ECONOMIC SCHEDULING OF ELECTRIC POWER GENERATION
BY A NETWORK FLOW METHOD

David Gerald Stonse

A thesis submitted for the degree of Doctor of Philosophy

in Electrical Engineering
May 1971
Department of Computing and Control

Imperial College of Sclence and Technology

University of London



ABSTRACT

CONTENTS

ACKNOWLEDGEMENTS

LIST OF SYMBOLS

Cnapter 1

INTRODUCTION

1.1 Power system operatlon

1.2
1.3

P
L]

=2
.
N

Chapter 2 A NETWORK FLOW FORMULATION OF THE ZCONOMIC

1.1.1
l.1.2
1.1.3
1.1.4
1.1.5
1.1.6
1.1.7
1.1.8

Load prediction

Fuel supply |

Generating unit perforﬁance evaluation
Security requirements

Power transfers

Switching

Commitment of generating unlts

Fregquency control

Approaches to the economic operation problem

A complex variable formulation of the economic

schedulling problem

Selecting a mathematical programming method .

The network flow method

gontribution of the thesis

' SCHEDULING PROBLEM

-

2,1 Branch model

Page

W WO 0 N N Oy

-1l

11
12

S 12

14

18
20

o
s

o
J



Generator model

Modelling demands and lmports
The complete model

2.4.1 The return arc

2.4.2 Powér Ealance equatlions
2.4.3 Goat form '

2.4,4 A small exzmple -

Chapter 3 COMPUTATIONAL EXPERIMENTS IN ECONOMIC

3.1
3.2

363

3.4

3.5

346

SCHEDULING

Purpose énd method

Test power systems summary

Computer programs description

3.3.,1 MULTAR, Multiple arc out-of-kilter network
flow routine

3.3,2 CHMLFP, Conversational mode load flow
program

3.3.3. NFESP, Network flow economle scheduling
program

Optimal economlc dispatch for complex power

sysﬁem models .

Applying the network flow schedule to ithe

complex model

Computatlional results

33
40
42
42
42
43
44

47

47
48

49

50

51

51

53
60

74



Chapter 4 FURTHEIR INVESTIGATIONS 20

4,1 Gost of load prediction errors ' 90
4,2 Optimizing the voltage profile 91
4,3 Cost of generator data inaccuracles 92
4,4 Including estimeted losses with demands : 93
4,5 Comparison of branch power flows 94
4,6 Generator model additions g5
4,7  Transmission security ' 26
Chapter 5 CONCLUSIONS , 98
REFE

RENCES _ ' 105

Appendix 1 MULTAR, Multiple arc out-of-kilter

network fiow roﬁtine' . ‘ 115
Appendlix 2 CMLFP, Conversational mode lcad flgw

program | : 172
Appendix 3 PROGRAM DESCRIPTION: NFESP, NETWORK FLOW

ECONOMIC SCHEDULING PROGRAM . 239
Appendix 4 TEST POWER SYSTEMS ' 261



ABSTRACT

The ﬁower system economic loz4 dispatdbing task 1s
formulated as a minimal-cost capécitatéd network flow
problem, Then D.R, Fulkerson's 'Out-of-Kilter' method is
used to solve the power system network flow model fof the
econonic schequle Qf generatioh. Multiple-arc branch mcdels
form plecewise linear approximations to the guadratle cost
of transporting power. Generator cost of procduction func-
tions are easlly and accurately modelled by one network
arc per range of constant incremental cost. In a series
of computational experiments on test systems of various
slzes the valldity, speed, and accuracy of the method was
confirmed.' Docémentation of the FORTRAN computer programs
written for the experiments is given. These are: the net-
work flow solutlion aléorithﬁ, a éonversghional.mode load
flow program, and an economic scheduling program. A large
power system with 177 generators was solved in 3 minutes
of computing time on the IBM7094. Test data and results

for smeller systems are included in the thesis.
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Chapter 1 INTRODUCTICN

Econcmic gscheduling of generatlion to meet the system
load is an important task in the dally operation of elec-
tric power systems., It aimg at dispatching the load to
the various genéraﬁing units in such a way as to minimize
the total cost of supply. Regarding the cdmplete power
gystem as an industrial plant; the schedulling ﬁask can
be seen to be one of process optimizatibn.

Zven prior to the advent of nigh-speed digltal cou-
puters, electric power utilities were achleving the opt-
imal Operatioh of their systems by.the best manual tech-
niques then available.(32) Then with the wide-spread use
of digital computing machinery in the power supply ind-
ustry came the application of these machines to the econ-
omic load dispatching problem, Familiarity with the
growing computer power at thelr disposal prompted research-
ers to propose new formulations of the economlic schedul-
ing problem, and to attempt their soclution. Some of these
approaches are classified in section 1l.2. The goal of
these efforts is to find an expression of the problem
that is as exact as neoeséary, and yet computétionally

*

practicable. This thesis presents a new method of econ-

omic schedullng that meets that gecal,



1.1 Power system operation

The day-to-day running of an electric power system
is a2 complex operation. For convenlence 1t has beeﬁ sub~
divided into a number of tradiéional activitiés, one of
which is that of economic scheduling, or load dispatch~
1né. The purpose of thls sectlon 1s to describe these
operational tasks, and their interaction with the econ-
omic scheduling problem; Thus; 2 basls for discussions
coming later in the thesis will have.been established,
and the assumnptions inherent in the economic scheduling'

problem will be placed in evldence.

1.1.1 Load prediction

Calculation of an econémic schedule of generation
preceeds the éctual event by a matter of minutes, or in
gsome cases even days, as with an off-line predlictive sfudy.
Instead of recorded real power demand levels, predicted
values for those demands ére supplied to the scheduling
program, and used in calculating target set points for the
generatoré. That is, a predictive economic generation
schedule is éompﬁted. The closeness of the prediéted
deman@s to the actual demands experienced in the event,

18 a cruclal faétor in achieving economy in system opera-
‘tion, |
If the load is to be predictéd 24 hours in advance,

the predictlion error will be greater than that for a one
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hour prediction. In the former case the predictlion error
may be large enough to render the use of an extremely
accurate schedullng technlque inappropriate, If the pre-
diction perlod is short, say fifteen minutes, an accurats
scheduling method is warranted, because the predictlon
1tself will be accurate. However, it is unllkely in this
éase that sufficlent computing time will be avallable to
solve the problem to a high degree of accuracy. Therefore,
1t can be seen that a balance must be struck 1ln select-

ing an approach for economic scheduling.,

l.1.2 Fuel supply

The transpbrtatlon network over whlch fuel supplles
reach the generating stations may be as complex as the
electrical power transmission system itself. A global
optimization of the fuel tranSportation'and power supply
systems taken together 1s necessary for the lohger—rapge
planning of power supplies.(27,28) However, for short-
term economic schedullng of -electric power, these two
networks are assumed to be separted by the relative in-
flexibllity of fuel transport facillities. The global
iong-term optimization 5ives'the cost of fuel at‘eaéh,
generating station. This cost 1s made avallable to the

economic scheduling program for its short-term calculations.



1,13 Generating unit verformence evaluation

By monitoring the performance of each set, up-to-date
heat rates are obtalned for the range of output power of
the generator. Combining this function with the fuel cost
gives the operétiénal cost curve to be used in the econ-
omic scheduling task. w1thbthe ma jority of British sets,
the cost curve 1s a straight 1line, and its slope, the
incremental cost of generation, defineé the position of

the unit in the list called the Merit-Order Table 'B’'.,

1,14 Security requirements

The task of operating a system so as to obtain the
highest degree of security of supply consistent with good
cost economics is difficult to specify. It 1s linked to
the economlc scheduling pfoblem and the plant ordering
problem, as well as a number of other operational activ;
ities. A complete, exact formulation and solution of the
security checking problem lies beyond the state of the
art.(58) In practice, a number of approximate methods
of predictive security checking have evolved po help ensure
reliability of supply.

The transmission network is normally deslgned tofper—
mit economic transfer of large blocks of power from one
geographical location to another, without stability prob-
iems. Another function of the network is to enhance the
security of supply by making a sufficient number 6f inter-

connections between the supply and demand points,
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An operative definition of power system security in
common use is the following: the system must continus
to supply 1ts demand to specification, despite the'lqss
of any one item of plant., Ofwcentral coqcern'is the loss
of a large generator or an important transmission line,
so we confine the discussion~to these two contingenciles,
A When a generator 1s lost, the system frequency drops
and governor action on the reméining generatofs increases
their output to meet the demand. A number of consldera-
tions apply here., Flrst, the absolute spluning spare
margln in megawatts must be avallable to meet the loss,
that is, all sets must not be operating at or near full
load. Second, sufficient spare capaclty must be present
to allow the generator outputs to rise quickly enough.
The spare available from each set is a functlon of 1ts
loading rate, and will often be less than the difference
between 1t8 present power output and its capaclity. This
available spare may be reduced further during periods of
sharply rising demand. ) '

The ‘effect of these requirements is that the'Spinning
reserve must often be disﬁributed among & number of dif-
ferent sets. As a consequence, 1t can happen that the |
econoﬁic schedule of genefation must be altered to pro-

. vide the spinning spare capacity neceésary for secure
system operation.(57,6) ' ‘ |

Losing a transmission line may cause other lines to
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overload beybnd thelr thermal limits, threatening furth=-
er outages and a system collapse,. To.secﬁre the trans-
miagsion system agalnst such an éventuality the geograph-
ical pattern of generated power must be modified to reduce.
tﬁe line flows. Thus the system load c¢annot safely be
dispatched to the most economic plant, and the generation

schedule must be adjusted.

l1.1.5 Power transfera

Previously scheduled interchanges of power with out-
slde areas are accounted for in the economlic schedullng
task as fixed ;mpbrts or exports, Hydro generatidn and
punped storage pumping and generation schedules are also
givén as 1npﬁt data for the economic schedullng of the

thermal generating sets,

1.1;6 Switehing

The switched configuration of the transmission net-
work changes frequently for‘a variety of reasons: voltage
control, reduction of faullt levels, and equipmeﬁt main-
tenance and construction are some of them. Therefore,
before an economic scheduling study can be undeftaken,
the transmission plant in service must be specified, as

well as 1t§ connection.
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1.1.7 Commitment of generating units

The act .of selecting which sets to rﬁn'is called unit
commitment, or economic ordering.of géneration. During
the 24 hour load cycle, variations in the load magnitude
are great enﬁugh to make the shutting down and startilng
up of generating sets an econbmic necessity. Depending
on the thermal condition of the unit, a period of between
one hour and several hours is required to bring a gener-
ator on line and up to full power output. The unit com-
mitment problem 1s a complicated one, and is at present
handled in a heuristic manner. A load prediction several
hours in advanqe will dictate the amount of generation
ordered, and generation economics and system security
assessment will indicate wh;ch génerators shoqld be syn-
chronized to the sysgem to meet.the load,

The 1ist of commltted units is thus an input to the
economic scheduling task. If the ordering function has
been done properly, the scheduling program will have no
difficulty in developing a éecure, economlic ‘schedule of

generatlion with the units that have been ordered.

1.,1.8 Frequeney control

Governor action in regulating the system frequency
against short term random load fluctuations takes the reg-
ulating generators away from thelr economic set points,

Untll a new ecpnomic schedule is computed, based on an
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updated load prediction, the generators meet the demand
in an uneconomic way.

An economlc schedule of generatlon may leave but
one or two units operating 'in range' and available for
regulating the-fréquency. In this case, the loadlng rate
constraints on the sets mayunot perait them to meet rapid
changes 1n demand. Consequently, the economic schedule
must be changed to allow additional units to assist in the
task of system frequency regulation.,

It may be desirab1e4to spread the regulating task
among several units in order %o reduce maintenance costs,(11l)

' At a glven point in time, although the generators
are meeting load changes satisfactorily, the economic
schedule must be modified to develop a spare regulating
capacity against expected large increases in load. This
situation 1s usual prior to the morning load rise.

The above consideratlions aim, in effect, at trans-
forming what 18 essentially a dynamlc problem into a sequ-
ence of4stat;c ones. Thls traditional approach 1s follow-
ed in expressing the problem in a form sultable for a
static economic scheduliﬁg method.

If we recall the discussion on system security, ;t
can be observed that splnning spare capacitly serves the

dual functlion of freguency regulation and security maln-
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equation:
T e = Y od, + L MW
msGim ist% 8

helps clarify this point. Thu; a sharp rise in demand,
or the loss of a generatof are seen to produce the same
imbalance in total aystem po&er, and the effect on the
remaining generators 1s quite similar. Gy 1s the set of
generators currently supplying‘the systen, D8 the set of

demand busses, and ls the system losses,

1.2 Approaches to the economic operation problen

Having accounted for the interaction of such opera-
tional taskg as load prediction and securlity assessment
with the problem of economlc operation; we are now free
to cbnsider the latter guestion in detail. A complete,
exact treatment of the dynamic economic power system dp—
eration problem 1s not as yet amenable to solution.
Consequently, approaches to the problem takeﬁ by past
workers have decomposed 1t in a varlety of ways, treating
certaln sub-problems deemed to be of central 1mpor£ance
and utility.’ Bf charactefizing some of thelr work, the .
method of the present thesis 1s described 1n scops, and'
relatéd to past’efforts. -

The central problem of economic 6perat10n can be

characterized by four dichotomieé:
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1., Instantaneous, statlc, vs. extended period, dynamic
2. No electrical network, vs. a netwérk representation
3+ Unit commitment given, vs. unit cémmitment task to be
undertaken
4, Economic scheduling glven, vs, economic scheduling
| ' vask to be done

In each of these, the second member repfesents an additlon-
al complication to the formulation and an additional comp-
utational burden in solution.

