)
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IF(ALPHA +GE ¢240) GO TO 1006
ALFHA=ALPHA+04,1D0 '

cO TO 101

CONT INUE

FEAD THE INITIAL ALPHA VALUE AND THE NUMBER COF TABLES
T0 BE PRINTED

FREAD(S+1015) AANT,HLIMIT
FORMATAF10.2,15)

CO 1075 JJJ=1+5

AINT =AANT

PRINTING THE MAXIMUM MISMATCH VALUES IN TABLES

- WRITE(£,1014)
| 1014 FORMATU(IHY o/ o/ s/ s/ s/ /918X *TABLE + MAXIMUM PEF UNIT MISMATCHES
| 1AFTER EACH ITERATION FCR THE IEEE 118-BUS SYSTEM',/)
TAA=1
JFLAG=0
KFLAG=D
| CO 1061 I=1,LIMIT
IFLAG=0
AINTZ=AINT+0.1
AINT3=AINT+0 .2
- AINT4=AINT+0.3
AINTE=AINT+0.4
AINTE=AINT+0.5
WRITE(G+1016)AINT»AINTZ2H AINTIJAINTAL,AINTELAINTS
1016 FORMATI1GX s8S( "7 )3/ 913X %1% 37X P % 4EXe?I?",14X,s*"MAXIMUM MISMATCHES
1 FCOR VARIOUS ALPHA VALUES® 18X, *1%,/513Xes%"1I%,* ITERe 1 > IPe 724"
2= Yo Ul %/ s 13X '] NO « 1 P 93X TV 33X 9FGel oS5(4Xe"]1?%"33XeFGel)sbXy'l
3% /613 X% 1,885 *~=")s21%)
WRITE(E,1036)
1036 FORMAT(IH++20Xs 71 %,EX+%21%,6(11Xs5%°17%))
IX=(I-1)%6+1
CO 1058 1I=1,10

T T

PRINT "THE ACTIVE POWER MISMATCHES

OO

WRITE(€6,1017)
1C17 FORMATIL13X 2 I%,7X %1% ,2X,*P I '*0
IFI(KSAVE(IX) .EQ-0) GO TO 1021
IF(ITLEKSAVE(IX)) WRITE(6,1018)SAVEFP(1AA)
1018 FORMAT{1IH+,2EX+F9.,3)
IF(ITIEQe{(KSAVE(IX)+1) ANDKKSAVE(IX) sEQeS) WRITE(6+1031)
1031 FORMAT(1H+ 931X, "%%x%® ,4X,0] )
TAE=TAA+KSAVE(IX)
IFI(KSAVE(IX+1)EQed) GC T2 1021
IF(IILEKSAVE(IIX+1)IWRITE(6,1020)SAVEP(IAE)
1020 FORMAT(1H+,40X+E9,4,3)
IF{IleEQa(KSAVE(IX+1)41)ANDSKKSAVE(IX+1)eEQeS) WRITE(6+1033)
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1033

1022

1035

1024

1037

102€

1039

1027

FOEMAT(IH+ 943X "%X%XX%? 44X, *)
IAE=IAEB+KSAVE(IX+#1)

IFIKSAVE(IX+2).EQe0) GC TC 1021
IF({IT«LE«KSAVE(IX+2))IWFITE(E,1022)SAVEP(IAB)
FORMAT(1H+952XsES3)

IF(II+EQe(KSAVE(IX+2)+1) ANDKKSAVE(IX+2)sEQeS)

FOEMAT(1H# sSSX P X%kt 44X, 01 1)
IAE=IAB+KSAVE(IX+2)

IF(KSAVE(IX+3).EQ.0) GC TO 1021

IF{I I eLEKSAVE(IX+3)IWEITE(E,»1024)SAVEF(IAB)
FORMAT(1H4+584X,EQ,3) ‘

IF(ITEQe(KSAVE(IX+3)41) sAND+KKSAVE(IX+3)«EQe5)

FORMAT(1H+ s67X %%k ,4X,"] *)
IAE=TAB+KSAVE(IX+3)

IF(KSAVE(IX+4).EQeQ) GC TC 1021
IF{II«LEKSAVE(IX+43))IWRITE(6,102€6)SAVEP(IAB)
FOFMAT(1H+s7EX,ES3)

IF(ITEQe(KSAVE(IX+4)+1)ANDJKKSAVE(IX+4)eEQeS)

FOFMAT(IH+ 709Xy "¥kk? ;4X,"1 )
IAE=TAB+KSAVE(IX+4)

IF(KSAVE(IX+5).EQ.0) GO TC 1021
IF{IT«LEKSAVE(IX4S)IIWRITE(E+1028)SAVEP(IAE)
FORMAT{1H# BE8XES3)

IF(ITCEQeIKSAVE(IX45)+41)+AND <KKSAVE(IX+S)eEQeS)

FORMAT{IH+ s 1 X v%kkt ,4X,*T ?)
WRITE(6,.1023)
FOEMAT (1 H4+27X+B6(11Xs%1%))

FRINT THE REACTIVE POWER MISMATCHES

WRITE(E,1030) 11

FORMAT (13X e I%'932X912+3Xe"*1 Q I%)
IF(KSAVE(IX)EQesD) GC TO 1027
IF(ITILEKSAVE(IX)) WRITE(6,1018)SAVEQ(IAA)
IF(IIEQeKSAVE(IX)) IFLAG=IFLAG+1
IAE=TAA+KSAVE(IX)

IF(ITWLE cKSAVE(IX#+1))WFITE(6,1020)SAVEQ(IAB)
IF{II+EQ«eKSAVE(IX#1)) IFLAG=IFLAG*]
IAE=IAB+KSAVE(IX+1)
IF(IlLEKSAVE(IX#2)IWRITE(E,1022)SAVEG(IAB)
IF({IIEQeKSAVE(IX+2)) IFLAG=IFLAG+1
IAE=IAE+KSAVE(IX+2)
IF(IILEKSAVE(IX+3)IWRITE(S6,1024)SAVEG(IAB)
IF{IIEQeKSAVE(IX+3)) IFLAG=IFLAG+1
TIAE=IAB+KSAVE(IX+23)

IF(IILE s KSAVE(IX+4)IWRITE(E,102€)SAVEQ(IAB)
IF(II1.EQ.KSAVE(IX+4)) IFLAG=IFLAGH+1
IAE=TAEB+KSAVE(IX+4)

IFLTI 1 eLEKSAVE(IX4S))IWRITE(E,1028)SAVEQG(IAEB)
IF{I1«FEQesKSAVE(IX#+5)) IFLAG=IFLAGH#!
WRITE(E,1023)
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WRITE{€,1035)

WRITE(E€,1037)

WRITE{(€,103%)

WRITE(€,1041)
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PRINT THE MAXIMUM MISMATCHES FOR THE SQUARE OF THE
VOLTAGE MAGNITUDES

OOV O

WRITE(6,1043)
1043 FORMAT{L13Xs3I?,7Xs"1%7,2Xs"V 1 %)
IFI(KSAVE(IX)EQeD) GO TC 1032
IF{ITLEKSAVE(IX)) WREITE(E+1018)SAVEVI(IAA)
IAE=TAA+KSAVE(IX)
IF(KSAVE(IX+1).EQe0Q) GC TC 1032
IF(IILEKSAVELIX+1)IWRITE(6+,1020)SAVEVIIAB)
TAE=1AE+KSAVE(IX+1)
IFIKSEAVE(IX+2).EQe0) GO TO 1032
IF(ITSLEKSAVE(IX+2))IWRITE(E,1022)SAVEV(IAB)
IAE=IAB+KSAVE(IX+2)
IFIKSAVE(IX+3).EQ+.0) GO TO 10232
IF{IT«LEKSAVE(IX#3))IWRITE(6,1024)SAVEV(IAB)
IAE=TAB+KSAVE(IX+3)
IF(KSAVE(IX+4)sEQ.0) GO TO 1022
IF{IJILEKSAVE({IX+4)IWRITE(E,102€)SAVEVI(IAB)
TAE=TIAEB+KSAVE(IX+4)
IFIKSAVEL IX4+5).EQ.0) GO TOC 1032
IFLIJeLE<KSAVE{IX+3S) )IWRITE(6,1028)SAVEVI{(IAB)
1032 WRITE(6,1023)
WERITE(E€,1044)
1044 FORMAT(13Xe*1%,85("—-%),%'1?)
WRITE(E,103¢)
IAR=TAA+]
IF{IFLAG.NE«.6) GO TO 1055
WRITE{6,1045)
1045 FOFMAT(1H+,/7)
IF{IIeEQeKSAVEILIIX) sANDKKSAVE{IX)eEGsS) WRITE(E+1048)
IF(ITIeEQeKSAVE(IX#+1) e ANDSKKSAVE( IX+1)FEQeS) WRITE(6,1047)
IF{ITeFQeKSAVE(IX4+2) o ANDKKSAVE{ IX+2)EQe5) WRITE(E,»1048)
IF{IT EQeKSAVE(IX+2) e ANDKKSAVE( IX#3) eEQeS5) WRITE(E,1049)
IF{IIEQeKSAVE{IX+4) s ANDJKKSAVE{ IX+4) EQeS5S) WRITE(651050)
IF(IIeFQeKSAVELIIX45) s ANDKKSAVE( IX+S5)EQeS) WRITE(S,10£51)
1046 FORMAT{IH#+ ,31 X, "%%kx?)
1C47 FOEMATI{IHT 43Xy " k%%x? )
10428 FORMAT(1IH+ 55Xy v%k%x%?)
10492 FORMATI{1IH+,67Xy *%%%k0)
1050 FOCRMAT{(I1H# 70X, Yk%kx%x?)
1051 FORMAT{1IH+ 91 X, ¥x%x%x" )
JFLAC=JUFLAG+] '
IF(II.LE«2) KFLAG=KFLAG+]1
GO TO 10586
1055 CONTINUE
105¢& CONTINUE
AINT=AINT+0.6
IAA=14KSAVE( IX) +KSAVE( IX+1)+KSAVE( IX+2)+KSAVE(IX+3)+KSAVE( IX+4)+KS
1AVE( IX45)+1AA-11I-1
IF(ITeLE ¢4 ANDsJFLAG«FQe1) GG TO 10E9©
IF(I ]l elE e 2e ANDKFLAGeEGe2AND JFLAG.EQe2) GO TO 105C
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WRITE(6+1057)
1057 FOFMAT{/ /722X "'% — V RFPRESENTS THE MAXIMUM MISMATCHES OF THE SQUA
1RE OF THE VOLTAGE MAGNITUDES FOR? ,/ ,32Xs'"VOLTAGE CONTRCLLED BUSES:?
297 /920Xy %%k -~ ONLY ONE—-HALF OF THE LAST ITERATION WAS PERFORMED')
A WEITE(6,1058)
1058 FOCREMATLIH1 o/ e/ 97 97 s/ 97 214X * TABLE { CONTINUED )J)*,/)
KFLAG=0
JFLAG=0
GO TC 1061
1059 WRITE(6,1060)
1060 FORMAT(/)
1061 CONT INUE
1075 CONTINUE
1070 STCP
ENC
SUERCUTINE RELOAD{(NsW,J)
CIMENSION W(234)
REAL JACOB(2124)
INTEGER*2 JACAL1(2124),JACA2(235)
CCMMCN /MEMORY/ JACOB.JACAL , JACAZ
IT1=JACA2(J)
IT12=JACAZ(J+1)-1
DOL17?72 TSQITI1s1T12
1772 WOJACAILTI ) )=JACOB(I)
RE TURN
ENC
SUBRCUTINE ISRANK (IXeIC,N)

