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CHAPTER I
INTRODUCTION

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

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

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

Given the following information about the network and its
equipment )

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



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

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

products of source terminal voltages and currents that are necessary to



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

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

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

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

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

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

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

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

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



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

Chapter IV contains some sucggestions for program improvement.

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

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

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

system or by meters with special scales where the gystem quantities



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

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

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

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

mechanical calculators lacked the psychological advantage of the



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

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

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

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



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

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

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



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

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

the control of generator reactive power within prescribed limits,

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

While optimization of the iterative process was going on, modifications



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

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

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

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

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

will no doubt be the major arzas cf improvement.



CHAPTER IT
LOAD FLOW IT=RATIVE METHODS
Introduction

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

In the remainder of this chapter there will be some mathematiecal

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

11



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

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

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

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

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

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

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

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

1] 11 Yoy 1

[N
tefe

(2-1)

e
e

2 F1s Jas 2

f o =T
where yyq = Iy, + Y

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

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

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

as shown in Figure 2(b).

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

Transformer representations (a) Eguivalent circuit (b) Zquivalent

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

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

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

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

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

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

E2 ) 1/a © El

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

13



and

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

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

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

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

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

determined by the bus location,
Gauss-Seidel Method

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

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

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

® * e zl.*

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

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



I s n = 2,3°°°NB (2-8)

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

from the eguation

=
jos |

I-r v (2-9)

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

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

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

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

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

15



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

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

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

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

of the bus voltage must satisfy the relationship

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

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

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

shown in Figure 3.

16
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Newton-Raphson Method

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

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

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



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

.

S oA . ws
Wt Crm uBnm into eguztion

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

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

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

NB .

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

Q=5 Efn(emcm +£B ) -e(f,6 -epB “’“a

m=1

(2-16)

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

the bus voltage components are unknown for all buses except the swing bus,

20

where the voltage remains a fixed value z2nd the swing bus powers are unknown.

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

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

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

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

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

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

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

]
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