The blnary nature of this characterlzation suggests
1ts graphical display in a form simllar to a Karnaugh
Mape. The four dlchotomies are ranged on the four sides
of the display,‘as shown in Figure 1-1. If a value O is
assigned to the first member of each dichotomy and a value
1 to the second; and.these Qalués summe@ for éach comb-
inatlon on the map, a rough index of difficulpy for each
sub~-problem has been Introduced. The lndex of difficulty
ranges from 0, no problem; to 4, the complete problem.
Each square in the map represents a unique combination of
problem components. A square, or sub-problem 15 referenced
as one would a matrix element: (i,})) ith row and jth col-
umn e | '

In the varlous squares are listed the reference num-
bers of papers with the corresponding combination of prob-
lem elemenis. Sub-problems in the right hand column co-

rrespond to solutions already in hand. At the other
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extreme, square (3,2) represents tne couplete problen,
the absence of entries ilndicating a lack of formal attempts
to solve it

Sub-problem (2,3) has receilved the greater part-of
research attention in recent years. Tha.present thesis
belongs in this catégory. Knowing the units committed to
operate, an economic schedule of generation 1s socught that
will supply a given instantaneous demand pattern. 1In
addition, some form of network model 1s ineluded in the
formulatlon. | ‘ .

The categorlzatlion glven here 1s a crude one, and
research contributions vary considerably in the detalls
of their formulatlon. For examnple, three types of trans-
misslion nethrk model may be distinguished:
1. A network flow model giving an arbltrary, conservative

flow of real power.
2. A D.C. approximation neglecting transmission losses

and defining a‘linear model of the network, which gives

~a flow of real poﬁer that obeys Ohm's Law.

3« A complete complex variable network model bagéd on
pi-equivalent circuits for the transmission lines.
These are of sharply increasing complexity, and the index

of diffiéuuy could be modified accordingly.
Our classification scheme and Figure 1-1 has present-
ed an overview of the relsvani research, helped t.o-defina

the scope of this thesis, and shown 1t to be in the main-



18
stream of present research in economle power system opera-
tion. Figure 1-1 also indicates the directlon of future
work, which is expected to pass through sub-problems of
increasing difficulty, until the complete problem (3,2)

can be attempted.

1.3 A complex variable formulation of the esconomic sched-

uling problenm

A formulation of ths load dispatching problem, square
(2,3) which includes a complete complex variable medel
of the transmission network mey be regarded as a canon-
ical one, It is provided here to serve as an lntroduc-
tion, to permit comparison with the netﬁork flow epproach,

and to form a baslis for the check solutions 1in Chapters

3 and 4.

Minimize the total cost, fT’ of subplylng the system
load: ‘ o
min{fT} » f,= If (g)

neG
8

where GS is the set of generators now supplylng the systen, -
fm is the cq?t of generation function, and 8 is the gen-
erated power sent out by generator m. The minimizgtion
1s subject to constraint by the network laws, plant cap;
acities, and statutory limits, as glven below.

1 and reactive power balancse equaticﬁs @ust be

satlisfied at each bﬁs:
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gi = d4d, + D )
- 1 i 1 = 1’2’...’%118
PP 5 ¢ 7y

where g = 3 &, i1s the real pover 5enerated at bus 1,

mEG

G, belng the set of generators connected to bus 1. These

i
generators also procduce ry ¥VAr of reactive power.

d1 MW of real power and ey MVAr of reactlve power are
demanded at bus 1. The apparent power lmpressed on the

network at bus 1 1s 35, = p1 +jq1 MVA.

L7
2. The network equilibrium equations resulting from Ohm's

and Kirchhoff's Laws must also be satisfiled:

=V, z Y§

V 1=12...n
5y 15217137 720

bus

where vy = vieJ 1 1s the complex voltage at bus 1, vy
being its magnitude, znd Qi its angle. Yij is the mutual
admittance between bus 1 and bus J.

3+ The capablility of a typlcal generator to produce appar-
ent power‘is a complicated function defined by several
different technological limits. For economic schedullng
purposes the following gsimple inequalities adequately 1limit

the output power:

Luin < g < ghex £
“n . meG
nin < L0ax 8
r r
T = 'm T 'nm

The reactive 1limits should include the effect of the gen-
erator transformer.

4, Narrow limits on the bus voltage magnitude are normally
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required in order to ensure quality of supply to the cust-

omer.
min < Rax -
Vi Ny Vi I Vi i l,2,nco,nbus

5. A variety of factors, 2s discussed later in section
2.1, combine to require the placing of a.limit on the'flow
of power in each branch. A convenlent expression of thils
requirement 1s in Qerms of the branch torque angle,

€y - G%:

18y -~ & < 67" h= 1,2,000,0
where branch h connects bus 1 with bus J.

6. Transformer tapping ratios must take discrete values

cerresponding to tap positions

~ min 2 max
nh - nh ’nh,ng,o‘.’nh

but relaxiné this requlrement to

min < . 08X
n, X n, I ny |
for computational purposes seldom renders the results un-

accepltable.

1.4. Selecting a mathematical programming method 4

| The increasing capabilitles of diglital compqﬁing
machinery has spurred remarkable advapces 1n,the'theory.
and application of mathematlcal programﬁing. A broad
spectfum.of problem formulations and accompanying optimi-
lzation techniqﬁes has grown up. The new 1ldeas have been
eppllied

to 2 wider circle of Industrial problems, among

them that of economic operation of‘electfic power systems,
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Several power syatem models have been proposed for
the load dispatchiné task, Linear programﬁing, nonlinear
optimization, and dynamic prograﬁming methods have been
used in the works referenced in squares (1,3) and (2,3)
of Figure 1-1. None of these approaches has as yet.emerg~
ed pre-eminent, and the searcﬁ centlinues for an efficlent
and accurate method of calculating instantaneous econoniec
schedules of generation. Tt is of interest at this point
to outline some of the factors influencing the author's
search for a new technlque of load dispatching.

The primary goal was to be able te schedule generatlon
on a natlonal scale, dispatching the load to hundreds of
units, Spéed of solutlon was an essentlal requirement if
this task wefe to be possible. Low solution tilmes dict-
ated simplicity in the system mddel and eliminated the
complex varlable network model from consideration. Fur-
thermore, the economic Interactlion between real and react-
ive power schedules was expected to be relatively unimp-
ortant. There is not much flexibility remaining in the
reactive schedule after the voltage control reqﬁirements
have besn met.

It was also observed that the input-output.cost of
generatlion curves are most accurately represented by one
or more linear segments.(46) This fact in itself suggeat-
edAthe ugse of linear programming. However, an additional

simplification that demaﬂded attention was the ilmportant
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fact that but a single ccmmcdity, real power, was involved
in tne optimization.

General linear programming formulations typlcally
undertake the optimization of a system of equations whose
varlables représeﬁt many different commodities or types of
activity. Trasnsportation mbdels are speciélizedilinear
programming formulations where a single commodlity is to
be transported from a set of sources té a set of sinks.

A transportation problem can be solved much more rapidly
by a transportation algorithm than by a general linear
programuing brocedure. |

The economic schedullng problem does not fall nat-
urally into formulation as a transportation probleﬁ because
the transmission network introduces an additional degree
of complexity not easlily accounted for,

Following these observations, an intermedlate app—l
roach was sought, lying in complexity between the trans-
portation problem and the general llnear programming prob-
lem. Such a formulation was found: the statle, eslngle-

commodity network flow model.

1.5 The network flow method

In 1861, D.R. Fulkerson presented an algorithm for the

sclution of minimal-cost network flow problems which he

- -~ -~ n -~ ~ ta 1 [ = o ammm 2R o -
alled the 'Outl-of-Kilter Method'., (JSee appendix 1,

reference 3) It 1s the most general of a family of
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algorithms that solve statlie, single-commbdity network
flow-problems. Internally, the procedure operates in quite
a different manner than a general linear programmiﬁg_rou«
tine. A node labelling techniﬁue is used in finding the
optimal solution, #nd the'only arithmetic operations car-
ried out in doing so are addition and subtraction. As a
consequence, this speclalized solution method tailored to
the network flow formulation can realize important savings-
in computing effort. o

Appendix 1 contains a complete description of Fulker-
gon's algorithm, as well as definitions of network flow
terms., In the next chapter, Figure 2-5‘shows the network
flow model ?f a small power systen, |

It 1s a relatively stréightforward task to construct
a network flow model for the economic schedullng problem,

A second advantage of the approach is that the network

flow algorithn has a well-defined termination property,

as does. the general linear programming routiﬁe. The sol-
ution procedure indicates that an optimal feasiblg solution
has been reached; or that no feasible solution to iha
problem exlsts. Thirdly, the network, flow solution will
always be a global optimum solution as a result of the |
netwofk flow formulation éeing a linear prograaming special
.cases In contrast, a nonlinear modellmay have its_solu- '
tlon method fail to converge, 6rvconveré¢ tolan unecon-

omic local optimum..
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1.6 Contribution of the thesis

A new method of economic scheduling with important
edvantages is proposed and demonstrated in this work.

There 1s a direct'equivalehce between the economic sched-
uling problem formulation and its network flow model.'

Thus we have achleved a mathematical programning formula-
tlon and solutlon, wlthout recourse L0 heurlstlc techni-
ques as implementéd in an informal digital computer pro-
gram. Conseguently, the solutlion technigue is well-behav-
ed, guaranteeing a global optimal solution where'one existis,

Choosing the network flow method was the resuit of a
delliberate policy to bulld an.economic scheduling model
of minimum structure consistent with obtalning accurate
real power échedules. With thls cholce, a good trade-off
wags also achlieved between complexity of power gysyem rep-
resentation and computer solution time. Hence the goal
of belng able to calculate economic schedules for very
large pover systemé could be met.

The expectations for the network flow approach were
teéted in an extensive series of computational egﬁeriments;
Chapter 3 describes checks that were made on the-basic acc-
uracy and speed of the metnod. Ghapt;r 4 examines some:of
the errors and assumptiong lnherent in economic scheduling

models, and shows that the coarse structure of the network -
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Finally, the conclusions of Chapter 5 draw together
the results of the previous chapters, and are a confirma-
tion of the ﬁalidity of thils new approach to the economic

»*

scheduling of electric power generatlon.
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Chapter 2 A NETWORK FLOW FORMULATION OF THE ECONOMIC

. SCHEDULING PROBLEM

Having épecified the nature of the power systém_econ—
omle scheduling problem in thé‘previous qhaptér, the next
step 18 to express the saﬁe problemnm in mathematical pro-
gfamming terms., This chaptef develops the network flow
formulation in detall; at the same itime relating the model
to the physical elements of thé power systen. |

Both the formulatlon and 1ts sélution make usé of a
nunber of elementary ldeas from graph theory and ﬁhe the-
ory of network flows. The greater part of these are pre-
sented in Appendlx 1, sub-section 3.1, the remalning ldeas
being introduced here as required. It is fortunate that
the network flow model, becﬁuse of its slmplicity, may be
readily undefstood and applled. However, its technlque of
solutlion, the 'Out-of-Kilter Method' is a complicated.one.
Sub-section 3.4 of Appendilx i describes the Out-of-Kilter
algorithm, '

2,1 Braﬁch model

'A pdwer'syétem transﬁission network connecté the var-
1ous busses of the system, allowing the transportation of
~electric power.ﬁetween loéalities} The indlvidual serles
- branch connecting two busses may be a.transmission_line,

a cable, é‘transformer, or a sérieg reaétor. Although
these equlpment types are dissimilar, each wilth their own

properties, they all can be modelled in the same way for
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the purpese of economlic scheduling. The series branch
network flow model is created for eachbranch independently,
without reference to the other branches of the network,

In modelling the branch, the foremost concern is to
correctly cost the itransport of real péwer over thaﬁ branch.
In addition, we would like to place a limit on the branch
power flow. .

Figure 2-1 plctures the general series branch h, show-
ing a real power flow of p,, MW flowing from bus 1 to-bus
J. Although there 1s no physleal mechanism nard-limiting
the flow of power in a branch, 2 number of practical con-
siderations lead power system operators to impose limits
on the permlssable flow. Some of these are as follows,

Transmission line steady-current thermal limits, ex-
pressed in Amperes or MVA, as well as transformer and react~
or MVA ratings may not be exceeded, A network securlty
line outage study may specify real power limits for a branch.
Similarly, stability studles may place a restriction on the
angular displacement of two busses connected'by.a long
trensmission line. _ _

The power system voltage is usually regulated to with-
in quite narrow limits, Under such constant-voltage.Opera-
tion, power flow limits given in MVA, degrees, or Amperes
can be expressed as a limit on the real power flow, in Mw,
The error of approximation in doing so is inconsequential .

when related imponderables such as security and stability



28

fwd
A
’ ,
. A
\ AI'VS
Ah
fn(py) ) )
N
Cost of
transpor-
tation,
t/h
~,
8 fwd
Pn Pn

Figure 2-1 Branch model Power flow, MW



29
definitions, wind and alr temperature are considered.
Moreéver, the coarse structure of the network flow trans-
mission system model makes fine attention to this detail
superfluous. )

Taking the most restrictive of the branch limits as

the operative one, a set of inequalities may be written,

one for each branch in the system:

rve fwd
<
P, I Py X P,

Since the power flow may occur in the reverse dlrection,
taking a negative value, pgvs i1s a negative quantity.

rvs fwd

p, may differ in magnitude from 2 if, for example,

i1t happened to be a security limit while pgwd was a ther-
mal limit. ' |

The cost of using branch h to transport power is the
cost.of the power losses in the branch. To start, an ex-
pression for the power lost as a functlon of the realvpower
flow is requlred,

The quadratic loss fﬁnétion for.the genéral branch
h can be written
Iy = ahpi
wherelh is the MW power ldss in tranemitting p), Mi7. For
each branch, the three-phase full-load power loss 1s eiﬁher
tabuléted, calculable froﬁ standards, or can be calculated
from the branch parameters. Substituiion into theﬂquad-
ratic glves a value for 8y, o \ |

Let X'8 be the average incremental cost of generation
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in #/M¥h. In this formulation, it is a single constant.