- .
C THIS SUBROQUTINE WILL SCRT THE INTEGER*2 ARRAY IX INTO
- ASCENDING ORDER SUCH THAT IXTIO(I)) < IX(IO(I+1)) FOR
C I = 1N o«
C THE CODE IS A NEAR COPY OF THE ISFANK ROUTINE OF WATFI1V
% AND 1S DESIGNEC 7O TAKE THE PLACE OF THE HARWELL ROUTINE
- KE10AS IN THE SPARSITY ROUTINE MA1SAD.
C
C Ge SOMERTON
E
C
IMFLICIT INTEGER*2 (I-M)
CINMENSION IXIN),IO(N)
IONE =1
ITWO = 2
I1S1 = IONE
IF1 = N
C
C THE FOLLOWING CODE 1S ENTIRELY THE WATFIV ROUTINE ISRANK
c EXCEPT EVERYTHING IS IN INTEGER*2 ARITHMETIC.
-
ID(IS1) = 181
IS2 = 1S1+1I0NE
OO 40  1I=1S2,1F1

IS =.IX(1I)
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v = I=1I0ONE

0O 10 41 =181 +M

I0J = 1I04J)

IF (ISGTLIX(IDJ)) GCTC 20
CONTINUE

I0(1) = 11

GOTC 40

IM = J#*1

I1Z = I+IM

DO 30. 1IB = 1IM,1!

IA = 1IZ-18B

IDCTA) = 10( IA-IONE)
I0WJ) = 1

CONT INUE

THE FOLLOWING SECTION OF CCDE CHANGES THE I0 POINTERS FROM
CESCENDING TO ASCENDING CRDEFR «

N2 = N/1TwO
CO 50 1I=1,4N2

II = I-10NE
ITEMP = I0(1)
1I04T) = J0C(1IF1—-11)

IO(IFY=I1) = ATEMP
RE TURN
END
SUBRCUTINE MA18A (A,INCsIWsNNP,G,U,TIA)

REAL*%4 FEPS/1E-6/4+ZERC/040/+sCNE/ 1.0/

FEAL*28 ROWCOL{(2)/8H FPOW +8H CCLUMN /

EPS IS THE RELATIVE ACCURACY CF FLOATING-POINT COMPUTATIONG.
LOGICAL#*1 LFAC MFAC(4)

INTEGEFR*2 IND(IA2),IWINPS13),IFAC(2)
EGQGUIVALENCE(IFAC(1)+FACILFAC CAK) s (JFAC,MFAC{1))

CIMENSION A(IA)SIK{2),ICL2)+J4C(2),JP(2)

COMMON/MAL1 B8ED/LPsJSCALE

MATRIX ELEMENTSE AFE HELD IN AMK) sK=1924s000 sKA,

CN ENTRY IND(Ks1) HOLDS THE FOW NUMBER OF THE ELEMENT HELD IN
ALK) « IN THE MAIN BOOY OF THE SUBROUTINE INDIKs1),IND(Ks2) HOLD THE
ADDRESS OF THE NEXT ELEMENT IN THE ROW/COLUMN 1IF THEFE IS ONE AND
FOR THE LAST ELEMENT IN THE RCW/CCLUMN HCOLD (IA+ THE ROW/CCLUMN
NUMBER )e THESE NUMBERS ARE NEGATED IF THEY POINT TO ELEMENTS THAT
HAVE BEEN IN A PIVOTAL COLUMN/EOW. FINALLY IND(Kesl) IS RESET TO THE
ROW NUMBER OF THE ELEMENT HELD IN A(K)e.

CN ENTRY AND ON EXIT IW{1Is1) CONTAINS THE ADDRESS OF THE FIRST
ELEMENT OF COLUMN I AND IW{(N+1,1) CONTAINS THE ADDRESS OF THE FIRST
UNUSEC ELEMENT IN A. ON EXIT IwWw(Y,2) HOLCS THE COLUMN NUMBERS IN
PIVOTAL CRDERe AFTER A SUCCESSFULL ENTRY IWIN+1,2)=N+1 AND IWIN+1,30=0
AFTER AN UNSUCCESSFUL ENTRY IW(N+1,2)=0. IN THE MAIN BODY OF THE
SUBRCUTINE IW(Isl)eIW(Is2) HCOLD THE ADDRESS OF THE FIRST ELEMENT OF
THE I TH ROW/COLUMN AND ARE NEGATED IF THE FIRST ELEMENT HAS BEEN
IN A PIVCTAL COLUMN/RCWe.

KA=IwWi{N+1,1)~-1

e
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
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IW(I«3)sIW(I4) HCOLD THE LOGS TO BASE 16 OF THE ROW/7COLUMN

SCALING FACTORS USED.
IW(T »S)sIW(I+6) HOLD THE POSITION IN THE ORDERING BY NUMBER OF
NON-ZERDS OF THE LAST ROW/COLUMN TO HAVE LESS THAN I NON—ZERO
ELEMENTS OF ZERQO IF NONE HAVE LESS THAN I NON-ZERO ELEMENTS.
ON EXIT IW(I,5) HOLDS THE POSOTOCON OF THE I TH ROW IN THE PIVOTAL
ORDERINGs
IWCT+»7)sIW(I+28) HOLD THE NUMBER OF NON-ZERQOS IN THE I TH ROW/
COLUMN o
IW(I+S)sIW(I,10) HOLD THE POSITION OF THE I TH ROW/COL UMN
IN THE DRDEFING BY NUMBER OF NON-ZEROS.
IWC(Ts11)sIW(Is12) HOLD FOW/COLUMN NUMBERS IN PIVOTAL CORDER FOR
I<I® AND IN ORDER OF INCREASING NUMBERS OF NON-ZEROS OTHERWISE.
IW(T,13) HOLDS THE EXPONENT OF THE MAXIMAL ELEMENT IN THE I TH
COLUMN OF THE SCALED VERSION COF THE ORIGINAL MATRIX.

Us=AMINI(ONEyAMAXI(ULEFSX®ONE ) )

Ni=N+1

FIND SCALING FACTORS .

CO 1 I=1,N1

IW(ls2)=1

J1=3

IF(JSCALE)B,,842
J=2%(KA/2)+3

CALL MCI12A (AsINDSJIWININFsIW(1,3)sIW(1+5),1)

L=1

IR=IABES(1)

IF{I «LTs00L=2
IF(I1«.NE«O) GO TD 560
J1 =€

CO 10 I=1,N1
IWAIL2)=IW(Is1)
Iw(lIs1tl)=1

IW(Is12)=1

IW(I,13)=0

CO 1C J=J1,9
IW(IsJI)=0

SCALE THE MATRIXs SET ROW ANDC COLUMN LINKS, FIND FIRST ELEMENTS

OF THE ROWS, COUNT THE NUMEBER OF NON-ZEROS IN THE ROWS AND COLUMNS
AND FIND EXPONENTS OF MAXIMAL COLUMN ELEMENTS.