In applicatlon, A2V8 can be ad Justed for ﬁhe total demand

level, or assigned different %alues in different parts of
the network, to reflect local economics of power genera-
tion,

If £}, 1s the branch costAof transport in &/h, then
£, = AVBL = 33VE o2 .
So in each Dbranch, there 1s a quadratic cost function
assoclated with the flow of real power through the branch,

Now the network flow model of brancia h may be counstruct-
ed. The branch quadratlc transportation cost function can
be handled by a convex plecewise llnear approximation
similar to that described on page 155 of reference 4 in
Appendix 1. Fligure 2.1 illustrgtes how the branch power
~flow 18 modelled by the sum of arc flows:
Pp = k§A£dek B kEAﬁvsxk

fwd
Ah .
the forward flow of power in branch h., Three arcs are

is the set of arcs with orientation (i,)) modelling

shown 1n the figure, but any number may be chosen. Since
arc flows are non-negative vériables, provision must be
made for branch power flows reversed from the réference'
direction. Thls 1s done by including in the branch model

a set of arcs Agvs with orlentation (j,i) symonetric to the

forward set Agﬁd.

To allow a 2ero flow; the lower bounds on all arcs Ah’



of the branch model must be zero
Ay =0 ke,
The quadratic cost function of Figure 2-1, and the dis-
cussion below are with respect to the forward flow alone,
as the reverse flow model is identical.

Each arc, k, models a segment, s, of the plecewlse

linear approximate cost curve. Let the upper breakpoint

of the segment s be pi. Then

_ _8 s-1
Ue = Ph ~ Py

For segaent 1, pg = 0, and Uy = pi; For the top segment,
t, pﬁ = p§Wd, and u, = pgﬁd - pgnl. There 1s no diffic-~-

ulty in setting pﬁwa and the breakpoints to integer values
in megawatts. Then, the arc upper bounds will take on iﬁt—
eger values, to satiafly that requirement of the network
flow formulation.

The arc cost, Cles is a scaled value of the slope of
the corresponding segment, s:

s a-1
cx = fulpp) - furlon " )esy

1

P
Without multiplication by the scale factor Sp the arc costs
would be decimal fractions, and they must have integer
values'for the network flow algorithm. 7
The multiple-arc network flow model of branch h is
completed by the additicn of the reverse arcs. It remains

to check the validity of the branch model.
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GChoosing a scale factor 8p = 106 ensures that nons
of the arc costs are zero, In the power systems studled,
even tne lowest segment on a low-cost branch such gs.a
transformer has a.correspondiné arc cost of a two, or thres-
digit integer., This confines the arc flows to the forward
fwd rvs

h s oOr tbe reverse set Ah

osing set belng zero. That property follows from the uinl-

set A , the flows in the opp-
mlzing nature of the solution algorithm. For, suppose the
converee were the case and flows wers set-up in Fwo oppos-
ing arcs., But the two flows can always be replaced by a
single flow equal to their difference end costing less to
maintain. Thus only one set of flows can be active in a
glven solution, and we can confine our attention to the
forward, or'to the reverse set of arcs in the branch model.
'Suppose a real power flow, Py had a value placing it
in segment s, Then, because the solution algorithm min-
imizes the cost of arc flow, 1t willl bring up the flow in
the arc. corresponding to segment 1 first, as that arc has
the lowest cost. With that arc flow on-its upper bound,
the flow in the arc corresponding to segment 2 wiii be
activated, and S0 on in numerical sequence, gince the arc
costs are monatonically increasing and form a convex func-
tion.' In the end, the flows in the arecs corresponding to
_segments 1, 2, ..., 8-1 will be established at their upper
bounds, with the flow in the arc corresponding to segment

8 making up the final difference.
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With the correctness of the netwerk flow branch model
verified, the last step ls to show how the branch power
flow 1s reconstiructed from the arc flews. Rather than
evaluating the expressicn for Pp previously set down, we
can use the properties Jjust described go indicate a.comp-
utatlonally more efficient, yet equlvalent method:

P, =%y x

kzaﬁc%

A§Ct 1s the set of sctive arcs. HMore simply, the sum 1ia

taken over only the active ezrcs, the remainder belng ignhor-
ed, and 1s given a sign appropriate to the direction of
flow,

2,2 Generator model .

Generating sets impress power on the network for
transmission to the demand busses. More than one selt may
be connected to any given generating bus. Each set 1s model~
led individually, having limits and a cost placed.on its
power production. .

The performance chart, or capability dizgram of a
typlcal gene}ator, m, is drawn in Figure 2-2, with preal
povwer plotted on the vertical axis. Net real power, in'
megawatts sent out to the system, g, is.the quantity to
be represented in the model. It 1s the power output at the

stator terminsls minus the power regulred by the auxillliary
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equipment, - is limited by the designed capaclty of the
boilén/turbine conmbination to produce real power: ggax.

In the model, the assumption is made that the systém.
will be operated so that theré are no important 1nterf
actions between reai end reactive power generation. That
13, the zlternator MVA 1imit; or any otner limit, will
not be active on any set to reduce its maximum real power
generation,

Besldes a maximum power capabiiity, each geperating
unit has a lower limit, ggin’ on its power output. This
cen be dictated, for example, by the inability of the boil-
er to run on low load, or by overheating in the steam tur-
bine low pressure stage. |

Thus the range of operation of each generator can

be expressed as:
ESgin < &, < gg]]ax

Ail‘the modern British turbogenerators are deslgned
to reach maximum efficlency at full load, and thelr gen-
eration cost curves are straight lines.. So for economlc

scheduling purposes, each generator has a single.incre—

mental cost of éeneration; A

q» Over 1ts range of opera-

tion. The cost of generation is

Tn = Moy * Cn

E/ h. ¢, 1s the fixed, no-load cost of generation. The
Merit Order 'B' Table is a list of sets ordered by their

lm with the most efficlent ones coming at the top of the
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table, and having low values of incremental cost.

Recall that in the economic scbeduliﬁg problem, sets
are pre-selected and are not frée to come on and off the
systen. Then the sum of the no-lozd costs, cm, will.con-
tribute a fixed additive constant to the total system
generating cost. The optimal‘schedule 1s 1independent of
this total no-load constant cost. Therefore, only the
vaﬁiable part .

Ty = 7\mgm
of the cost of generation need be included in the formula-
tion,

The network flow model of the British single-cost
set takes a particularly simple form, that of a single
arec, k = (a,i). Terminal node 1 correspoends to the power
system generator bus i, while start node a is the network
flow model éource node supplying all the generator models.
Rounding generator pover limits to the nearest megawatt

glves the arc flow bounds:

.. min .. Jmax
ﬂk T 8y Yy = Bp
hm’ the generator incremental cost, has a significant frac-

tional part, and so must be scaled up. The cost scaling
factor, Sps 1s the same value as used for the branch cost.
C = A Se

After the network flow solution has been calculated,

the generator output power 1s

&m T *x
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“In the United States, the design of generating units
1s such that thelr ccst curves resemble the one sﬁown in
Figure 2-3,(12,25) The turbines have more than one steam
admisslion valve, and this éllows them to run efficiently
at less than full load. A partly-opened valve gives rlse
to throttling losses. The effect of the valve throttling
losses 1s to cause the cost curve to 'loop'! upwards in-
efflclently at the points where a new valve 1is opened,

The classical American scheduling method (32) épprox—
imates the generator cost curve by a quadratic functlion
fp = amgg * by8p * Cp
Dropping the constant term as before leaves the variable
portion of the function as
T = amgg + by .
computational examples of which are presented in Appendix 4,

A better approximatlon to the multi-loop cost curve
is a segﬁented straight line function, wilth breaskpolints
corresponding to the valve loading points.(46) With this
representatidn the incremental cost of generatlon, instead
of varying smoothly, 1s stepped,- taking on discrete values.
The plecewise linear approximatibn is superior to the quad-
ratlic approximation because 1t tends to load most cf the
generators ﬁp to the efflcient setting just below the valve
opening point. In this way oﬁly the units required for reg-
ulation will incur valve throttling lcsses.

With these conslderations in mind, the network flow
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mode; for a multiple-valve generating unit suggests 1tself
immediately: model each segment of the cost curve wifh an
arc. A unit.with five segment? in its cost curve for ex-
émple, is coﬁpletely described by a group. of five parallel
arcs, all emanating from ﬁhe_source nbde a, and terminat~
ing on the generating bus node 1,

The arc modelling the bottom segment has bounds

~ =2in = 1
lk T Bp Y T Bg

where g; 1s the first breakpoint. Subsequent segments are
modelled by ares with bounds
lk = 0, uy = gg.— gg“l segment s
For the top segment, g; is sgax.

The slope of gsegment s.is the incremental cost of gen-
eration in that range. MNultiplying by the scale factor

Sp glves the cost for the arc modelling segment s,

] 8-
c, = fm(gm) - fm(gm ).s = A 53g
k 5 o<1 f "m7f
&g - g
m m

Thié conpletes the construction of the generator model;
the next step is to demonstrate its validity. '

If the segment incremental costs are monéﬁonically :
increasing, a conditioﬁ that obtains in practice, the net-
work flow model is valid. The fifst arc malntains a flow
at least as great as the minimum 5eneration Sgin. As the
generation increases, the arc flows become active in sequ-
ence in the gsame manner as they do for the branch model,

Reconstructing the generator power output from the
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arc flows

®m keAmk

where Ap, is the set of arcs in the generator model, Agaln,

the lnactive arcs may be passed over when forming the sum.

2.3 Modelllng demands and imports

At bus 1, the power transfers to areas outside the
gystem, and to lower voltage networks not included in the
model can be netted to give the demand in megawéhts, dl’
For a predictive economlc scheduling study, di i1s the value
resulting from a load forecasﬁing program.

The network flow model of a positive demand is simply
a single arc connecting bus 1 to a node w, called the sink
node. As 1ts name implies, wils added to the network flow
model to remove flow from the network. It does not cérres-
pond to a bus 1n the power system. The arc lower and upper
bounds are both set equal to the nearest integer value of
dy s |
fe=ug =4
Thls fixes the arc flow x,

k
point in costing the flow,- so that

at a single value, Therelis_no

ck =0

If the demand is negative, indicating a net import,

ne

ct

» " ~F
L

~ Frn 2V & ascn + EPR
an arc te corisntation (W,1) is used Vo model

power flow. lk and u, are then set equal to the absolute
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value of dy.

Aftef the flow solutlon has been found for the network,
the sign of d1 can be retrieved by exémining the orienta-
tion of the arc k that models it.
d1 = i':‘ck |
The demand model 1is drawn in Figure 2-4,

2.4 The complete model

2.4,1 The return arc

Flow is conserved at each node of the network, a fact
expressed by the conservation equations, section 3.3,AAppen-
dix 1. The return arc, k = (w,a) satisfies this require-
ment at thé gource and sink nodes by the simple expedient

of Joining them. If we choose

= o, u, = T g?%%, ¢, = 0
ZK k mEGSm Kk

for the return are, it will not affect the soiution.i The

preclse value selected for u, is unimportant.

2.4,2 Power balance equstions

At each. bus in the system there exists a balance bet-
ween the power entering and the power leaving. .That 133
the power generated must equal the power demand plus the
power transported elsewhere. Algebraically this require-
ment 1s expressed by a set of equations, one for each bus

in the system:
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bus

)2 =d, + ¥Dp 1=l,2,..=,n
mstm 1 h

G-1 ls the set of generators feedlng bgs 1, 2nd Bi 1s the
set of branches connected to bus 1. We must check that
the network flow model of the system satisfles the power
balance equations.

Substituting the network flow equivalent expressions
for the three types of model element: |

5 Tox =dx, + L (X )

- ¥ X.
neG. kel heB keA?dek keAFVs ¥
i m i h h .