1G=0

CO"30 J=1sN

FAC=CNE

TEMPORARILY WE USE IW(1,9) TO HOLD THE ADDRESS OF THE LAST NON-

ZERO 'ENCCUNTERED IN THE I TH ROWo.
Ki1=Iw(Js2)
K2=Iw{J+1,2)-1
IW(J9»83)=K2-K1 +1
IL=0
AMAX=ZERD
DO 20 K=K1,K2
I=IND({K, 1)
IF(I«LESIL) . GO TO 520
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IL=1

ON THE IBM 360 THE FOLLOWING TWO INSTRUCTIONS ARE EGUIVALENT TO
FAC=16e%%( IW(I,3)+IW(Js4) )

JFAC=8S+IW{(I3)+IW(J,4)

LFAC=MFAC(4)

A(K)=A(K)%FAC

AMAX=AMAX1(AMAX, ABS{A(K)))

INC(K,1)=14+1A

ITNC({Ks2)=K+1

KL=IW{I,9)

IFAKLeLE«O)IW(IL1l )=K

IF(KLeGT«Q)INDI(KL +1) =K

IW(I +2)=K

IW(I 27)=TW(I+7)#1

INC(K2:2)=TA+)

CAK=AMAX

ON THE IBM 360 THE FOLLCWING INSTRUCTION SETS JFAC 70 THE
SMALLEST INTEGER GREATER THAN ALOG1E&(DAK)+8&4

MFAC(4)=LFAC

IW(J,»13)=JFAC

SET UP THOSE VECTORS IN IwW ASSOCIATED WITH ORDERING BY NUMBERS
OF NCN-ZEROCS.,
CO 130 L=142
CALL ISRANK (IW(1,L+€),sIW(1,L+10),N)
CHECK FOR NULL ROW OR COLUMN,
IR=IW(1,L+10)
IFCIW(IR,L#+€E) .LF.0)GO TD 560
CO 110 I=1,N
J=IW(I,L+10)
IWly,L+48)=1
NZ=IwW(J,L+56)
110 IFANZJNENIIWINZ+1.L+4)=1
J=0
0O 130 I=1,N
IFCIWETI44L) «EQ0)IW(IsL#4)=y
0 JEIW(TL+4)

NOw FERFORPM THE MAIN ELIMINATION.
PO 298 IP=1,,N

C FIND THE PIVOT. WE DO THIS BY SEARCHING A ROW/COLUMN. THE
. C NEXT ROW/COLUMN T3 BE USED IS JCIL)=IW(IK(L),L+10).
133 IK(1)=1P
IK(2)=1P
C JCOST IS THE COST OF THE CHEAPEST PIVOT SO FAR FOUNDe
JCOST=N*%N

135 0O (K40 LE=142
JC(L)=IW{IK(L),L+10)

140 TC(L)=IW(JCLL),L+6)

c ICOST IS THE MINIMAL FOSSIBLE COST OF A PIVOT NOT SO FAR FOUND.
ICOST=(IC(1)-1)%*(ICL(2)-1)
IF{JCOST.LE.ICOSTIGO TO 160
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L=1
IF{IC{1)GTICI2))IL =2
IR=JC(L)

C FIND THE MAXIMAL ELEMENT IN RCW/COLUMN UNDER CONSIDERATIOCNe.
AMAX=ZERQ
K=IW(IEL)

GO TC 143

142 K=IND(=K,L)

143 IF(KeLTe0)GO TO 142
KK =K
GO TC 145

144 AMAX=AMAX1(AMAXs ABS(A(KK)))
KK=INDI(KK L)

145 IF{KKesLE.IA)Y) GO TO 144
IF{(AMAXeEQ.ZERDO) GO TC 560
AU=ANAXX
L3=3-L
IK(L)=IK(L)+1

o NOw CONSIPDER THE ELEMENTS IN THE ROW/COLUMN IN TURNe

146 IF( ABS(A(K)) LT AU) GO TO 150
KK =K

147 KK=IND{KK,,L3)

IF{IKKLE«IA) GO TOQ 147
KCCST=(ICIL)-1)*{ IW(KK=TIA,9-LJ)-1)
IF(KCOSTIGE«JCOST) GO TO 150
JCCST=KCOST

KP =K

JEP(L)=IR

{ JP{LZ)=KK-IA
IF(JCOSTLE«ICOST) GO 70O 160

150 K=IND(KsL)

IF(IA-K)135,146,146

C

C REARRANGE THE LINKS SO THAT THE PIVOTAL ROW AND COLUMN ARE 1IN

C COCRRECT PIVOTAL SEQUENCE.

1€0 CO 188 L=1,2

C *"MCVE™ THE PIVOTAL COLUMN FIRST AND THEN THE PIVOTAL ROWe.
IKE3I-L)=JP(3~-L)
K=TAES(IW(IK{(3-L)3-LJ3+0)

C K BCINTS TO AN ELEMENT IN THE PIVOTAL COLUMN/ROW.

C KM POINTS TO ITS PREDESSOR IN ITS ROW/COLUMNe.

C KL FCINTS TO THE LAST ELEMENT THAT HAS BEEN PIVOTAL IN ITS

C ROW/COLUMNe.

165 KO=K

170 KO=TABS(IND(KQOs,L)+0)

IF{KOLLE«IA)GO TO 170

IK{L )=KO-IA

KL=KC

KD=IW{KO-IA,L)

IFCIWCIK(L)sL+E)LELO)GTC TO 174

ON THE REMOVAL OF THE ELEMENT A(IK(I),IK(2)) THE FOLLOWING

O



155

C I{NSTRUCTIONS ARE USED TO UPDATE THE NUMBERS COF ELEMENTS IN THE

c CORRESFONCING ROW AND COLUMN AND MAKE CONSEQUENT CHANGES TO THE

c ORDERING BY NUMBER OF NON-ZERCS.
G 171 LM=1,2
IR=TIK(LM)
NZ=IW{IRLM#+E)~-1
IW(IRsLM+E)=NZ
JPCS=IWINZ+1l ,LM+4)+1
IPOS=IW{IRLM+8)
IF(IFOS<EQ.JPCE)GO TC 171
JE=IW(JPOS,LM+10)
JI=IW(IPODS,,LM+10)
IW(IFOSSsLM+10)=IW(JPCSLLM+10)
IW(JRPOS,LM+10)=JJ
JI=IW({IRE ,LM+E)
TWIIRJLM+B)=IW{JR LM+E)
IW(IRSLM+B)=JJ

271 IWINZ#+1,LM+4 )=JPOS
GO TO 174

172 KL=-KO
KO=IND{(KL ,L)

174 IF(KCLTL0)GO TO 172
KM=KL
G TG 178

17€ KM=KC
KO=IND(KO,L)

B 178 IF{KCeNE+K) GO TO 176

* IF{KL.EQ.KM) GO TO 182

: INCUKM,L)I=IND(K,L)
IF(KL.LE.IZA)GO TO 183
INCIK,L)=Iw(IK(L), L)

1890 ITW(IK(L)L)=-K
GO TC 186

182 IF{KN=-TAD184,184,180

1£3 INDIKSLI=IND(KL,L)

184 INC(KL sL)=-K

1E6 K=TABS({IND(K+3-L)+0)
IF(KLESIA) GO TO 165 :

1€8 CONT INUE

C OVERWRITE THE ELEMENTS OF THE PIVOTAL COLUMN BY MULTIPLIERS
C AND PERFCRM THE ELIMINATICN.
- K=IND(KP,2)
GO TC 295
150 V=K
1€3 M=INC{M,1)
IF(MLELTAIGD TO 193
L=N=-1A
A(K)=A(K)/ZA(KP)
KI=KF
KL =K
GO TLC-280
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165 N=KL

200 M=IND{(M,2)
IF(MsLEIAIGO TO 200
JL=M-1A
IFEYI-UL 210,275,270

¢ CREATE A NEW NON-ZERC IN POSITION (LesJI)de
210 KA=KA+1

IF{KAGTIA)GO T0O 580

A(KA)=ZERDO

IK(1)=L

IK(2)=J1

INC(KA»1)=IND(KLAST,1)

INCI(KLAST ,1)=KA

THE CRDER OF THE COLUMN LINKS DOES NOT MATTER SO WE PUT THE
NEW ELEMENT AS THE SECOND IN ITS COLUMN.

INC(KA ,2)=IND(KI ,2)

INC{KI»2)=KA
I E CN THE ADDITION OF THE ELEMENT A(IK(1),IK{(2)) THE FOLLOWING
} C INSTRUCTIONS ARE USED TO UFPDATE 1IWe
O 280 LM=1,2

ale

IR=TIK(LM)
NZ=IW(IR,LM+5)
IW(IRSILM+E)=NZ+1
JPCS=IWINZ+1 ,LM+&)
JR=IWI{JPODSH,LM+10)
IF{IREQ.JRIGC TO 250
IPCS=IwW({IR,LM#8)
JJ=IW(IPOS,LM+10)
IWCIFOS,LM+10)=IW(JPCS,LM+10)
IW(JFODSyLM+10)=JJ
JI=IW(IR JLM+8)
IWCIRWM+BI=IW(JIR LM+E)
IWIJRLM$+E)=JJ

20 IWINZ#+1,LM+L )=gPO -1
KL=KA
CO TC. 275

2€ES M=KT

267 M=INDC(M,2)
IFI{MeLESMIANGO TO 267
JI=M=-TA

270 KLAST=KL
KL=IND(KL 1)
IF(IA-KL)210,195,1%95

275 A{KL)=A(KL)—-A(K)*A(KTI)
DAK= ABS(A{(KL))
SN THE IBM 3€0 THE FOLLOWING INSTRUCTION SETS JFAC TO THE

C FLOATING=POINT. EXPONENT OF CAKe
MFAC(4)=LFAC
IG=MAXO(IG,JFAC-IW(JUTIs132))

280 KI=IND(KI, 1)
IF(KISLESIA)GO TO 26¢
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K=INC(K,2)
IF(KJLESIA)YGDO TO 190
CONT INUE

SCAN BY ROWS REPLACING ROW LINKS BY ECW NUMBERSe.
CO 3210 I=1,4N

K=IABS(IW(I,1)+0)

KK=IND{K,y1)

INC(Ky1)=1

K=IAES(KK)

IF{KeLE«IA)GO TO 300

CONTINUE

SCAN BY CCLUMNSE REPLACING COLUMN LINKS BY ORDERING NUMBERS.
J=1

PO 330 I=1,N
K=TABS(IW(IW(I12),2)+40)
IWLIW(Is12),1)=0
KK=IND{(K,2)

INCiKs2)=J

J=Jd+1

K=TAES(KK)

IFIKSLE-.IA)GO TO 320
CONT INUE

IWIN+1,1)0=J

RECRCER.

KA=J-1

CO 3€0 I=1,KA
IF(I.EQ«INDL(I,2))G0 TC 360
Al=A(1)

I1=IND(I,y1)

J = 1

K=INC(Jy2)
INC(Js20=J

AZ2=A(K)

I2=IND(K,1)

A(K)=A1

INC(Ky1)=11

Al =A2

I1=12

J=K

IF{KNEL.IJDGD TO 350
CONTINUE

SET REMAINING VECTORS IN PREFARATION FOR FACTOR AND OPERATE.

O 370 I=1,N1
IW(Is2)=IW(I,12)
IWILI +S)I=IW(I +2)

RESTORE THE MATRIX 'TO 1I7TS UNEQUILIBRATED STATE.
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FAC=CNE
CO 408 J=1,N
JCCL=IW(J,2)
Ki=IwlJCl0OL,1)
K2=IW{Iw(J+1,2),1)-1
IO=IW(JCOL +4&)
DO 400 K=K1l,K2
JRC=IND(K.1)
C CN THE IBM 360 THE FCLLCWING TWOD INSTRUCTIONS ARE EQUIVALENT TO
FAC=15.0%%(—-1I0-IW(JROD+3))
JFAC=65-IC=IW{JFRC+3)
LFAC=MFACI(4)
A(K)=A(K)®FAC
400 IFAIWIJIRO3s5) e EQeJ)IO==IW(JIRND 3)
IWIN+41,3)=0
G=FFSx16D0%%k I G
FE TURN

(@]

THE FOLLOWING INSTRUCTIONS IMPLEMENT THE FAILURE EXITSs
WRITE{LP,510)

FOFMAT{(* +ERROR FETUEN FRCM MA18A BECAUSE")

IW(N1,2)=0

G=—0NE

FE TUEN

WRITE{LP,S30)K

GO TC S00

FORMAT{/Z736X»"THE ELEMENT HELLC IN A{(*',1I5,%) IS OUT OF OFRDER')
WRITE(LP,S70)ROWCOLI(L) IR

FORMAT (/734X

1,"THE MATRIX IS SINGULAF.',A8,14,' IS DEPENDENT IN THE REST')
WRITE (LP,510)

IWIN1,2) = 0O

GC=—2+0

FETUERN

S80 WRITE(LP,ES0)IP

M m OO
-0
O O

om
ny
L

m m;m ;m
I v (M
o O O

5<0 FOFRMATI(//734Xs2IA 1S 70O SMALL e« SPACE RAN DQUT WHEN ELIMINATING®
1 ON PIVOT' +15)
GO TC £00
END
BLCCK DATA
COMMCN /MAL1BED/ JF.JSCALE
CATA JUP/E/
EATACISCAL EZ7L1/

ENC
SUBRCUTINE MA18B (AsIFEN,IFsNsNP,AWS,AVECT,MTYPE)

THIS ENTRY OPERATES ON THE VECTOF AVECT WITH THE FOLLOWING
MATRICES ACCORDING TO THE VALUE OF MTYPE

YO O O

MIYPE =1 AkxXx(-1)



T ———

OO N

OO AN

9

104
101
110

141

159

MTYPE = 2 Ax¥x(-T)
MTYPE = 3 A
MTYPE = & Ak T

COMMON /7MA1BED/ JPsJSCALE

JP IS STREAM NUMBER FOR DIAGNCSTICS
JSCALE 'CONTROLS EGUILIERATION

ARNC IS ROUNDING ERROR ESTIMATE
CATA ARND/1.E—-6/
FEAL ZERQO /0+0/
ANAME CONTAINS NAMES FOR USE IN DIANOSTICS
REALX3 ANAME(S)/* MA1EL ' ,'" MAL1BE *s? MA18C *»* MAL18D Yo
Xt MC12A 1/
LOGICAL LOQOG
ON S/360 NEXT TWO STATEMENTS PERMIT ACCES TO EXPONENT OF REAL
EQUIV BETWEEN AU AND JU IS ALSO USED IN ALL IMPLEMENTATICNS
LOGICAL*®1 LU,LUU{4)
EQUIVALENCE (AULJULLU)s(JUU,LUUL1))
DIMENSIONS OF ARGUMENT ARFAYS COMMON TO ALL ENTRIES
INTEGERXZ IRNI(1)+IP{(NP,5)
DIMENSION A(1)
DIMENSIONS SPECIAL TC THIS ENTRY
CIMENSION AWS(1)
CINMENSION AVECTI(1)
KERR =1
MT=MTYPE
MTYPE=0
KENTRY=2
TEST FOR INVALID ENTRY
IF(IFIN+#1,2)EQ:0) GC TO 2205
IF{IPIN+1,2) sNEJN+1)GDC TO 2207
KERR=3
IF(IFP(N%] 43) NELD) GC TC 2205
LOG=eFALSE
NTYEE=MT
JUMP ACCCRDING 7O REGUIRED GCPERATICN
IFA(MTYPE e LF s 0 e0F « MTYPE «aGT 4 ) GO TO 2204
GO 7C (101,102+103+104) .MTYPE
SET UP FOR MTYPE =1+4, PERMUTING AVECT TO AWS
LCG=eTRUE .
DO 110 J=1,N
AWNS(IP{J»S))=AVECTIJI)
AU=ZERO
FIRST DIVIDE BY L CR MULTIPLY BY L=*x%xT
CC 140 J=1N
JI=IF(IP(J+1,+2),1)
Ji1=J1l-1
JSEGQG=IPL{IRN(J1),5)
IF{JSEQ.EQsJ) GC 7O 111
IF{LCG)IGO TO 1412 |
AWS(JSEQ)=AWS(JISZQI-AWS(UIXA(J1)



144

1442

1443

119

103

102

121

1212

1213

GO TC 141
AWSE(J)=AWS({JI+AWS(JZEQ))*A(JL)

GO TC 1a1

IF(.NOT.LOG) JU=J1

SAVE PIVOT POSITION FOR MTYPE=1

SET ZERO FOR MTYPE=4
AVECTIIP(J»2))=AU
NOW DIVIDE BY U OR MULTIPLY BY UXx%xT
J=N

JCCL=IP(J,2)

J1=IF{JCOL,1)

IF(LCG)GO 7O 144

RECCVEF PIVOT POSITICN IN JU
AU=AVECT(JCOL)
AVECTI(JCOL)=AWS(J)I/ZA(JU)
JSEG=IP(IRN(J1)3,5)

IF{LCGIGO TO 1442

IF(JSEQeEQeJ)GD TO 116

AWES{ JSEQ)=AWS(JSEQ)-AVECTIJCOL)*®A(J1)
GO TO 1443
AVECT(JCOL)=AVECT(JCCOL )+AWS{ JSEQI*A(J1)
IFLJSEQsEQ.JIGO TO 119

Jl1=J1+1

GO TC 144

J=J-1 ;

IF{J«GT«0) GO TO 143
GO TC 3004

ENTRY FOR MTYPE=2,3

LOG=eTRUE »

FIRST DIVIDE BY U*%®T 0OR MULTIPLY BY U
CO 120 J=1,N

JCCL=IP(Jy2)

J1=IF(JCOL,1)

JSEQ=IP(IRN{J1),5)

IF(JSEQ:EQed) GO TO 122

IF(LCG) GO TO 1212
AVECT(JCOL)I=AVECT(JCOL)-AWS{JSEQ)*A{JU1)
GO (TO 1213
AWS(JSEQ)=AWS(JSEQI+ALJ1)*AVECTH(JCOL)
Ji1=J1+1

GO TGS 123

IF(LCG) GO TO 132
AWS(JSEQ)=AVECT(JCOL)IZ7A(J1)

GO TC 120
AWS{JUSEGQ)=AVECT(JCOLI*A(J1)

CONT INUE

NCw DIVIDE BY L*%xT CR MULTIPLY BY L
J=N

JI=IF(IP(J+14+2)41)

Jisdl-1

JRC=IRN(J1)

IFLIPLIRD+5)s80Q.J) GC TO 125

160
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IF(LCG) GO TD 1242
AWS(J)=AWS(J)I-AVECT(JRCI*A{J1)

GO TC 124
AVECT(JUROI=AVECT(JROI+AWS(J) *A(J1)
GO TC 124

AVECT(JROI=AWS{J)

J=J-1

IF(J«GTe0) GO TO 123

Gl TQ 3004

ENTRY MAL18C (ALIRN,IPsNNF, AGFO)

ON ENTRYs, THE APRAYS ARFE AS SET UP BY MAL1S8ALC, EXCEPT THAT A
CONTAINS THE ELEMENTS OF A NEW MATRIX IN UNFACTORISED FORM,
CN EXITs THE CONTENTS CF A HAVE BEEN REPLACED BY THE L/U DECOMP-—
DSITION COF THIS NEW MATRIXs EXACTLY AS ON EXIT FROM MA18AD.
THE ARGUMENT AGRC IS SET TO THE GROWTH ESTIMATE AS FOR MA18AD.
NEW SCALING FACTORS ARE CALCULATED AND STORED IF JUSCALGT.14s OR
IF JSCALE=0 WHEN THEY WILL ALL BE UNITY. OTHERWISEs, THE OLD
SCALING FACTORS ARE USEDe. THE PIVOTAL SEQUENCE SET BY MA18AD
IS ALWAYS USEDe

IP(N+1,3)=0
KERR=1
AGRO=-1DO
KENTRY=3

TEST VALIDITY OF ENTRY

IF{IF(N+1,2)+EQe0)G0 TO 22085

IF{IRPIN#1,2) sNEN+1)GC TO 2207

GET 'SCALING FACTORS IF INDICATED

IF(JSCALE.LEL1)GO TO 991

SAVE COLUMN 5 IN COLUMN 13
O 883 I=1,N

IP(IS130=IP(1,8)
MC12AD USES COLUMNS 5 70O 12 AS WORKSFACE

RESTORE COLUMM S

O €97 I=1,N

IP(TI +3)=1IP(1I,12)

IF{IS.NEL.0)GO TO 2208

IF(JSECALENE .0) GO TO 892

SET ZERO SCALING POWERS IF JUSCALE=0

CO 8951K=1,2 ‘

CO 865 K=1,sN

IP(KsL+2)=0

JUU=0

IAG=0

OFPERATE ON COLUMNS IN SEQUENCE

CO S5& J=1,sN

JST=IP(IP{Js»2),1)