1 = 1,2, Ol.’nbus

These arc flows can be collected into two sets, those im-
pinging on the node representing bus 1, AI, and thbée ra-
diating from 1t, A;. For example 1f a demand term were an
lmport, 1t would bear a minus sign 1n an above equation,
and would be 1included in the set AI. Rearrangling,

Z_X-"'-ZX 1:1200-1'1
keA1 k ksA; k o >“bus

The equations thus written are seen to be but a subset
of the network flow conservation equations described in
Appendix 1. Since the solutlon algorithm maintalins con-

servation of flow at all nodes of the model, the power

balance equétlons are therefore automatlically satisfled,

2.4.3 Cost form;;
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1s the linear QOst form minimized by the network‘flow
algorithm., The demand arcs and the return érc were given
cost coeffilclents of zero and so may be omltted from the
cost sum. Many arcs in the branch and generator models
wlll be inactive, contributing nothing to the cost of flow,.
Rewriting z as the sum of terms making a positlive contribu-

tion to the flow cost:

z = ¥ Yy e, X, + X b ¢, X
haBs keA§Ct K7k meGs kSAECt Kk

2 18 expressed 1n two sums, the first belng the power trans-
portatlon cost, and the second the cost of power genera-
tion. »

The relatlive magnitude of the two parts of z 1s such
that generatlion costs dominate the solutlion, Jjust as in
operational practlce. Herver, the multiplier A?Vg applied
in costing the losses, results 1In transportation cost co-
efficlents cj of magnitude sufficlient to influence the
solution to the proper degree. When 1t 1s more economlcal
to transport power than generate it locally, the cost co=-
efficlent values will permit the solution algorithm to

arrlve at that result. ,

2.4.4 A small example

The five-bus test system -GHKS5 of Appendix 4 serves
here to lllustrate the overall structure of a power system

network flow model., Models for larger systems follow the
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sane pattern. Branch cost curves are modelled with three
seguents and generator cost curves with five. The.pétwork
diagram is drawn to overlay the power system diagram of
Figure 3-2, Although 1t appears cluttered and intricate,
its tabﬁlar realization in a digitel éomputer is not,
Note the connection of the source and sink nodes by the
return arc. As there is no demand at bus'3, no demand

arc iIs required to be in the model at node 3.
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Chapter 3 COMPUTATIONAL EXPERIMENTS IN ECONOMIC SCHEDULING

3.1 Purpose and method

The network flow approach to economnic scheduling was
chosen because it held the promise of low solution times
for large power sjstems. Demonstration of thls expecta-
tion as a fact required a series of computational exercises
on test systems of various sizes. Sectlion 3.2 glves a
brief summary of these systems,

The first concern was to verify the correctness.of the
problem formulation and of the computer programs. As econ-
omic schedules for the smaller examples were compulted by
the network flow method, they were manually checked for the
slightest devia%ion from optimallty, constraint satisfac-
tion, or flow conservation., No such anomallies were found.
The computer programé used in the experiments.are introduced
and discussed in section 3.3, and their'documentation is
provlided in the Appendicles 1, 2, ahd D |

One of the chief objectives of the experiments was to
record the solution time for a large test system. A timing
subroutine working from the computer's internal clock calc-
ulated running times to a fractlion of a second. The largest
system, SG149, was used for this test, the result of which
is included in Table 3-4, .

A more difficult undertaking was the investigation
of the accﬁracy of the economic schedules produced by the

network flow method. Complete'complex vériable models of
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the five smallest of the seven test systems were construct-
ed and used in these checks. It was assumed thaﬁlconclu~
sions reached for the representative, medium-sized test
systems MB23, KS28, and BCAS6 would be valid for the two
largest systems, GR142, and SGL49. Checks.on the schedule
accuracies for GR142 and SG149 were not attempted.

To solve the complex variable model, a conversational
mode load flow program was written. Thls general-purpocse
program was employed in finding optimal econonic schedules,
in checking network flow econonic schedules, and 1n the
investigations of Chapter 4, It is described In Section

3¢3.2, and documented fully in Appendix 2.

3.2 Test power systems summary

Four of the seven test systems were abstracted from
CEGB data, and three were taken from the American llterature
on load dispatching. The following table permits comparison .
of the test system sizes.

Table 3-1 System sizes

System Branches Generators Demands Busses’

GHKS5 5 3 4 5 !
5019 24 4 10 19

K528 35 10 24 28

MB23 0 . 24 23 23

BCAS6 84 43 45 56

GR142 175 60 ) 79 142

sal49 185 177 96 149
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_All seven systems are describedvin some detail'in
Appendix 4. That appendix also includes data for the first
four systems; comprising complete branch data, generator
déta, and real pover demand patterns, The remaining data,
defining the complex model operating conditions for these
four systems, may be found with the optimal solutions in
section 3.4, 1In the tables and figures t6 follow, spb
stands for segments per branch, and spg denoteé segments

per generator.

3«3 Conputer programs descriptlon

3.3,1 MULTAR, Multiple arc out-of-kilter network flow

routine

. With many posslble areas of application in industrial
problems, Fulkerson's network flow algorithm 15 a'quite
general one., GConsequently, this wvaluable characteristic
was retalned in its implementation, the MULTAR routine
being written as a general-purpocse géthemaﬁical programm-
1ng module, rathner than speclalized for the particular
applicat;on ;n hand. Appendix 1 1s a complete décumenta—
tion of MULTAR. ' . '

RS OKFl (See Appendix 1, section 16) is a previous
inplementatlion of the Out—of-Kiltér Method. It is an intri-
'cate, optimized'program, aﬁproximately twice as fast in
execution as MULTAR. However, it could not be converted

to run under the IBSYS monitor of the IBM7094, and moreover,
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would have bteen difficult to imbed in the power system
economnic scheduling program., The trlals using RS OKFl
were valuable nevertheless, gince a reliable indication
of the time improvement tc be galned through optimlzed

computer programning was obtalned.

3¢3.2 CMLFP, Conversatlonal mode lcad flow programn

This program was written for the small PDP-9 digital
computer, allowlﬁg close interactlon between the operator
and the power system model vla the KSR33 telstype. In this
way, the advantages of both the network analyzer and the
dlgital computer were realized in one lnstrument. The
program was written entirely in standard FCRTRAN.

The electrlc power system complex varliable model
assenbled by CMLFP défines £he felaiion.betweén the steady
state system complex voltages and powers. GMPFP uses the
well-known method of Glimn and Stagg (Reference 4, Appendix
2) to solve the network equilibrium equations. It has no
automatic features, relying on the operator to adjust systeﬁ
conditions for constraint satiasfaction or optimization.

A version of CMLFP was prepared for the IBM7094 in order

to produce results on dlagrams, and to solve thé 1arger.te9t
system, BCA56, The branch data format of CMLFP ls compat-
ible with NFESP, the network flow economlc scheduling

progrem.
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3.%.,3 NFESP, Network flow economlc schedullng program

NFESP was.the main instrument by which the ideas of
the thesis were checked. In outline, it constructs the
network flow model, calls upon MULTAR to solve it, and
tatulates the solution in ppwer.system terms., The program
1s described in Appendix 3. Full documentation 1is not
glven, firstly because of the program size (951 text lines)
and secondly because 1t 1s experimental and not likely to
be of direct use in its present form. The program sectlons
that are reproduced are key ones: they 1llﬁstrate the imp-

lementation of the theory.

3,4 Optimal economic dlspateh for complex power system .

medels

Determination of the cptimal operating point for a
complex variable power system model 1s in general a difficult
exercise. The real power generation schedule and the bus
voltage magnitude profile must both be adjusted to glve
the minimunm cost of generation, Iﬁ doing so, none of the
constralnts 3 to 6 in section 1.3 may be violated. Recent
research (14,15,16,50) on this problem has produced computer
programs capable of finding an optimal point automatically;
Lacking such a program, the author resorted to manual

searches for optimal operating polnts, making use of CMLFP.

ks

The search is begun by setting in a near-optimal solu-

tion, either estimated in advance or obtained from a previous
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result in the llterature, In some cases the voltage pro-
fille avallable in research papers was very near optimal,
and thus could be used directly. For the two British sys-
tems, a careful ad justment of the generator bﬁs voltages
and transformer taps was fequired forvconstraint satisfac-
tion. Then the search is carried on by swinging generatlon
in pairs to obtain pairwise optima. '

One of the busses 1is designated the slack bus. Rais-
ing the power output at the other bus will cause a nearly
equal drop in generation at the slack bus. The locus of
the system operating point projected on the generation space
of these two busses is a gently curving line, Three or
four decreasing 'swings' are usually sufficient to locate
the minimum—cost point on the locus. A second palr, one
or both members of which may have been swung before, is
selected and the process repeated. The overall cycle 1s
iterative, readjusting all possible palrs untll no change
in cost can be observed. A check on the optimality of the
voltage pbofile follows the optimizatioh of the generatlon
pattern.'

The}proéedure, although primitive and somewhat tedious,
1s easy to operate manually. Its last cycle forms a test ‘
for optimality. Up until then the operator can omit pairs
ﬂe considers to have little effect on the minimizatlion,

An additional help is recelilved when some of the 5eneratioﬁ

busses have active real power constraints, since these also
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can be omitted until the final check for optimality.

nTable 3-2 summarizes the optimal solutions for five
of the test systems. The listed cost of generatioﬁ does
not include the no-load cost. In the case of the American
test systems, the quadratic cost curves glven in Appendix
4 were used. Following Table 3~2 are included listings
of optlimal solutlcons for a single load level on each of

the four smallest test systems;

3.5 Applying the network flow schedule to the complex

model ’

Before the network flow economic schedules can be check-
ed for accuracy agalnst the complex variable model optimal
solutions, they must be applied to the complex model itself.:
This is because in the network flow model the transmisslon
losses are not included in the real power balance and the
generation Jjust equals the total load. When the network
flow schedule 1s applled to the complex model, there will
be a deficlency in generated power equal to the system
losses. Using CMLFP, that amount of generation will auto-
matically be plcked up by the slack bus, resulting in off-
6ptimal qperation; Thls behavliour results from the method'
of soiution or the complei model, and is not what would
. happen in practice on the actual powef system. CMLFP
must therefore be so handled as to reflé_ct the performance

of the system on being instructed by a network flow schedule;
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not a difficult requirement.

For the British test systems MB23 and BCAS6, g#ner-
gtors operating 'in range' were brought up to meet the
loéses, and if this were pot sufficlilent, the Merit Order
'B' Table was then followed. . |

In contrast, operational practice in the American
test systems was simulated by increasing the level of gen-
eration on each unit in proportion to its size. The only
generators not assisting in the maintenance of the real
povwer balance were those already generating at capacity;
Even those operating at thelr lower limits were requifed to
pick up generaﬁion according to the size rule. Expressing
this operational event algebraically, first let G, be the
gset of regulating generators. Then the fractlon of the

losges supplied by generator m 1s

max
a
max .
L 8
m
meG,, .

In using CMLFP to simulate this action,'there 1s a very
small difference in the losses due to the slightly modified
generatién séhedule. The newly—found‘losses'are then
re-apportioned by the same rule. Two or three appllca-
tions of the procedure are sufficient_to reach the desired .

simulated condition.
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Table 3-2 Optimal economic schedules for complex power

gsyatem models;

Test Demand Total

system Igh®¥

%

United States

GHKS5 67
47
SQ19 68
47
Ks28 81
53

Britain
MB23 90
79
BCASH 93
80
GRL42 87
SG149 87

net
demand

MW

266.0
186.4
310.7
217.5

17320.0

1138.5

2643.0
2300.0
2118.0
1830.0
3279.0
16940.0

a_summary
Real Tréns— Cost Losses
power mission of <+demand
generated losses generatn %
MW MW
#/n
271.9 549 962,49 2,2
189.0 2.6 625,720 1.4
316,5 5.8 451,39 1.9
220.9 3.4 304,24 1.6
1816.5 86.5 3579.37 5.0
1180.0 41,5 1700.11 3.6
/h
2689.5 = 46.5  3795.71L 1.8
2333.1 33.1 3158.89 l.4
————————— not checked-;—-—~——~~-—~-
1858.9 28.9 4105.88 1.6

- - -



STAGG 5 8U!S SYSTEH

THEIR
y
1.050
1.340
1.059
1.016
1.015

56

PAPER -
THETA
4,734
9,000
84255

-3.766
“30917

QR

-170
0.
O,
09

‘11'

STAGG 5 BUS SYSTEM

v
1.050
1.040
1. 050
1. 016
1. 015

5
3

DN W

THETA
4.883
6.300
T«N29
“4.140
-40177

QR

-18.
—Oo

5
3

'004
0.7

GHKSS GLIMN, HABER™MANN, KIRCHMAYER,
DI2AZ3 ET AL DPTIMAL SOLUTIGN FROM
BUS PL QL oG QG
1 86,00 20,00 17740 9,23
2 80.00 10,00 46,31 31,42
3 .00 0,03 55.20  N.15
& TO.00 - 3,09 N. 10 13.90
5 30,00 12.00 CeD0  11,5C
LN SB  EB PS PR Qs
1 1 2 8404 82.4 -10.8
2 2 5 28.2 27.6 2.2
3 2 4 2r. 5 2041 1.6
4 4 S 204 204 0.2
5 3 4 55,2 52.3 0,2
GHKSS SLIMN, HABERMANN, KIRCHMAYER,
NETWORK FLDW SOLN WITH GENS INCR PRGP TO GHMAX
BUS PL QL PG QG
1 86.00 20.0)2 173.00 8.71
2 80.C0 10.30 47.39 31.56
3 0.00 0.00 51.40 0. 36
4  70.C0 3, 00 0.20 13.34
5 30.00 12.00 C.00 11.67
LN SB  EB8 PS PR QS
1 1 2 87.0 84,9 =-11.3
2 2 5  29.9 29.3 1.9
3° 2 4 2244 21.9 1.2
4 4 5 N.7 Qe 7 0.7
5 3 4 Ele4 48,9 0.4