JNC=IP(IP(J+1,s2),1)-1

FINC APPROX LOG CF MAX ELEMENT IN COLUMN

IAC=0

DO 57 J1=JST,JND

AU= ABS(A(J1))
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ON SYSTEM/360, NEXT STATEMENT SETS JUU SO THAT
1EXF(JUU—64 ) oGT e AU GE 01 5%% ( JUU-E€5)
LUU(4) =LV
TAC=MAXO(IAO,,JUUFIP(IEN(J1),3))
SCAN THROUGH CCLUMN, ELIMINATING WITH ELEMENTS OF U AND
ERANCHING WHEN PIVOT FCUND

ASSICGN §81 TC JP1V

CO S& J1=JST+JND

GO TC IUPIV.(S81,582)
KSEQ=IPIIRN{(J1),5)

ERANCH ON PIVOT

IFIKSEQ.EQeJ) GO TO 5©

ELEMENT IOF UV - GET QLD PIVOTAL COLUMN
KST=IP{IP(KSEGy2) y1)
KNC=IP({IP(KSEG+1+2)s1)-1
AMULT=ALJ1)

Li=J1l+1

SCAN COWN COLUMNS KEEFING IN STEP
DD €60 K1 =KST,,KND

KRC=IRNI(K1)

SKIFP IRRELEVANT ELEMENTS
IF(IP{KRD+5) «LEKSEQ)GC TO 60

IF(KROLEQsIRNIL1IDCO TO €3

L1~ =" L1#1

GO 70 g2

ELINMINATION STEP
A{L1)=A{L1)-AMULT%A{(K1)

AU= ABS{A(L1))

ON" S/7360NEXT STATEMENT SETS JUU AS ABOVE
LULU(4)=LU

UPDATE LCG CF GROWTH ESTIMATE
IAG=MAXO(IAG,JUU+IP{IEN{L1) ,3)-1A0)
L1=L1+1

CONTINUE

cO TC €8

TEST FOR4 ZERO PIVOT

IF(A{JU1) sEQsZERC)GO TC 1011
AMULT=A(J1)

ASEIGN 'S82 7O JRP1V

GO 'TO 58

DEVIDE ELEMENTS OF L 8¥ PIVOT
A{JL)=A(J1)/7ANULT

CONT INUE

CONTINUE

SET GROWTH ESTIMATE
AGRO=AEND%16D0O®*IAG

CO TC 3004

ENTRY MAL12D (AsIRNSIFNyNFyAWS,NAME)
KERR=1

KENTRY=4

TEST VALIDITY OF ENTRY
IF(IFIN+1,2) ¢EQ.03G0 TC 2205
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IF(IP(N#1,+,2) e NE«sN+1)GQ TO 2207
INITIALLY CLEAR COLUMN

2402 DO 301 J=1sN
| AWS(J)=ZERDO
2101 CONTINUE
COLUMNS IN PIVOTAL CRDER
CO 303 J=1,N
JCCL=IP(J,2)
LCAC COLUMN
CALL NAME(N,AWS,JCOL)
CCPY TO .REQUIRED PLACE AND RESET TC ZERO
JI=IR{JCOL 1)
J2=IR(IP(J#14+2) 1)1
0O ~B302:LE=J1,J2
JRC=IRN{(L1)
A{LYL)=AWS(JRD)
302 AWS({JIROI=ZERCD
303 CONTINUE
~ GO TC 3004
- DIAGNOSTIC PRINTING
. 2204 WRITE(JP,2304)ANAME(2) 4yMTYPE
2304 FORMAT{'OERRCR RETURN FRCM®' AE8,*"BECAUSE MTYPE =9%,15,"' WHICH IS 0OUT
X OF RANGE?*)
GO T2 32004
2205 WRITE(JPQ2305)ANAME(KENTRYDoANAME(KERR’ :
2305 FORMAT({'0ERROR RETURN FROM?' , A8, EBECAUSE PREVIOUS ENTRY TO?,A8,
X*'GAVE ERROR RETURN?')
GO TC 3004
2207 WRITE(JR,2307) ANAME(KENTRY) sANAME(1)
23207 FORMAT('0ERRCR RETURN FROM' A8, *"BECAUSE NO PREVIDOUS ENTRY TO',A8)
GO TC 3004
1011 WRITE(JPs230C)ANAME(3)+IRN(JL1)I)»IPRP{Js2) }
2309 FORMAT(*OERRCR RETUREN FEOM?' , A8, "BECAUSE ZERQD PIVODT (%,214,%)1)
IP{N+1,3)=1
| GJ TC 3004
2208 WRITE{JP,2308) ANAME(Z)+ANAME(S) 1S
2308 FORMAT(*0ERROR EETURN FROM®* , A8,'"BECAUSE"® A8, 'HAS GIVEN ERROR %,
X*RETURN WITH IS=%,14)
3004 RE TUERN
ENC
SUERCUTINE MCI12A (AZINCyIFPsNINPy,DIAGIRES,IS)
REAL A(1)
INTEGEE®2 IND(1)+sIP{NP+2),DIAGINP,2)
REAL%4 RES(N,4)
DIAGC IS USFD 7O RETURN INTEGER SCALING BOWERSs AND TO HOLD
COUNTS OF NON-ZERGCS IN ROWS AND COLUMNS DURING EXECUTICNG
IT IS SET TO 0 ON SUCCESSFUL COMPLETICNs TO I IF ROW 1 HAS ONLY
ZERD ELEMENTS, TO -1 IF COLUMN I HAS ONLY ZERO ELEMENTS
RES IS A WORKSPACE ARRAY. CUOLUMNSI AND 2 HOLD NON-ZEROC HALF
OF RESIDUAL VECTOR FCR TwWD CONSECUTIVE ITERATIONS. COLUMN
3 HOLDS CCLUMN SCALING PCWERSs AND COLUMN 4 HOLDS THEIR

OO0 00
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CHANGES OVER A CCOUBLE ITERATION.

CATA SMIN/.01/

SMIN IS USED IN A CONVERGENCE TEST CN (RESIDUAL NORM1*xx2
INTEGERX2 Ju{(2)

LOCGICAL*1 IULIW(3)

EQUIVALENCE (UUL,IW(1)),(UsIU,JU(1))

uu=100.

I1S=0

INITIALISE FOR ACCUMULATION CF SUMS AND FPRODUCTS
COn2 L=l ,2

CO 2 I=1,N

RES(IsL)=0.

RES(I+L+2)=0.

CIAG(I,L)=0

CO 3 J=14N

I2=1F(J,2)

K1=IF{(I2,1)

K2=IF(IP(J+1s2),1)~1

IF(K1.GT«K2) GO TO 3

PO &4 K=K1,Kz

I1=IND(K)

U=AES(AI(K))

IF{(UEQ.0)GC TO 4

ON THE IBM 360 THE FOLLOWING TWOC INSTRUCTIONS FIND THE SMALLEST
INTECER GREATEER THAN ALOG16(U). '
Iw{2)=1U

U=UuUu-64.

COUNT NON—-ZEROS IN RCw ANC CCLUMN
CIAG(I1,1)=DIAG(I1l,1)+1

CIAG(I2+,2)=DIAG(IZ2,2)+1

RES(I1s1)=RES(I1,1)0+UV

FES(I2,3)=RES(I2,3)+U

CONTINUE

CONTINUE

COMPUTE RHS VECTORS TESTING FCR ZERO ROW OF COLUMN
J=0

JUu(1)=17220

CO 8 1I=1,N

J=J4CIAG(1I,1)

CO 9 L=1,2

IF(DIAG{I L) «GT¢D ) GC 7O 13

DIAG(I.L)=1

IS=I*%(3-2%L)

CONT INUE

ON IEM 360 NEXT INSTRUCTION SETS O 7TC VALUE OF POSITIVE INTEGER
JU{2)=DIAG(I,L)

RES({I,2%L-1)=RES(I+2%L-1) /U

CONT INUE

EM=SNVINX)

SWEEFP TO COMPUTE INITIAL RESIDUAL VECTOR

CO 10 Jl=1,N
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J=IP{J1,2)

Ki1=IFfF{J,1)
K2=IF(IP{Jl1+1,2),1)-1
IF(K1.GT eK2)GO TO 10

CO 12 K=Kl1,K2
IF(A(K)+EQeD+0) GO TO 12
I=INC{(K)

C ON IBM . 360 NEXT INSTRUCTION SETESE U 7O VALUE OF PSITIVE INTEGER
JU(2)=DIAG(I,1)
REE(IS1)=RES(I+1)-RES(J»3)/7U

1z CONTINUE

10 CONTINUE
C INITIALISE ITERATION
E=0.
E1=0.
G=1.s
S=0e
CO 11 I=1,N
- ON IBM 360 NEXT INSTRUCTION SETES U TO VALUE OF POSITVE INTEGER
JU(2)=DIAG(I,1)
11 S=S#+UXRES(1,10%%2
L=2
IF(SSLEsSM) GO TO 101
ITERATION STEP

20 EM=E*E 1l

C SWEEP THROUGH MATRIX TC UPDATE RESIDUAL VECTOR
CO 22 J3=1,N
J1=IFP(JU3,2)

Ki=IFr{Jl,1)
K2=IF(IP{(J3+1,2),1)-1
IF(K1.GT eK2) GO 7O 22
CO 28 K=K1,K2
IF(A(K)eEQe00) GO TO 28
J2=(2=-L)*(J1-IND(K))
I=J1l=J2
J=IND(K)+J2
RES{ISL)I=RES(IZLI+RES(J,3-L)
28 CONT INUE
22 CONTINUE
€1=S
E=006
O 23 I=1,N
v==RES(IsL)/0C
ON IBM 360 NEXT INSTRUCTION SETS U 70O VALUE OF PQOSITVE INTEGER
JU(2)=DIAG(I..L)
RES(IsL)=V/U
23 S=S+VXPES(1I.,L)
E1=E
E=C%¥S/S1
Gl =Q
C=1e.—-E
N=3-L