Figure %-1 GHKS5, 266 MW, optimal solutlon and check solu-

—9-3

tion for 5 spb, 5 spg network flow test

'!il

¢



GHKS 5

TWIN BRANCH

84.4< 1> B2.4
"10.8 >—1795

FT WAYNE

B64 0
206 €

MARION

101.5
-309

MUNCIE

171, 6
"3-8

° Figure 3-2 GHKSS5,

12.0

8.3
266 MW, optimal solution

57

PORTSMOUTH
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S@19 _ OPTIMAL SQLUTION TU TAE COMPLEX MUDEL

NEXT.
BR .
BUS PL QL PG QG Vv THETA
1 12.70 7.29 GeBQ |, B.00 €-991  1.327
2 42.50 18.50 B.060 .00 £.990 1.518
3 Z.00 .00 ¢.00 B.080 ©.997 B.477
4 26.286 11.40 B. 00 DBC  B.99¢6 =-C.174
S5 53.468 22.60 G.-00. G600 0e937 -0B+493
6 Z.06 0.0 2.00 .ot B«994 -£.275
7 9.886 5.38 .60 .00 G.992 -B0.772
3 1570 1€.1€ G0 C.0E 2987 =1.234
2 14.60 660 .60 -G€.00 2.985 =-1.864
16 36.60 16+38 C.Q0 Q.60 D992 BG4l
11 38.72 12.20 G0 G006 B.993 -@.113
12 68.5¢ 22.20 0.00 .00 G.995 -G.142
13 G060 1.50 G.00 G.06 G.994 -£.268
14 £.00 18.60 D.00 G.00 £.995 Z.581
15 @00 1.80 Q.00 b.80 G.988 -1.836
16 @.60C @00 27.60 16.85 1.0 -0.686
17 G.00 £.00 25.7¢ Bell 1.000 g.591
18 Q.00 0.0 222.80 2.99 18828 10.862
19 @.00 6.0 41.24 7T1.69 1600 G.000
NEXT.
PF ’ :
LN SB EB PS PR Qs @R
-1 2 1 6.6 6.6 -3.2 -3.2
2 2 3 270 26.8 -21.6 -22.2
3 18 2 T17:.6 T6.1 2.2 =-10.3
4 18 1 T2« 4 71.8 2.0 -2.9
5 18 10 7261 T70.5 led4 =-12.1
6 1 10 649 64.6 -18.0 -19.5
710 4 650 64.9 75 7.3
8 4 S5 38.7 38.6 be 4y 6e1
9 6 5 14.8  14.83 12.9 12
10 16 6 14.9 14.8 12.9 12.8
11 6 13 -0.0 0.0 11 1.1
12 19 11 33.6 33.5 =374 -37.5
13 12 11 - 5.2 S. 384 38.3
14 19 12 65.9 65.7 49 .5 49 . 1
15 19 16 3.1 3.1 1.1 -1.1
16 19 3 -27.8 =27.9 23.9 23.6
17 16 17 21.2 21341 6.5 6.2
18 7 8 11.3 11.2 2.5 2.4
19 8 9 1446 1446 -0l -B.2
2@ 9 15 ’ @0@ G-@ -5.4 -5.4
21 17 8 19.2 191 A4 =7
22 17 16 5.3 5.3 ~1.0 -1.1
23 3 14 ~1.1 -1.1 2.9 2.9
24 17 14 1.1 1.1 3+ 4 3e 4
NEXT.

Flgure 3-3 5Q19, 310.7 MW, Optimallsolution
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KS28 KIRCHMAYER AND STAGG AEP 28 BUS SYSTEM

KS28 OPTIMAL SOLUTION Dl LOADS, NOMINAL VOLTAGE PROFILE

BUS PL oL PG 0G v THETA .
1 86.00 30.00 92.60 33.56 1.012 -23.267

51.00 25.00 150.00 14.20 1.002 4.836°

0.00 0.00 92.00 16,44 1.001 3,120
81.00 38.80 177.42 40.55 1.040 0.000

5.10 3.10 294.00 —-28.57 1.050 1.276
117.00 28.00 116.00 41.03 1.036 -7.620
83.80 -6.00 82.00 21.56 1.040 —-16.977
47.30 31.80 0.00 10.99 0.996 =23.418
10, 17.90 15.20 0.00 1l4.34 0+990 —24.428
11 28.00 8.00 18.00 19.04 1.000 -8.785
12 0.00 0.00 111.00 -20.45 1.000 5.294
13 15.00 8.00 0.00 10.98 1.004 -13.799
14 25,10 15.00 0.00 15.67 1.008 -8.292
15 28.20 10.00 0.60 8.15 1.012 -11.635
16 53.40 20.00 0.00 0.00 1.016 =-7.968
17 29.10 16.00 0.00 =1.76 1.030 -7.492"
18 55.00 24.90 0.00 0.00 1.022 -16.602
19 32.00 15.00 0.00 20.62 1.000 -19.158
20 23.00 13.00 0.00 0.00 0.995 -6.077
21 17.00 8.00 0.00 0.00 0.992 -10.898 -
22 38.20 25.00 0.00 11.92 0.990 -23,592
23 16.90 2.90 0.00 0.00 0.990 =-2.598
24 30.00 5.00 0.00 0.00 0.983 -1.184%
25 127.00 86.00 0.00 52.02 0.987 -1.291
26 0.00 0.00 0.00 0.00 1.004 4,328
27 0.00 0.00 0.00 0.00 1.000 3,321
28  47.50 24.60 0.00 0.00 0.993 2.244

VN F N

_Filgure 3-4 K528, 1138.5 MW, optimal solution, bus quantit
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KSZ8 KIRCHMAYER AND STAGG AEP 28 BUS SYSTEM
BRANCH POWER FLOWS

LN S8 &8 PS PR Qs QR
1 1 9 6.6 6.5 13.8 13.6
2 9 10 6.7 6.7 0.3 0.2
3 9 22 1.3 1.3 1.3 1.3

T4 22 10 1103 1102( "'3-1 -3.2
5 19 9 49,8 48,8 -10.1 -13.7
6 13 19 84,3 ~8l.8 -—18.T7 =-26.3
7 14 13 91.6 89.0 =-18.,8 =-27.4
8 4 14 87.7 84.9 5.7 ~-6.8
9 5 4 14.1 14.0 1.8 l.4

10 5 16 128.8 122.9 -0.4 =20.4

11 15 22 ° 50.9 48.2 ~2.5 =-12.7

12 16 15 80.6 79.1 =-16.,3 =-21.3

13 17 .16 11.1 1l.1 10.1 9.9

14 17 6 1.0 1.0 =-16.6 -16.7

15 17 7 98.3 5.0 -27.9 =-37.0

16 1 18 58.0 57-0 -9,2 "1209

17 18 8 2.0 1.8 =-30.0 -30.6

i8 4 25 227 22.1 25.1 23.4

19 2 25 86.8 84.7 ~-2.3 -11.3

20 3 25 56.6 55.1 -7.6 =-11.7

21 26 27 12.2 12.1 3.4 -3.6

22 21 13 10-5 10.3 _602 _608

23 11 21 27.8 27.5 -2.3 -3.3

24 20 11 38.5 37.8 ~-16.9 =-18.7
25 20 14 32.2 31.7 =-23.1 =24.7
26 23 20 55.9 54,6 =23.7 =27.2

27 12 20 40.7 39.1 -3.1 -11.0
28 12 23 39.0 37.7 ~3.9 -9,1
29 12 24 31.3 30.4 _101 _405
30 25 23 35.3 35.0 ~-17.0 -17.8
31 24 25 0.4 Ou4 -5.1 -5.1.

32 5 17 146.0 13906 "1302 -34,6
33 28 3 =47.5 =47.5 =24.6 =-25.5
34 3 27 -12.1 -12.1 3.7 ° 3.6
35 2 26 12.2 12.2 ~-3.3 -3.4

Figure 3-5 KS28, 1138.5 MW, optimal solution,

brénch.power flows
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MB23 OPTIMAL SOLUTION TO THE COMPLEX MODEL

NEXT.
ALL TRANSFORMER TAPPING RATIOS AT
NEXT.
BUS  PL QL PG QG v
1 64.00 21.80 45.00 96.82  1.050
2 10100 34.00 105+45 103.82  1.050
3 B.00 0.00 0.00 B.08 1.041
4 47.00 15.00 0.800 0.00 1.0813
5 51.00 17.00 =000 0.00 1.617
6 41.00 13.00 0.00 0.00 1.810
T AB.B0 1600 0.00 0.00 0.999
8  1.00 0.00 0.00 0.60 1.018
9 150.00 50.00 0.80 0.00 0.999
18 17700 59.00 0.00 0.00 ©+993
11 130.00 43.00 216.0@ 120.33  1.050
12 6.00 2.00 0.88  0.00 1.026
13 ~4.00 -1.00 0.00 Q.00 1.040
14 430.00 160.60 498.00 235.34  1.050
15 201.00 6620 D00 - 0.00 1.000
16 132.00 43.00 ©.08 @.00 1.012
17 344.00 114.800 0.8 0.00  1.000
18 104.00 34.00 0.00 0.00 1.001
19 376.00 124.08 D00 =-0.00 8.996
20-100.00 -33.00 803.00 222.98  1.050
21 375.G0 123.00 0.00 ©0.00 1.021
22-210.00 ~10.860 0.00 0.60 1.020
.23 129.00 43.001028+.00 219.94  1.050
NEXT . :

Figure 3-6

-

1.03

THETA

-1.056"

Q000
-@e 521
D299

1.314"

1.0890

@0625 ¢

2.139
-1.014
D473
B.002
16. 676
9.412
10.286
18+ 430
16558
15.757
15.814

20.276
19470
23.222

MB23, 2643 MW, optimal solution

4.263 0 11

14

24.504 23

NN UAWN—Z

16 1

12 9
13

15
16
17
18
19
20
21
A%

17
19
20
22
20
21
23
12
13
12
13

24
25
26
27
28
29

30 1

NEXT.

oo U NWD

Do

14
12
12
15
13
17
18
18
19
18
21
22

O NN & R o~

PS
=9.8
0.9
~10. 6
634 4
409
~9..9
"46.8
4441
52.4
8O0
65.9
36.4
63677
B1.5
120.6
325.0
333.8
4268
809
3¢5
385.6
347.5
S17.4
137.7
565.2
65.9
116.8
129.0
149.3
-1@02

PR
-9.9
Be2
"'1102
62.2
43
'1@-3
'47-7
43677
51.3
T76
63.7
35.7
63+5
lel

"119.8

3216

3258 -

42449
807

3.4
379.5
34448
512, 7
1375
558« 7
65.9
116.8
129 .0
149 .3
-10.2

as
23.1
S54.2
413
"21-4
31.4
25.2

* 38-8

-15.0

-11.2

79 «9
—3.8
-5.2

=36+ 3"

b4
-93.0
-16.7
14.7
197.5
-13.2
- 44.5
126.0
T73.6
1560
-5.2
195.2
~19.8
2.1

2.0
21.3

@1

QR
228
52.3
39.8

“24-6
29.9
24.2
363

~16.2
~13.9
T3+ 6
"'906
=142

-38.1

6@+ 6
-100.3

-4706

=575
92.3
~14.3

"4408
628
49 «9

108. 4
-T7.1

142.0

-24. 6

-15.2

-11.2
-1.1
Bl
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3.6 .Computational results

The experiments are summarized in Tables 3-4 and 3-5,
Thelr purpose was to check the. speed and accuracy of the
meﬁhod, as well as to investigate the speed-accuracy trade-
off inherent in the network flow formulation,

An important feature of the network flow model 1s
the facility with which the user may exchange speed for
~accuracy by lncreasing the number of arcs modeiling a plece
of plant. The optimal trade-off between thess two parameters
will depend on the power system, and upon the requivemeﬁts
of the study. Tables 3-4 and 3-5 are analyzed with tﬁis
question in mind., 4

Seeklng additional confirmatlion of the method, two
demand levels were computed for all but the two largest
gystems. Problems of collecting and handling &até, and
the difficulty of finding optimal complex varlable solu-
tlons prévented checks on.the network flow schedules found
for GR142 and SG149, Facsimile reprbdu9tiona of the results
of'ﬁerta;n key and representative trials on the four small;
est test systems are included in this sectlon. éach test
comprises a network flow model schedule and ité corres- -

ponding complex variable model check solution,

3,6.1 British test systems

Modern British turbogenerators are modelled with a

single cost segment. A few of the older 'range' type
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sets remain in service however, and these are modelled
with~a two-segnent cost curve. Thus, with the generator
models fixed, 1t only remains to study the effect Sn the
economic schedule of adding séénents to the branch mogel.

Looking down tﬁe cost difference columns in Table 3-4,
it can be seen that tue saviﬁgs in going from 1 to 2 or
more segments are probably unaccountable in practlce, as
they are leas than 0.04%.

The accuracy of the network flow method 1s gléo placed
in evidence by Table 3-4, Note. that the largest scheduling
error is 0,065%, again a very small figure. CEGB practlce
of scheduling by merlt order without regard to transmisslion
costs is conflrmed in these results.‘

Solution time is a function of model size (number of
arcs) and load level. For a glven system, there is a strong
motive to keep the model size to a mlnimum at one segﬁent
per branch, Higher load levels require longer to solve
since more arcs are initlally out-of-kilter and require
flow increases, The algorithm computing time appears to
vary as the square, or fractionally hlgher eXponeﬁt, of
the power sySteﬁ size, meésured in arcs.

The actlon of the network flow method in accountiné
for tfansmission costs 1s’highlighted in the results listed
. for MB23. Incremental costs of genefation are nearly equai
at busses 2 and 11, and so there exists ‘marginal'’ genera-

tion there. The situatlon is summarized in the following
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table, showiné how the two network flow solutlons bracket
the optimal one. The latter is at an lnftermediate point
on the generator cost curves, ﬁhile the former two solu~-
tions rest on breakpoints in the overall cost function at
busses 2 and 11. A, 1is the inpremental.cost of generation

at bus 1.

Table 3-3 KB23 marginal busses )
Optimal Network flow check solutlons

solution Out-of-merit Merit-order
schedule, schedule,
1lspb 2spb
Bus & M 8 M g N
2 105 2.20 157 2.20 85 2.20
11 210 2,17 179 2.14 231 2,19

In the slngle segment per branch mddel, the cost of
trans?orting power ig too high at the levels present in
the problém, forcing out-of-mefit running and slight cost
errors. The two segment per branch model corrects this

condition.
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Table 3=4 Summary of computational results for the British

Dem-~

and

MW
MB23
26473
26473
2643
2300
2300
2300
BCAS6
2118
2118
2118
1830
1830
1830
cRL42
3279
3279
SGL49

16940
16940

test gystems

Network flow

Model

spb arecs min sec

Lo AV TN | Y = A AR ¥

2

N = I R VIR

348
168
108
348
168
108

942
438

. 270

942
438
270

854
504

1014
644

Computing time
Algorthm Total .

min sec
0 11.88 0 32,27
0 3.08 0 22,25
0 1.58 0 20.42
0 8.70 0 30.32
0 2.60 0 21.73
0 1l¢33 0 20.17
2 4,68 2 45.35
0 3177 1 8.77
0 12.70 0 48,53
1 15.92 1 56.57
0 21.45 0 58.40
0O 8.60 0 44,40
1 29,65 time trap
0 39.10 1 39.67
3 0,40 4 41.53

1 19.45 2 57.23

47,0

Complex model check

Tran Genern

loss cost

£/h

MW
47T.0 3796.66
3796.66
3798.17
3158.89
3158.89
3158.89

47,0

33.0
33.0
3340

4105.88
4105,88

4106.51

Cost
diff

5'h

0.95
0.95
2.46

0.00

0.00

0.00

0.00
0.00
0,63

¥

Cost
diff

%

0,025
0.025
0.065
0.00
0.00
0.00

- — . - .

- -

————— no complex modelg—--



L INE DATA AND POWER

25 LINES
LIN STT END
NO. BUS BUS

NO . NO,
i 1 3
2 1 4
3 2 5
4 8 5
5 2 1
6 3 6
T 4 9
8 9 1
9 8 6

10 11 10

11 8 10

12 9 10

13 13 14

14 14 12

15 15 12

16 18 15

17 23 13

18 1¢é¢ 17

19 17 18

20 19 18

21 20 19

22 .22 18

23 20 21

24 21 22

25 23 16

DES
VoL

Ky
132
132
132
122
132
132
132
132
132
132
132
132
2715
215
275
2715
215
275
215

2715

275
275
275
215
275

LIN
LEN
MI
15
18
24
19
42
40
18
13
21
25
36
36
53
53
47
44
108
12
24
18
5¢
29
25
16
25

FLOWS

I NC RHL
COST

L/MWHR
0. 0385
N, 0460
0. 0599
0. 430
0.1040
0. 0974
0. 0451
N.03338
. C662
0., C709
N. C887
0, 0887
0. 0389
0.0389
D.0341
D. 0324
Ne 0785
0. (090
0.,0173
N.0131
0. 0408
N.0213
Ne 0181
0.0116
N.0182

THML
LIMT
MVA
120
109
109
100
100
100
100
100
100
200
100
100
629
620
629
620
620
629
620
620
620
620
620
620
620

TRANSFORMER AND SERIES REACTOR
DATA AND POWER £LOWS
4. TRAN SFORMER S

X FR
\NO.

26
27
28
29
30

STT END
BUS 8US
NO. NO.

12 8
12 8
12 S
12 9

1 2

HV
KV

275
275
215
215
132

Ly
Kv

122
132
132
132
. 132

POWR
FLOYH
My

0
=23

51
0
0

48
41
42
68
67
0
18
174
375
306

461 -

117

0
376
362
527
152
593

1 SERIES REACTORS

INCRML
casT

L/MUHR

0.C070
- 0070
0.C067
7. CO70
0. C0O31

TH ML
RATG
MVA
155
155
180
155

90

POWR
FLOW .
My

6

155 °

180
155

4
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_ DENAND DATA AND CHEGK

23 DEMANDS

BUS
NO.

VRSPV DWN

DEMD
POWR
My
t4
101

0

47
51
41
48

1

150

177

130

6
-4

4.80

201

132

344

104
376
-100
375
-210
129

2643

1

i
e
MW TOTAL NET
DEMAND

Figure 37 MB23, 2643 MW, 1 spb network flow solution,

s~anch power flows and demand data



GENERATOR DATA AND POWER OUTPUT

24 GENERATORS

BUS S
NO. T E PWR GEN
AT MW MW
1.8 1 15 15
18 2 15 15
18 3 15 15
2B 4 15 15
28 5 52 30
28 6 30 30
11 1 43 43
11 2 43 43
11 3 43 43
11 4 43 43
14 1 83 83
14 2 €3 83
14 3 83 83
14 4 €3 83
14 5 83 83
14 6 83 83
208 5 112 22
20 C 10 334 135
20 C 12 357 143
23 B 6 112 22
238 7 112 22
238 8 112 22
23 C 9 334 135
23°C 11 358-143

2643 MW TOTAL GENERATED POWER .

My

S GEN MIN ECR MAX INCR 2ND
GEN COST COST
MW L/MH L/MH

61 3.22
61 3.22
61 3.22
61 3.22
61 2.20
61 2.20
57 2.16
58 2.19
58 2.17
58 2.14
83 0. 85
83 C.85
83 0. 85
83 0.85
83 0.85
83 0.85

112 1. 71

334 1.42
35771.21
112 1,67
112 1. 71

112 1.67
334 1.35°

358 1.15

MERIT-0ORDER TABLE

24 GENERATORS

NO.

14
14
14

14.

14
14
23
20
23
20
23
23
23
20
11
11
11
11

2

N~~~ N

I
A

T OOOO

Do O3

1 BUS S S GEN

E PWR

[ ]

—
PWNFAUINWLEPVN YOO ONHFOCLNWNE

MW
83
83
83
83
83
83
358
357
324
334
112
112
112
112
473
43
43
43
52
30
15

g

-

15
15

I NCR
cosT
L /MH
Q. €5
Q.85
0. E5
O.85
0. 85
Q.85
l.15
1.21
1.35
1.42
Le 67
1.67
l.71
1.71
2e 14
2.16
217
2.19
220
2.20
3.22
3422
3.22
3.22

Figure 3-8 MB23, 2643 MW, 1 spb, network flow solution,

OPIN M
cnsT I
L/MH N
0. 85
O. 85
0. 85
0. 85
0. 85
0.85
l1.15
1.21
1. 35
l. 42
l. 67
le 67
l.71
1. 71
2.14%
2.16
2.17
2.19
220 R
2.20
3.22
3.22
3.22
3.22

xom

coccccocccocccccCox»X®

e

el

L9

economic schedule



MB23 NETWORK FLOW SCHEDULE ON THE COMPLEX MODEL |

NEXT. LN 5B EB PSs PR 45 OR
ONE SEGMENT PER BRANCH NF MODEL 1 1 3 ~7.1 ~=7.2 22.0 217
NEXT. 2 1 4 6¢6 Ge0) 520 5.2
“BR . ' q '3 2 5 2¢5 2.0 35.9 34.8
BUS PL OL PG QG ’ \ THETA 4 8 5 49 .77 49 « 0 “17«6 =~19.6
1 64.00 21.00 45.00 93.72 1.@586 =1.924 5 2 7 15.0 145 27.6 26.2

2 101.00 34.00 136.98 .94.81 1.050 R.000 6 3 6 ~7.2 ~7.6 24.1 23.2

3 B.00 (.00 G 2.90 1«041 =1473 T 4 9 =41.0 =-41.8 367 34.7

4  47.00 15.08 Be.00 330 1.813 -1e418 8 9 7 33.8 335 =11.7 =12.4

5 51%¢8  17.00 -9.00 0.00 1.817 B.558 . 2 8 6 49 .5 4846 =105 =13.0

6 41.00 13.00 B.00 B.00 180160 =-@p.117 10 11 16 49 . () 4669 9249 575

7 4B.00 16.00 Q.00 B0 $.999 -D.4pp {11 8 10 B2.5 79.0 ~TeT =16+9

g 1«00 Do) D00 B.00 1.017 2.884 §12 9 10 5246 511 =12.7 =168

9 150.00 50.00 Q.00 G000 $.999  B.762,13 13 14 637 63«5 =36.6 ~38.4

10 17766 59.00 @00 GeRB B.992 "-3.824,14 14 12 B81.5 Blel 64e4 609
11 130.00 43.00 179.60 133.35 1.050 =3.413 15 15 12 120.6 119.8 -92.9 -1pp.1
12 6« OF 2.00 B.00 Be0 1.025 6626 16 18 15 325.0 32146 =166 =474
13 -4.60 -1.00 .00 B0 1.0540 9.3p0 17 23 13 333.8 325.8 149 =57.4
14 480.00 160.80 498.00 235.98 1.550 8.036 18 16 17 426+.8 424.9 1075 924
15 201.00 66.00 P00 Be@d 1.060 5.911 19 17 18 80.9 BG.7 -13«1 =14.2
16 132.60 43.00 0.00 0.00 112 17.955 20 19 18 3.5 3ed =445 =44.7
17 344.006 114.00 D.00 0.00 1.000 15.184 21 26 19 385.6 379.5 126.0" 62.9
18 104.00 34.00 D00 0.00 1.601 14.382 22 22 18 347.5 344.8 736 50.0
19 376.00 124.00 @.00 =~0.00 0.996 14.439 23 20 21 5174 S12.7 150.1 108.5
20-100.00) -33.00 803.00 223.08 1.650 23.129 .24 21 22 137.7 137.5 -5 1 -7.1

21 375.00 123.00 6.0 Y5 1.021 18.961 25 23 16 565.2 558.8 195.3 142.1
22-210.00 ~170.00 .00 G000 1.020 18.995126 12 8 65.9 65.9 =-19.5 ~-24.3
23 129 .00 43.001028.00 220415 1.056 21.847 27 13 8 116.8 116.8 =1.8 ~15,8
NEXT.s 28 12 9 129.8 129.0 2.3 =-11.0
129 13 9 149.3 149.3 21.5 -0e9
- ‘36 1 2 -18.5 ~-18.5 B.3 -0.3

 NEXT.

Figure .3-0 MB23, 2643 My, 1 spb, check solution
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LINE CATA AND POWER

25
LIN
NO.

[ev U S R R RN R

LINES
STT END
BUS BUS
NO. NO.
1 3
i 4
2 5
8 5
2 7
3 6
4 9
9 T
8 6
11 10
8 10
5 10
13 14
14 12
15 12
18 15
23 13
16 17
17 18
19 138
20 19
22 18
20 21
21 22
23 16

DES LIN
vCOL LEN
KV MI
132 15
132 18
132 24
132 19
132 42
132 40
132 18
132 13
132 27
132 29
132 3¢
132 36
275 53
2715 53
275 47
275 44
275 108
215 12
2715 24
275 18
2715 56
275 29
215 25
275 16
275

25

FLOW®S

INCRML THML POWR ..

COST

L/MWHR
06.0192
0.0230
¢.0299
0.0720
0.0520
0.0487
0.0676
0.0169
0.0331
0.0354
0.1330
0.0443
0.0185
0.0195
0.0170
0.0485
0.0393
0.0135
0.0687
0.0066
6.0612

0.0320°

0.0271
0.0058
0.0273

LIMT FLOW

TRANSFORMER AND SERIES REACTOR

DATA AND PUWER FLOWS
1 SERIES

4
XFR
NC.

26
27
28
29
30

"Figure %-11 MB23, 2643 MW, 2

TRANSFORMERS
STT END HV
BUS BUS KV

NG. ND‘
12 8275
13 8 275
12 3 275
i3 g 2715
1 2 132

LV
Ky

132
132
132
132
132

INCRML
CosT

L/MuHR
0.0035

0.0104 .