(]

‘)
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IF(SeGTeSM) GO TO 27
F=M-1
v=1
G=1.
27 IF{L«EQe2) GO TO 25
CM=0%Q1
CO 2€ 1I=1sN
FES (I+4)=(EMX*RES({I,4)4RES(Is2))/GM
26 RES(I+2)=RES(I+3)4+RES(1,4)
25 L=M
DO 24 1=1,N
C AN IBM 360 NEXT INSTRUCTION SETS U 7O VALUE OF PCSITIVE INTEGER
JU(2)=DTAG(I,L)
24 RES(ILL)=RES(IsL)>*xUXE
IF(SeGTeSM)GO TO 20 '
E SWEEP THFOUGH MATRIX TO GET RFOW SCALING POWERS
101 PO 103 Ji=1eN
J=IP{J1,2)
KiI=ITF(Jsl)
K2=IF{IP(J1+1,2),1)—-1
IF(K1.GT«K2)GC TO 103
CO 105 K=K1l,K2
U=RES(A(K))
IF(U«EQe0)GO TO 105
CN IBM 360 NEXT TWO INSTRUCTIONS FIND THE SMALLEST INTEGER
LESS THAN ALCG16(U) |
TWw(2)=1U
U=UuU-64,
I=IND(K)
RES(IS1)=RES(IS1)I+RES(J»3)~V
105 CONT INUE
103 CONTINUE
CCNVERT POWERS TO INTEGERS
JU(1)=17920
CO 104 I=1,N
CN IEM 360 NEXT INSTRUCTION SETS 0 7O VALUE OF PASITIVE INTEGER
JU(2)=DIAG(I,1)
V=RES(I,1)/V
CIAG({I»1)=V+#SIGN(D.5,V)
104 DIAG(I2)=—(RES{I +3)+SIGN{O«S+RES(1I,+3)))

OO

O

]

RETURN

END
/ x
//LKEDSYSLIB DD DSN=SYS1.FORTLIBsDISP=SHPF
7/ DD DSN=NLCS.IMSLLIB,sDISP=SHR

/7 DD DSN=F30005+SPARSEROUTINES,DISP=SHR
//GOesSYSIN DD =%



APPENDIX F
TEST SYSTEMS DATA

(i) 5 - Bus
(ii) 23 - Bus
(iii) |I1EEE _57 =3Bus
(iv) 1EEE 118 - Bus
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TABLE F.1: Impedance and Line-Charging Data for the 5-Bus Test System
~ LINE RESISTA&CE REACTANCE LINE CHARGING
DES IGNAT ION Balls p.u.” p.u.”

2-1 0.08 0.24 0.025

3~2 0.01 0.03 0.010

-1 0.04 0.12 8.015

L-2 0.06 0.18 0.020

L-3 0.06 0.18 0.020

b-3 0.08 0.24 0.025

5-4 0.02 0.06 0.030

L
"

Impedance and line charging susceptance in per unit on a 100 MVA base.

Line Charging: one-half of total charging of line.

TABLE F.2: Scheduled Loads and Generation and Assumed Bus Voltages for
the 5-Bus Test System

Bus Starting Bus Volt. Generation Load
Number Mag. Angle MW MVAr MW MVAr
Bt deg.

] 1.0 0.0 0 0 60 10
2 1.0 0.0 0 0 L0 5
3 1.0 0.0 0 0 L5 15
L 1.0 0.0 ) 30 20 10
Gk 1.0 1.06 0 0 0 0
«% Slack Bus

TABLE F.3: Regulated Bus Data for the 5-Bus Test System

Vol tage Minimum Max imum
Bus Number Magnitude MVAr MVAr
P.U. Capability Capability

L 1.047 =10 50
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FIGURE F.2 23 -BUS POWER SYSTEM.
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TABLE F.L4: Impedance and Line Charging Data for the 23-Bus Test System

Line Resistance Reactance Line Charging
Designition p.u.® p.u.” p.u. "
1=3 0.0242 0.0540 0.0118
1-4 0.0309 0.0693 0.0151
=% 0.0404 0.0888 0.0197
5-8 0.0325 0.0709 0.0157
2=} 0.0615 0.1620 0.0342
3-6 0.0576 0.1520 0.0320
L-9 0.0266 0.0700 0.0148
9-7 0.0229 0.0504 0.0112
8-6 0.0446 0.1003 0.0218
1=10 0.0233 0.0514 0.0456
8-10 0.0597 0.1315 0.0291
9-10 0.0597 0.1315 0.0291
13-14 0.0043 0.0351 0.2373
14-12 0.0043 0.0351 0.2373
15-12 0.0038 0.0307 0.2078
18-15 0.0035 0.0288 0.1951
2313 0.0089 0.0720 0.4871
16-17 0.0010 0.0080 0.0543
17-18 0.0021 0.0167 0.1133
19-18 0.0016 0.0127 0.0862
20-19 0. 0045 0.0362 0.245]
22-18 0.0024 0.0192 0.1298
20-21 0.0019 0.0156 0.1056
21-22 0.0014 0.0114 0.0770
23-16 0.0020 0.0164 0.1109
12-8 0.0023 0.0839 0.0000
13-6 0.0023 0.0839 0.0000
12-9 0.0019 0.1300 0.0000
13=9 0.0023 0.0839 0.0000
1-2 0.0025 0.2000 0.0000

Impedance and line charging susceptance in per unit on a 100 MVA
base. Line charging: total charging of line.
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Load
MVAr

MW

Generation
MVAr

MW

Angle
deg.

p.uU.

Scheduled Loads and Generation and Assumed Bus Voltages for
Mag.

the 23-Bus Test System.

Starting Bus Volt.

TABLE F.5:
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TABLE F.6: Impedance and Line-Charging Data for the IEEE 57-Bus Test

System.
Line Resistance Reactance Line Charging
Designation p.u. % p.u.* p.u.*

57-2 0.0083 0.0280 0.0645
2=3 0.0298 0.0850 0.0409
3-4 0.0112 0.0366 0.0190
L-5 0.0625 G 1520 0.0129
L-6 0.0430 0.1480 0.0174
6-7 0.0200 0.1020 0.0138
6-8 0.0339 0.1730 0.0235
8-9 0.0099 0.0505 0.0274
9-10 0.0369 0.1679 0.0220
9-11 0.0258 0.0848 0.0109
9-12 0.0648 0.2950 0.0386
9~13 0.0481 0.1580 0.0203
13-14 0.0132 0.0434 0.0055
13-15 0.0269 0.0869 0.0115
57-15 0.0178 0.0910 0.0494
57-16 0.0454 0.2060 0.0273
Vil ¥ 0.0238 0.1080 0.0143
5=15 0.0162 0.0530 0.0272
L-18 0 0.555 0

L-18 0 0.43 0

5-6 0.0302 0.0611 0.0062
7-8 0.0139 0.0712 0.0097
10-12 0.0277 0.1262 0.0164
11-13 0.0223 0.073?2 0.0094
12-13 0.0178 0.0580 0.0302
12-16 0.0180 0.0813 0.0108
12-17 0.0397 0.1790 0.0238
14-15 0.0171 0.0547 0.0074
18-19 0.4610 0.6850 0
19-20 0.2830 0.4340 0
20-21 0 0.7767 0
21~22 0.0736 0.1170 0
22-23 0.0099 0.0152 0
23-24 0.1660 0.2560 0.0042
24-25 0 1.182 0
24-25 0 1.23 0
24-26 0 0.0473 0
26-27 0.1650 0.2540 0
27-28 0.0618 0.0954 0
28-29 0.0418 0.0587 0

7-29 0 0.0648 0
25430 0.1350 0.2020 0
30-31 0.3260 0.4970 0
31=32 0.5070 0.7550 0
32-33 0.0392 0.0360 0
32-34 0 0.9530 0
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TABLE F.6: CONT'd

————

Line Resistance Reactance Line Charging
Designation p.u* p.uU% p.uU.*

34-35 0.0520 0.0780 0.0016
35-36 0.0430 0.0537 0.0008
36-37 0.0290 0.0366 0
37-38 0.0651 0.1009 0.0010
37-39 0.0239 0.0379 0
36-40 0.0300 0.0LAA 0
22-38 0.0192 0.0295 0.0010
11-41 0 0.7490 0
L1-42 0.2070 0.3520 0
L1-43 0 0.4120 0
38-44 0.0289 0.0585 0.0010
15=45 0 0.1042 0
14-46 0 0.0735 0
Le-47 0.0230 0.0680 0.0016
L7-L8 0.0182 0.0233 0
L8-L49 0.0834 0.1290 0.0024
L9-50 0.0801 0.1280 0
50-51 0.1386 0.2200 0
10-51 0 0.0712 0
13-49 0 0.1910 0
29~52 0.1442 0.1870 0
52=53 0.0762 0.0984 0
53-54 0.1878 0.2320 0
54-55 0.1732 0.2265 0
11-43 0 0.1530 0
Li-45 0.0624 0.1242 0.0020
Lo-56 0 1. 1950 0
56-41 0.5530 0.5490 0
56-42 0.2125 0.3540 0

39-] 0 1.3550 0

1-56 0.1740 0.2600 0
38-49 0.1150 0.1770 0.0030
38-48 0.0312 0.0482 0

9-55 0 0.1205 0

Impedance and line charging susceptance in p.u. on a 100000kVA base
Line charging: one-half of total charging of line.
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Operating Conditions for the IEEE 57-Bus Test System

TABLE F.7:

Load

Generation

Starting Bus Volt.