0.0101
0.0104
£.0015

MVA M
100 0
100 -38
100 -5
100 56
1C0O ~2
100 G
100 -85
160 50
1C0 41
2C0 &4
100 €3
100 SC
620 4
620 22
620 170
620 3171
620 310
620 457
620 113
620 . Q0
620 3786
620 362
620 527
620 152
620 589
REACTORS
THML POWR
RATG FLOwW
- MVA MwW
155 6
i55 155
180 180
155 155
50 19
spb

70

DEMAND DATA AND CHECK
23 DEMANDS

BUS DEMD
NO. POWR
MU
1 64
2 101
3 0
4 47
5 51
6 41
7 48
8 1
9 150
10 177
11 130
12 6
13 -4
14 480
15 201
16 132
17 344
18 104
19 376
20 <100
21 375
22 -210
23 129

2643 MW -

TOTAL NET DEMAND

network flow solution,

~branch power flows .and demand data



GENERATOR DATA AND POWER OUTPUT MERIT~ORDER TABLE

24 GENERATORS 24 GENERATORS
BUS S S GEN MIN ECR MAX INCR 2ND . BUS S S GEN INCR OPIN M £
NO. T E PWR GEN GEN COST COST NO. T E PWR CCST COST I C
A T MW MW MW MW L/MH L/MH A T MW L/MH L/MH N R
18 1 15 15 61 3.22 14 1 83 0.85 0.85
1B 2 15 15 61 3.22 14 2 83 U.85 0.85
1B 3 15 15 " 61 3.22 ; 14 3 83 0.85 0.85
2 B 4 15 15 61 3.22 | 14 4 83 (.85 0.85
28 5 30 30 61 2.20 . 14 5 83 0.8% 0.85
2B 6 30 30 61 2.20 z 14 6 83 (.85 0.85
11 1 50 43 57 2.16 23 € 11 358 1.15 1.15
11 2 43 43 58 2.16 20 C 12 357 1.21 1.21
11 3 43 43 58 2.17 23 C 9 334 1.35 1.35
11 4 58 43 - 58 2.14 . 20 C 10 334 1.42 1.47Z
14 1 83 83 83 £.85 23 B 6 112 1.67 l.67
14 2 83 83 83 0.85% 23 8 8 112 1.67 1.67
14 3 83 83 83 0.85 23 B 7 112 1.71 1.71
14 4 83 83 83 0.85 20 B 5 112 1.71 1.71
14 5 83 83 83 0.85 11 4 58 2.14 2.14
14 6 83 83 83 0.85 11 1 50 2.16 2.16 R
208 5 112 22 112 1.71 11 3 43 2.17 2.17 L
20 C 10 334 135 334 1.42 11 2 43 2.19 2.19 L
20 C 12 357 143 357 1.21 : 2 B 5 30 2.20 2.20 L
23 8 6 112 22 112 1.67 2B 6 30 2.20 2.20 L.
23 B 7 112 22 112 1.71 1 B 1 15 3.22 3.22 L
23 B 8 112 22 - 112 1.67 1 B 2 15 3.22 3.22 L
23 C 9 334 135 334 1.35 1 8B 3 15 3.22 3.22 L
C 11 358 143 - 358 1.15 28 & L

15 3.22 3.22
2643 MW TOTAL GENERATED POWER

Figure 3-12 MB23, 2643 MW, 2 spb network -flow solution, economic schedule

cCCcCccococCcocCcccocCcocCcaoex»>X
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MB23

NEXT.s .
ALSO A MERIT ORDER SCHEDULE

NETWORK FLOW SCHEDULE ON THE COMPLEX MODEL

NEXT.

BR
BUS

SO0 RIGU D WD -

19

PL.
64400
10100
.00
47 .00
51.00
41.00
48+ 00
1.00
150+ 00
177.00
136. 06
6400

- 4.00
480 - 00
201.00
132.00
344.00
10400
376.00

20~100.00

2t

375400

22-~210.00

23

129 . 00

NEXT.

Figure 3-13 MB23, 2643 MW, 2 spb check

QL

21.00
34.008
Y
15.00
17.00
13.00
16.00
DC@U
50.00
59 .00
43.00
2.00
-1.00
160.00
6600
43.00
"114.00
34.00
124.00
~33.00
123.00
-70.-00

PG
45.00
85.03

D00
000
"@'@0
D00
.00
@'@@
.00
P.00
231.060
.00
@l@g
498 1)
@'Q)E
G20

" 0.00
D00
W00
BO3.00
’00@[’)
Q.00

8] ¢]
99.20
11@.32

Y.00

Q.80

.06

.00

B.00
D00
D00
V.00
112.64
Be@
D00
235.37
.00
U.00
0.00
"D.00
~Qe B0
222.98
D00
D00

43.001028.00 219+95

\Y
1.950

1.84]
1.013
1817
1.010
0999
1.018
G999
B3.993
1.050
1026
1.040

" 1.0650

1680
tepl2
1.000
1.801
B.996
1950
leB21

1.8506

"LN SB EB
1 1 3
2 1 4
3 2 5
THETA 4 8 5
-0.492 ' 5 2 7
0.006 6 3 6
CBelOw 7T 4 9
Ge432 8 9 7
1810« 9 8 &
1.880 .10 11 10
1.297 111 8 10
5169 12 9 16
3.042 13 13 14
0D+838 14 14 12
3-041 .15 15 12
8+906 16 18 15
11.5806 17 23 13
16316 18 16 17
11190 19 17 18
19.334 .20 19 18
17462 21 26 19
16661 22 22 18
"16.718 23 2¢ 21
25407 24 21 22
21.180 25 23 16
20.374 26 12 8
24.126 27 13 8
r 28 127 9
29 13 9
38 -1 2

CNEXT

solution

PS
"]105
-2.8
-19.0
T2+ 4
"107
=11.7
-5@.5
599

5443 °

1%1.0
55.0
25.8
63+ 7
81.5
120. 6
325.0
333.8
42647
8G9

3.5

3856

3475
5174
1377
565.3

65.8

*116.8

129.0
149.3
-4.7

PR
-11.7
-3.5
-19.8

108"

23
~12.1
-5106

5‘().4

53.1

981’

53.5
25'4
635
1.1
119.8
3216
325.8
42 4.9
B8De7

3.4
37195
344.8

S512.7

1375
558 .8
65.8
116.8
129.0
149 .3
‘407

@S
23.9
55.8
45.2

-23.8
34.1
260
403

-17.1

-11.6
72.2
-8
"4-9

~36+3
64.1

-93.0

-16+7
14.7

1875

"13-2

—4445

126.0
13.6
156.0
-5.2
195.2
-19.8
‘2-@
2.0
21.3

Q.0

GR
236
53.8
43. 1

~28.0
32.4
24.9
37.4
-18.7
-14.6
64+ 6
"'4-9
"5-9
-38.1
60«6
-180.2
~47.6
"5705
92.3
-14.3
~44.8
628
49 .9
108 4
-T7.1
14240
“24~5
~-15.2
‘1 1-2
Tl
-~ 0

A



MB22

b1
828
13c

e o

322d 322¢] 322

E TS| Y
o 1§ 19

18 5

[
15

52
160
-2
EJ’
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'
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Figure 3—14: MB23, 2643 MW, 2 spb network flow solutlon
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3,6.2 Amerilcan test systems

The familiér quadratic cost of generation curves were
used In the tests on the American systems becazuse data
for them was included in the original works. More baslec
data that includes the effect of the valve.throttling losses
to form the characterlistically looped actual cost curve
was not avallable. Ringlee and Williams (46) have shown
that 1f 1t 1s, fuel cost savings of 0.1 to 0.2 per cent
may be achieved using the ‘'‘stepped incremental' method
instead of a quadratic approximation. Since, as far as
the generatlon costing 1s concerned, the stepped incre-
mental and the network flow plecewlse linear models are
equlvalent, in practice the latter will produce schedules
gsuperlor to those of the gquadratic model.

Recall from Chapter é that the number of generator
model segments is fixed by the number of valve loading
polints in the turbine itself., A unit will have from threé
to elght segments in 1ts cost curve, (25) and a typical one
might have five.(15) Each statlon in the American test
systems 1ls assumed to contaln at.least two turboalternator
units. It 18 likely then, that ten or more segments are
required to model adequately the generation at each bus,
However, for purposes of comparison wilth the network flow
results, the quadratic generator cost functlions were re-
talned with the c;mpleX‘variable models.,

It can be seen 1in Table 3-5 that the schedules for
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SQ1l9 are unusually accurate, Thls can be explained by not-
ing that transmission losses are only 1.9% of the total
load, and that the a, coefficients in the generator cost
curves are, on average, much lower than those of the other
two systeﬁs. SQ19 1s therefore not a very useful system
for experimentation, .

Initially, iﬁtmay be dlsconcerting to notg from Table-
3-5 that the cost differences do not decrease monatonically
wlth lncreasing segments per branch or per 5enefator. ihe
reason for thls 1s that as the number of segments is changed;
there 1s nothing to prevent a‘fortuitous arrangement of
breakéoints yielding én unexpectedly accurate schedule,
Selecting the best number of segments per branch 1s made
somewhat uncertain because of this, Furthermore, the gen-
erator segmentatlon error tends in these experimeﬁts to
obscure the branch segmentation error. In systems where
transmiséion losses are important we may estimate that two
or thrée segments per branch will pefm;t the network flow
aléorithm to establish accurate economic load dispatches.

If KS28 with 10 to 20 segments per generator 1s chosen
ag the most representative test systéﬁ and setting asidé
the experiment with one segment per brench, the maximum
total schedulihg error 1is 0.22%. Recalling that some frac-
tion of this is'due to avoldable .generator segmentation
error that would not be present in practice, an indication

of the accuracy of the network flow method 1s obtained,
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iAs with.the British test systems, the solutlon time
depends on the model size, end a strong métlve exists to
keep the number of arcs 1in thé model to a minimum,.

Let us check the operation of the network flow_method
by examining Flgure 3-25, a semi—geogréphic dlagram of K528,
Consiaer the generators at Sporn and Logan, for example.
Thelr lncremental generation costs are quite different:

2.16 end 2,59 %#/h. Logan generation is at a minimum because
1t is cheaper to supply the loads there from Sporn over
llnes 32 and 15 at a delivered cost of 2.10+0.15+0.12 =
2,374/ h. |

Figure 3-26 pictures the solution space of GHKS5 for
the 266 MW load level, Transmission losses and generation
cost are plotted in the feasible reglon of operation of
the system. Note that for minimum losses, the Fort Wayne
generator must be at full power output, and that this point

1s qulte remote from the optimal one.
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Teble 3-5 Summary of coumputatlional results for the

American test systems

Den- Network flow Complex model check
and Model Cemput .time Tran Genern Cost Cost

Alg. Tot. loss cost  Aiff diff

MA  spb spg arcs sec sec MW é/h 3n %4
GHRSS

266 5 5 TO0 0.32 T.12 5.9‘ 862,66 0,17 0,018
266 2 2 31 0,08 6,53 5.5 963,81 1.32 0,14
266 1 5 30 0.13 6,62 6.3 964.56 2.07 0.22
266 2 5 40 0,15 6.72  T.0 964.75 2.26 0.23
186 5 5 T0 0,22 7.05 2.7 625,80 0.08 0,013
186 2 2 31 0.07 6.62 4.1  633.16 7.44 1,19
519

311 5 5 271 3,48 15.32 5.4  451.62 0.23 0,051

311 2 2 115 1.00 11,73 5.8 451.52 0.13 0,029
311 10 10 531  9.82 23,25 5.9 451,39 0.00 0.00
227 5 5 271 1,97 13.78 3.1 304,46 0.22 0,072 '

217 2 2 115 0.70 11.52 3.3  304.36 0.12 0.039
K528 .
1730 5 417 23,98 41.88 87.9 3580.58 1.21 0.033

10 457 31.35 49.38 87.3 3579.65 0.28 0,008
10 247 10.90 27.52 88.9 3580.45 1.08 0,030
517 11.68 29.65 52,0 1718.72 18,61 1,10
10 457 13.77 31.80 40,9 1703.44 3,33 0420
10 247 4,9 21.53 41,0 1703.61 3.50 0.21
20 327 B.97 26.17 41.3 1703.81‘ 3,70 0.22-

-~}

o]
'—‘
N
O
HoONND W D! W,
(§,]
(§,]

1 177 clock off 40,6 1705.00 4,89 0.29



LINE DATA AND POWER FLOWS
5 LINES

END DES LIN INCRML THML POWR

BUS VGL LEN COST LIMT FLOW

LIN STT
NO. BUS
ND.