Bus

ke 000 00 OOO 033000860 — 2 5368989 0 0 O.u.Ooo 6 5
A . . . .
= 78]0&.20262042553890....002030022120]03007003&.]]00]08
= — CO N N N o~ —
~ o
= o 5, o 000 005000233 3 oN 3606868 0 0 31:00 . .
M 00 Y . . 9 8
LN .]03500]5070002327320060609.4735130600.4006_./22002011
N\ oM - —_— I~ e W\ MNe— — N - N
p— p— 3
|
<C
= B elelfecfoclaflcfalolslclecfali=Sv>folclclofalclosBalalcslcafcla=clleaslolalecfelaolefolecfalalolonlacloalegel=E=)
i
= o
OO OO 00D DO OO OO0 OO0 0D DD OO0 0D0D00DDOoO0O00 DGO
LN f—
. oM
()}
—_
o o
Md ‘aleol=leolcleclulof=lulecsllsRel=Felcfeclalc-lNelcslclalalieclealcalaflclealololalalclcol=ll=Relelcie=lelelecl=gsR~E=
e = g
o3 OO0 00O OODOODDOODOLOLOOOOODDDOODDOO0O0OCDDODOLDOLOLODLOLOOODOD LD ODODDODODODODOODOD OO
a. e« & & & » [ T D D R ] s & & 2 & s & = 2 =& L] s @& 8 0 [ . ] e & e & s & & & 2 » *« s & @ [ ] L_ I
MDI ]]]]]]]]]]]]]]]]]]]]]] P s p— — p— p— p— — — — p— p— p— (e p— (e pe— —— pe— e pe— pe— S g~
.
b :
= NN MTNONOONO —mAN M INONO NG —m AN MTLAOMNO ONO — N MM LAWY NGO VO — N 0N - LAWY I~NO N
M e e e ——————— 9 I N I N I N I o I N B N I N I N B N B N W S e W e a W 2 a W a W2 2 W 2 2 T A T T i gl S, SN N, I ., i, SR, o



177

TABLE F.7: CONT'D

Bus Starting Bus Volt. Generation Load

Number = Mag. Angle MW MVAr MW  MVAr
By Us deg.

50 1.0 0 0 0 21.0 10.5
51 1.0 0 0 0 18.0 5.3
52 1.0 0 0 0 h.9 2.2
53 1.0 0 0 0 20 0 10.0
54 1.0 0 0 0 L, 1 1.4
55 1.0 0 0 0 6.8 3.4
56 1.0 0 0 0 76 2.2
] 1.0 0 0 0 6.7 2.0

ol
Al

This is prior to the Bus Renumbering Necessary to Enable the Regulated
Buses to have the higher numbers.

** Swing Machine
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TABLE F.8: Transformer Data For the IEEE 57-Bus Test System

Transformer Tap Setting*
designation
L-18 Q.97
4L-18 0.978
7-29 0.967
9-55 0.94
10-51 0.93
11-41 0.955
11.43 0.958
13-49 0.895
14-46 0.9
15-45 0.955
21=20 1.043
24-25 1.000
24-25 1.000
24-26 1.043
34-32 0.975
39=1 0.98
L0-56 0.956

Of f-nominal turns ratio, as determined by the actual transformer-tap

positions and the voltage baiss.

this would equal

ba

In the case of nominal turns ratio,
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TABLE F.9: Regulated Bus Data For the IEEE 57-Bus Test System,

Bus Number Voltage Minimum Max imum
Magnitude MVAr MVAr
p.u capability capability
2 1.01 ad ¥ 50
3 0.985 ot 1°. 60
6 0.98 -8 25
8 1.005 -140 200
9 0.98 -3 9
12 1.015 -50 155

TABLE F.10: Static Capacitor Data For the IEEE 57-Bus Test System

Bus Number Susceptance® p.u.
18 0.1
25 0.059
53 0.063

Susceptance in p.u. on a 100000 kVA Base.
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TABLE F.11: CONT'D

Line Resistance Reactance Line Charging
Designation Per Unit¥*=* Per Unit#%* Per Unit *%
34-37 .00256 . 00940 .00492
37-38 0 . 03750 0
3739 03210 . 10600 .01350
37-40 « 5930 . 16800 .02100
30-38 . 004AL . 05400 21100
39-40 .018Ln . 06050 .00776
Lo-141 .01450 . 04870 .00611
LOo-42 . 05550 .18300 .02330
L1-42 .04100 . 13500 01720
L3-LL .06080 . 24540 .03034
34-43 .04130 .16810 .02113
L4-45 . 02240 .09010 .01120
L5-46 . 04000 . 13560 .01660
Lo-47 . 03800 . 12700 .01580
L6-48 . 06010 . 18900 .02360
47-49 .01910 .06250 .00802
L42-49 .07150 . 32300 . 04300
42-49 .07150 . 32300 .04300
L5-49 . 06840 . 18600 .02220
L8-L49 .01790 . 05050 . 00629
49-50 .02670 .07520 . 00937
L9-5] . 04860 . 13700 .01710
51-52 .02030 . 05880 .00698
52-53 . 04050 . 16350 . 02029
53-54 .02630 .12200 .01550
L9-5h4 . 07300 .28900 .03690
L9-5h4 . 08690 .29100 .03650
54-55 .01690 .07070 .01010
54-56 .00275 . 00955 .00366
55-56 . 00488 01510 .00187
56-57 .03430 .09660 01218
5057 . 04740 . 13400 .01660
56-58 . 03430 . 09660 .01210
51-58 . 02550 .07190 . 00894
54-59 . 05030 .22930 .02990
56-59 .08250 .25100 . 02845
56-59 .08030 .23900 .02680
55-59 . 04739 .21580 . 02823
59-60 .03170 . 14500 .01880
59-61 . 03280 . 15000 .01940
60-61 .00264 .01350 .00728
60-62 .01230 .05610 . 00734
61-62 . 00824 .03760 .00490
59-63 0 .03860 0
63-64 00172 . 02000 . 10800
61-64 0 .02680 0
38-65 . 00901 .09860 .52300
64-65 .00269 .03020 . 19000
49-66 .01800 .09190 .01240
L9-66 .01800 .09190 .01240
62-66 .04820 .21800 .02890
62-67 .02580 .11700 .01550
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TABLE F.11: Impedance and Line Charging Data for the IEEE 118-Bus
Test System.

Line Resistance Reactance Line Charging
Designation Per Unit#= Per Unit#=* Per Unit #=%
}=2 .03030 « 39990 .01270
}=3 .01290 .04240 . 00541
L4-5 .00176 .00798 .00105
3-5 .02410 . 10800 .01420
5-6 .01190 . 05400 .00713
6-7 . 00459 .02080 . 00275
8-9 . 00244 .03050 .58100
5-8 0 .02670 . 0
9-10 .00258 .03220 .61500
L-11 .02090 . 06880 .00874
=11 .02030 . 06820 .00869
=12 .00595 .01960 .00251
2-12 .01870 .06160 .00786
3~12 . 04840 . 16000 .02030
F=12 .00862 .03400 .00437
11-13 . 02225 .07310 .00938
12-14 .02150 .07070 .00908
13~15 .07440 . 24440 .03134
14-15 . 05950 . 19500 .02510
12-16 .02120 .08340 .01070
15-17 .01320 .04370 .02220
16-17 . 04540 .18010 . 02330
17-18 .01230 .05050 . 00649
18-19 .01119 . 04930 . 00571
19-20 . 02520 . 11700 .01490
15-19 .01200 .03940 . 00505
20-21 .01830 . 08490 .01080
2}1-22 . 02090 .09700 .01230
23-24 .01350 .04920 .02490
23-25 .01560 . 08000 .04320
25-26 0 .03820 0
25=27 .03180 . 16300 .08820
27-28 .01913 . 08550 .01080
28-29 .02370 . 09430 .01190
17-30 0 .03880 0
8-30 .00431 .05040 .25700
26-30 .00799 .08600 . 45400
17-31 .04740 . 15630 .01995
29-31 .01080 .03310 .00415
23-32 .03170 .11530 .05865
31-32 .02980 . 09850 .01255
27-32 .02290 .07550 .00963
15-33 .03800 . 12440 015897
19-34 .07520 .24700 .03160
35-36 .00224 .01020 .00134
35-37 .01100 .04970 . 00659
33~31 .04150 . 14200 .01830
34-36 .00871 .02680 .00284
22-23 . 03420 . 15900 .02020
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TABLE F.11: CONT'D

Line Resistance Reactance Line Charging
Designation Per Unit#** Per Unit** Per Unit *x
65-66 0 .03700 0
66-67 . 02240 . 10150 .0134]
65-68 .00138 .01600 .31900
L7-118 . 08440 .27780 .035L46
49-118 .09850 .32400 .04140
68-118 0 .03700 0
118-70 .03000 . 12700 .06100
24-70 .10221 .41150 .05099
70-71 .00882 .03550 . 00439
24-72 . 04880 . 19600 . 02440
71=72 . 04460 .18000 .02222
71-73 . 00866 . 04540 .00589
70-74 .04010 . 13230 .01684
70-75 . 04280 . 14100 .01800
118-75 . 04050 . 12200 .06200
74-75 .01230 .04060 .00517
76-77 . 04440 . 14800 .01840
118-77 . 03090 . 10100 .05190
15=1] .06010 . 19990 . 02489
77-78 .00376 . 01240 .00632
78-79 . 00546 .02440 .00324
77-80 .01700 . 04850 .02360
77-80 .02940 . 10500 .01140
79-80 .01560 . 07040 00935
68-81 .00175 .02020 .40400
80-81 0 .03700 0
77~82 .02980 .08530 . 04087
82-83 .01120 .03665 .01898
83-84 .06250 . 13200 .01290
83-85 . 04300 . 14800 .01740
84-85 . 03020 .06410 .00617
85-86 . 03500 . 12300 .01380
86-87 .02828 .20740 .02225
85-88 .02000 . 10200 .01380
88-89 .01390 .07120 .00967
89-90 .05180 . 18800 .02640
89-90 .02380 .09970 .05300
90-91 . 02540 . 08360 .01070
89-92 .00990 .05050 .02740
89-92 . 03930 . 15810 .02070
91-92 .03870 « 12720 .01634
92-93 . 02580 .08480 .01090
92-94 .04810 . 15800 .02030
93-94 . 02230 .07320 .00938
94-95 .01320 . 04340 . 00555
80-96 . 03560 . 18200 .02470
85-89 .02390 . 17300 .02350
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TABLE F.11: CONT'D

Line Resistance Reactance Line Charging
Designation Per Unit=*=* Per Unit*= Per Unit*x*

82-96 .01620 .05300 .02720
94-96 .02690 . 08690 .01150
80-97 .01830 .09340 .01270
80-98 .02380 .10800 .01430
80-99 . 04540 .20600 .02730
92~100 .06480 .29500 .03860
94-100 .01780 .05800 .03020
95-96 .01710 .05470 . 00737
96-97 .01730 . 08850 .01200
98-100 .03970 . 17900 .02380
99=100 .01800 .08130 .01080
100-101 .02770 .12620 .01640
92-102 .01230 . 05590 .00732
101-102 .02460 . 11200 .01470
100-103 .01600 . 05250 .02680
100-104 .04510 .20400 .02705
103-104 . 04660 . 15840 . 02035
103-105 . 05350 .16250 .02040
100-106 .06050 .22900 .03100
104-105 . 00994 .03780 .00493
105-106 .01400 .05L470 .00717
105-107 . 05300 . 18300 .02360
105-108 .02610 . 07030 .00922
106-107 . 05300 .18300 .02360
108-109 . 01050 .02880 .00380
103-110 .03906 .18130 .02305
109-110 .02780 . 07620 .01010
110-111 .02200 . 07550 .01000
110-112 .02470 . 06400 .03100
17113 .00913 .03010 .00384
32~113 .06150 .20300 .02590
32-114 .01350 .06120 .00814
27-115 .01640 .07410 .00986
114-115 . 00230 .01040 .00138
68-116 . 00034 . 00405 .08200
12=117 .03290 . 14000 .01790
75-69 .01450 .04810 . 00599
76-69 .01640 . 05440 .00678

Based on AEP System for Total Loss Formula June 1962.

leole
s

kva base

Line charging one-half of total charging of line

Impedance and line-charging susceptance in per unit on a 100,000
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Operating Conditions for the IEEE 118-Bus Test System
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Starting Bus Voltage Generation Load
Bus Mag. Angle Mw MVAr MW  MVAr
Number pP.U. Deg.
1 1.0 0 0 0 51 27
2 1.0 0 0 0 20 9
3 1.0 0 0 0 49 10
L 1.0 0 -9 0 30 12
5 1.0 0 0 0 0 0
6 1.0 0 0 0 52 27
7 1.0 0 0 0 19 2
8 J« 10 0 -28 0 0 0
9 1.0 0 0 0 0 0
10 I8 0 450 0 0 0
11 1.8 0 0 0 70 23
12 1.0 0 85 0 L7 10
13 1.0 0 0 0 34 16
14 1.0 0 0 0 14 ]
15 1.0 0 0 0 90 30
16 1.0 0 0 0 25 10
17 1.0 0 0 0 11 3
18 1.0 0 0 0 60 34
19 1.0 0 0 0 L5 25
20 1.0 0 0 0 18 3
21 1.0 0 0 0 14 8
22 1.0 0 0 0 10 5
23 1.0 0 0 0 / 3
24 1.0 0 -13 0 0 0
25 1.0 0 220 0 0 0
26 1.0 0 314 0 0 0
27 1.0 0 -9 0 62 13
28 1.0 0 0 0 17 /
29 1.0 0 0 0 24 L
30 1.0 0 0 0 0 0
31 1.0 0 ] 0 L3 27
54 1.0 0 0 0 29 23
33 1.0 0 0 0 23 9
34 1.0 0 0 0 59 26
35 1.0 0 0 0 33 9
36 1.0 0 0 0 31 17
37 1.0 0 0 0 0 0
38 1.0 0 0 0 0 0
39 1.0 0 0 0 27 11
Lo 1.0 0 -L6 0 20 23
L 1.0 0 0 0 37 10
42 1.0 0 =3 0 3l 23
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TABLE F.12: CONT'D

Bus Starting Bus Voltage Generation Load
Mag. Angle MW MVAr MW MVAr
Number P U Deg.
L3 1.0 0 0 0 18 /
L 1.0 0 0 0 16 8
L5 1.0 0 0 0 53 22
L6 1.0 0 19 0 28 10
L7 1.0 0 0 0 34 0
L8 1.0 0 0 0 20 11
L9 1.0 0 204 0 87 30
50 1.0 0 0 0 17 ]
51 1.0 0 0 0 17 8
52 1.0 0 0 0 18 5
53 1.0 0 0 0 Z3 11
54 1.0 0 L8 0 113 32
55 .0 0 0 0 63 22
56 1.0 0 0 0 84 18
57 1.0 0 0 0 12 3
58 1.0 0 0 0 12 3
59 1.0 0 155 0 277 113
60 1.0 0 0 0 78 3
61 1.0 0 160 0 0 0
62 1.0 0 0 0 /7 14
63 1.0 0 0 0 0 0
64 1.0 0 0 0 0 0
65 1.0 0 391 0 0 0
66 1.0 0 392 0 39 18
67 1.0 0 0 0 28 7
68 1.0 0 0 0 0 0
118 1.035 30 516.4 0 0 0
70 1.0 0 0 0 66 20
71 1.0 0 0 0 0 0
72 1.0 0 =12 0 0 0
73 1.0 0 -6 0 0 0
74 1.0 0 0 0 68 27
75 1.0 0 0 0 L7 11
76 1.0 0 0 0 68 36
77 1.0 0 0 0 61 28
78 1.0 0 0 0 71 26
79 1.0 0 0 0 25 32
80 [0 0 L77 0 130 26
81 1.0 0 0 0 0 0
82 1.0 0 0 0 54 27
83 1.0 0 0 0 20 10
8L 1.0 0 0 0 11 /
85 120 0 0 0 24 15
86 1.0 0 0 0 21 10
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TABLE F.12: CONT'D
Starting Bus Voltage Generation

Bus Mag. Angle MW Mvar MW Mvar

Number p.U. Deg.
87 1.0 0 b 0 0 0
88 1.0 0 0 0 L8 10
89 1.0 0 607 0 0 0
90 1.0 0 -85 0 78 L2
91 1.0 0 -10 0 0 -0
92 1.0 0 0 0 65 10
93 1.0 0 0 0 12 7
9L 1.0 0 0 0 30 16
95 1.0 0 0 0 L2 31
96 1.0 0 0 0 38 15
97 1.0 0 0 0 15 9
98 1.0 0 0 0 34 8
99 1.0 0 -42 0 0 0
100 1.0 0 252 0 37 18
101 1.0 0 0 0 22 15
102 1.0 0 0 0 5 3
103 1.0 0 Lo 0 23 16
104 1.0 0 0 0 38 25
105 1.0 0 0 0 31 26
106 1.0 0 0 0 L3 16
107 1.0 0 -22 0 28 12
108 1.0 0 0 0 2 ]
109 =0 0 0 0 8 3
110 [:0 0 0 0 39 30
111 1.0 0 36 0 0 0
112 1.0 0 -43 0 25 13
113 1.0 0 -6 0 0 0
114 1.0 0 0 0 8 3
115 1.0 0 0 0 22 7
116 1.0 0 - 184 0 0 0
117 1.0 0 0 0 20 8
69 1.0 0 0 0 33 15

oLl

Swing Machine
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TABLE F.13: Regulated Bus Data For the IEEE 118-Bus Test System

Bux Voltage Magnitude Minimum Max imum
Number Per Unit Mvar Capability Mvar Capability
1 . 955 -5 15
L . 998 -300 300
6 .99 =13 50
8 IG5 -300 300
10 ] .05 -147 200
12 .99 -35 120
15 . 97 -10 30
18 <373 -16 50
19 . 962 -8 24
24 . 992 -300 300
25 1.05 -L47 140
26 1.015 -1000 1000
27 . 968 -300 300
31 . 967 -300 300
32 . 963 -14 L2
34 . 984 -8 ol
36 .98 -8 24
Lo .97 -300 300
L2 . 985 -300 300
L6 1.005 -100 100
L9 1.025 -85 210
54 . 955 -300 300
55 « 52 -5 23
56 . 954 -8 15
59 935 -60 180
61 . 995 -100 300
62 . 998 -20 20
65 1.005 -67 200
66 1.05 -67 200
70 . 984 -10 32
72 . 98 =100 100
/3 . 991 -100 100
7h . 955 -6 9
76 . 943 -8 23
77 1.006 -20 70
80 1.04 -165 280
85 . 985 -8 23
87 1.015 -100 1000
89 1.005 -210 300
90 . 985 -300 300
91 .98 =100 100
92 .95 =3 9

o b 1.01 -100 100
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TABLE F.13: CONT'D

Bus Voltage Magnitude Minimum Max imum
Number Per Unit Mvar Capability Mvar Capability
100 1.017 -50 155
103 1.01 =15 Lo
104 . 971 -8 23
105 . 965 -8 23
107 . 952 -200 200
110 .973 -8 .23
111 .98 -100 1000
112 « I15 -100 1000
113 « 393 -100 200
116 1.005 -1000 1000




TABLE F.14: Transformer Data for the IEEE 118-Bus
Test System

TRANSFORMER

DESIGNATION TAP SETTING*
8-5 .985
26-25 .96
30=17 «9b
38-37 . 935
63-59 .96
64-61 985
65-66 .935
68-69 .935
81-80 .935

Off-nominal turns ratio, as determined by the actual transformer
tap positions and the voltage bases. In the case of nominal

turns ratio, this would equal 1.

TABLE F.15: Static Capacitor Data for the IEEE 118-Bus
Test System

BUS SUSCEPTANCE
NUMBER PER UNIT*
5 -.h

17 0

34 14
37 -.25
LY .

L5 .

L6 .1

48 15
74 12
79 o2

82 . 2

83 "

105 il

107 .06
110 .06

Susceptance in per unit on a 100,00-kva base
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