(S R CV RN AV
W NN

.. GENERATO

3 GEN
BUS § S
NO. T E

AT
1 1
2 i
3 1

NO. K¥ MI L/MWHR
132 75 0.2364
132 47 0.2070
132 52 0.0966
132 35 0.0259
132 190 0.4740

/

SN

MVA
300
1C0
1C0
10
140

R DATA ANC POWER CUTPUT

ERATORS

GEN MIN MAX INCR ZND
PWR GEN GEN COST COST
MW Mu MW L/MR L/MH
170 50 200 z.45 5.00
46 10 10CG 3.83% 5.C0
50 10 100 3.51 5.C0

266 MW TOTAL GENERATED POWER

———p - R —. e

DEMAND DATA AND CHECK

4 DEMANDS
BUS DEMD DEMAND
NO. POWR BUS
MW NAME
1 86 TwIN BRANC.
2 80 FT WAYNE
4 10 MUNCIE
5 30 - MARION
266 Mw TOGTAL NET DEMAND

Mu
84
30
20

0
5C

78

START END
BUS BUS -
NAME - NAME

TWIN BRANC FT WAYNE

- FT WAYNE ¥ARIGN

FT WAYNE MUNCIE
MUNCIE MARIGON
PCRTSMOUTH MUNCIE

GENERATOR
8US

NAME

TWIN BRANC
FT WAYNE
PCRTSMOUTH

Figure 3-15 GHES5, 266 MW, 5 spb 5spg network flow solutlon
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GHKS 5

TWIN BRANCH

FT WAYNE
4000 ‘
200 236
170 @ 300
50 84
L>-
86
207
100
‘ BO‘A 2)
)
MARION
O
30
5 96
100 100
20
PORTSMOUTH

MUNCIE 474

14C
sc 9

Flgure 316 GHKS5, 266 MW, 5 spb 5 spg network flow

solution
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GHKS 5

’” TWIN BRANCH FT WAYNE

4.9 2040 Ne O 10.0
224
1.2
1
- MARION
101.5 @
-402 1200
Ve
Je1

PORTSMOUTH

1C5.0
T.0

Figure 3-17 GHKS5, 266 MW, 5 spb 5 spg check solution
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LINE DATA AND POWER FLOWS
24 LINES ) .
LIN STT END DES LIN INCRML THNML POHR . ‘
NJ. BUS BUS VOL LEN COST LIMT FLOY . . . . . G e
NOs NO. KV MI L/MWHR VA M
2 1 -0 42 0.2125 250 0
2 3 -0 52 0.C150 250 17

18 2 -0 208 0.2662 275 60 peuanp DATA AND CHECK

19 3 -0 23 0.0068 250 ~-17 11 29
16 7 -0 62 0.0185 250 14 12 &0

1

2

3

4 18 1 -0 227 0.0748 275 93 . -

5 18 10 -0 259 0.0322 275 55 BUéODQEgANDSDEMAND
6 1 10 -0 32 0.0130 200 80 3. pow 8US
8 4 5 -0 14 0.0032 300 32 1 13 :

9 6 5 -0 36 0.0110 250 21 2 43

10 16 6 =-C 32 0,0055 250 21 4 26

11 6 13 -C 30 0.0067 250 0 5 53

12 10 11 -0 5 0.0027 100 40 7 10

13 12 11 -G 4 0,CC08 100 -1 3 16

14 1s 12 =0 6 0.0056 100 59 9 14

15. 19 16 -C 42 0.0127 250 0 10 37

16

17

18 7 8 -0 76 0.0224 250 4

20 9 15 - 50 0.0067 200 . O e

20 17 8 -0 171 nD,0228 200 26 o
22 17 16 =0 214 0.0285 - 200. O DEMAND
23 3 14 -0 84 0,0247 250 0 e

24 17 14 =9 142 0.0383 259 's B L

GENERATOR DATA AND POWER OUTPUT
4 GENERATORS

BUS S S GEN HMIN MAX INCR 2ND
NO. T E PWR GEN GEN COST COST
A T MW MW My L/Md L/MH
16 1 35 5 55 1. 52 1.67
17 1 26 1C 45 1l.48 2.83
18 1 208 70 300 1.26 0.62
19 1

42 15 60.1.2D 5.00

311 Mw TOTAL GENERATED POWER

-

Figure 318 5SQ19, 311 Mw, 5 spb 5 spg network flow solution
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S@19 NETWURK FLOW SCHEDULE ON TdE CUMPLEX MODEL

NEXT.
BR .

3US PL QL PG QG Y THETA
1 1270 2.20 ©.00 D.0E 9.991 1.2069
2 42.55 13.50 DB G0 $«990 1.388
3 B.00 Q.28 B.00 BeGG G997 B+ 448
4 26206 " 11.48 B.66 U.00 B.990 -2.204
S 53.40 22.60 .00 0.00 987 -0.496
6 @00 G.20 C.00 G.00 G.994 -0.206
K 9«80 S5.38 .60 C.006 B+992 -0.646
8 15.70 12.16G .00 G.00 D987 -1.112
9 14.60 6«60 G800 -0.00 .985 -1.682
I 36.6B8 16.30 .00 G.00 g.992 -0.002
11 38.7G6 12.20 @006 D00 Z+993 =-0.142
12 6B.580 22.206 G.00 Z.00 995 -0.159
13 700 1.50 2.00 B.00 0994 -0.199 -
14 .80 . 18.60 G.08 BeGB B+.995 0.604
) D.00 1.88¢ .00 G008 £.988 =~-1.714
16 P.00 B.008 35.55 824 1.00608 D044
17 0.00 B.BE 26.45 =~0.15 1.000 P.703
18 R 515] 0.00 211.45 247 1.000 10.292
19 Q.00 Q.08 42.68 T1.28 1.000 B.000
NEXT. o

PF

LN SB EB PS PR Qs GR
1 2 1 602 6.1 -3.1 -3.1
2 2 3 24.6 23.-8 -20.7 -21.2
318 2 739 126 241 -9.3
4 18 1 68.9 67.7 1.9 -2.0
S 18 10 68.6 67.2 1.2 -11.0
6 1 10 61.2 68.9 -17.0 ~-18+3
7 186 4 62.0 61.9 8.4 8.2
8 4 S 35.7 35.6 7+ 3 7.1
9 6 S 17.8 177 11.9 11.8

16 16 6 17.9 17.8 12.0- 11.8

11 6 13 2.0 -0.0 1.1 1.1

12 19 11 29«5 29.4 -36.1 =-36.2

13 12 11 9.3 9.3 370 37.0

14 19 12 T78.0 69 .8 48.2 47.8

15 19 16 -1.6 -1.6 Be 6 Be 6 *
16 19 3 -25.8 =259 23.1 22.9

17 16 17 21.3 21.2 6.5 6+2

18 7 8 11.4 11.3 2.5 244

19 8 g 14.6 14.6 -B.1 ‘@'2

20 9 15 B.0 2.0 -5.4 -5.4

21 17 8 19«1 19.06 44 3.8

22 17 18 3.2 5.2 -1.9 -1.0

23 3 14 -2.1 -2.1 3.2 3.2

24 17 14 2.1 2.1 3.1 3.1

NEXT.

Figure 319 SQ19, 310.7 MW, 5 spb 5 s8pg check solution






LINE DATA AND POWER
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NO.
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NN
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W
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N -

LINES
STT END
BUS BUS
NO. NO.
1 9
9 1o
9 22
22 10
19 9
13 19
14 13
4 14
5 4
5 16
15 22
16 15
17 16
17 6
17 7
7 18
18 8
4 25
2 25
3 25
26 27
21 13
11 21
20 11
20 14
23 20
12 20
12 23
12 24
25 23
24 25
5 17

DES

VoL

KV
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132

66

132

132
132
132
132
132
132
132
132
132
132

LIN
LEN
Ml
10
10
80
35
56
54
45
80
75
60
175
35
52
20
%42
45
33
15
50
60
15
90
30
42
25
22
110
19

82

12
19
50

FLOWS

INCRML
cosT

L/MKEHR
0.0289
0.0253
0.0355
0.0086
0.0793
0.1133
0.1038
0.1322
0.0358
0.1718
0.1983
0.0736
0.0226
0.0117
0.1227
0.0623
0.0122
0.0579
0.0840
0.0302
0.0163
0.0415
0.0419
0.0245
0.0151
0.0521
0.1473
0.0776
0.0872
0.0094
0.0098
0-1520

THML POWR
LIMT FLOw
MVA Mw
270 -1
90 0
30 0
S0 18
180 48
180 80
180 86
180 98
i80 9
180 138
180 56
180 84
180 0
270 1
180 98
180 59
180 4
270 0
180 99
180 36
50 0
90 Q9
90 26
180 36
90 13
90 27
90 45
90 36
S0 30
90 8
90 0
180 128

TRANSFORMER AND -SERIES REACTOR
DATA AND POWER FLOWS

3 TRANSFORMERS

XFR
NO.

33
34
35

STT
BUS
NO.
28
3

2

END
BUS
NO.
3
27
26

Hv
KY

132

0"

132

Lv
KV

0
66
66

INCRML
COST

L/MWHR
0.0113

0.0022°

0.0022

G SERIES REACTORS

THML POWR
RATG FLOW
MVA  Mw
90 -48
45 0
60 - O

START
BUS

NAME

TWIN BRANC
FT WAYNE
FT WAYNE
MUNCIE

" LIMA

FOSTORIA
HOWARD
PHILO
SPORN
SPORN
PORTSMDUTH
SOUTH POIN
TURNER
TURNER
TURNER
LOGAN
SWITCHBACK
PHILO

TIDD HVY
WINDSOR HV
TIDD LV
SANDUSKY
LORAIN
ASHLAMD
ASHLAND
MASSTLLON
BURGER
BURGER
BURGER
CANTON
ALLIANCE
SPORN

START
8US
NAME

"WINDSOR Hv

WINDSOR CP
TIDD HY

84

END

BUS

NAME

T WAYNE
MARION
MUNCIE
MARION

FT WAYNE
LIMA
FOSTORIA
HOWARD
PHILO
SOUTH POIN-
MUNCIE
PORTSMOUTH

_SOUTH POIN

CABIN CREK
LOGAN -
SWITCHBACK
GLEN LYN
CANTON
CANTON
CANTON
WINDSOR LV
FOSTORIA
SANDUSKY
LORAIN
HOWARD
ASHLAND
ASHLAND
MASSILLON
ALLIANCE
MASSILLON
CANTON
TURNER

END
BUS
NAME
WINDSOR CP~
WINDSOR LV
TIDD LV

Flgure 3-21 KS28, 1139 MW, 5 spb 10 spg network flow

solutlon, branch power flows



DEMAND DATA AND CHECK
24 DEMANDS

BUS DEMD
NO., POuWR
M

1 86
2 51
T 81
5 5
6 117
7 84
8 84
9 47
10 18
11 28
i3 15
la 25
i5 28
16 54
17 29
18 55
19 32
20 23
21 17
22 38
23 17
24 30
25 127
28 . 48

DEMAND
BUS
NAME
TwIN BRANC
Ti0D HY
PHILO
SPORN
CABIN CREK
LOGAN
GLEN LYN
FT WAYNE

- MARION .
LORAIN
FUSTORIA
HOWARD
PGRTSMOUTH
SOUTH POIN
TURMER
SKITCHBACK
LIMA
ASHLAND
SANDUSKY
MUNCIE
MASSILLON
‘ALLIANCE
CANTON
WINDSOR Hv

1139 MW TOTAL NET DEMAND

GENERATOR DATA AND POWER

10 GEN
BUS § S
NC. T E

s AT

1 1

2 1

'3 1

4 1

5 1

6 1

T 1

8 1
.11 1

i2 1

ERATORS :
GEN MIN MAX
PWR GEN GEN

MW MW MW
85 50 400
150 60 240
84 40 160
170 100 455
280 70 310
116 116 220
45 45 85
80 .80 136
18 18 18
111 111 111

OUTPUT

INCR 2ND

COST COST
L/MH L/MH
1.28 8.20
0.80 4.40

‘1.81 1.90

0.66 4.29
0.89 2.22
0.3012.00
0.6320.80
0.5712.70
0.7015.00
2.00 2.00

'85

GENERATOR
8UsS

NAME

TWIN BRANC
TIDD -
WINDSOR
PHILD
SPORN
CABIN CREK
LOGAN

GLEN LYN
LORAIN.
BURGER

1139 MW TOTAL GENERATED PQWER
Flgure 3-22 KsS28, 1139 MW, 5 spb 10 spg network flow solution
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K$28 KIRCHMAYER AND STAGG AEP 28 BUS SYSTEM

KS28 D1 LOADS NETWORK FLOW SCHEDULE ON THE COMPLEX MODEL

BUS PL QL PG QG v : THETA

1 86.00 30.00 93.10 33.42 1.012 -23.176

2 51.00 25.00 154.80 13.23 1.002 5.006

3 0.00 0.00 87.20 17.99 1.001 2.934

4 B8l1.00 38.80 179.248 39.91 1.040 0.000

5 5.10 3.10 286.20 -27.29 1.050 1.062

6 117.00 28.00 120.40 39.64 1.036 =-7.502

7 B84.00 10.30 46.70 29.1l4 1,028 ~12.844

8 83.80 -6.00 82.70 21.31 1.040 -16.859

S 47.30 31.80 0.00 10.98 0.996 ~-23.358

10 17.90 15.20 0.00 14.34 0.990 -24.391

11 28.00 8.00 18.00 19.03 1.000 -8.769

12 0.00 0«00 111.00 -20.46 1.000 5.303

14 25.10 15.00 0.00 15.63 1.008 -8,276

15 28.20 10.00 0.00 7.90 1.012 ~-11.689

16 53.40 20.00 0.00 0.00 1.016 -8.040

17 29.10 16.00 0.00 -2.41 1.030 -7.472

18 55,00 24.90 0.00 0.00 1.022 -16.510

19 32.00 15.00 0.C0 20.58 1.000 -19.116

20 23.00 13.00 0.00 0.00 0.995 -6.064

21 17.00 . 8.00 0.00 0.00 0.992 -10.879

22 38,20 25.00 0.00 11.85 0.990 -23.566

24 30.00 5.00 0.00 0.00 0.983 =-1.178

25 127.00 86.00. 0.00 51.76 0.987 -1.285

26 0.00 0.00 0.00 0.00 1.005 4.394

27 0.00 0.00 0.00 0.00 1.000 3.176

28 47.50 24.60 0.00 0.00 0.993 2.058

’

Flgure 3-23 KS28, 1138.5 MW, 5 spb 10 spg check solution
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Figure 3-26 GHKS5 solution space
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Chapter 4 FURTHER INVESTIGATIONS

4,1 Cost of load predlction errors

In the prevlious chapter, the magnitude of the cost
errors assoclated with the network flow method was found
and discussed. ‘It is of some interest to identify the
source and estlimate the sizé of scheduling'errors due to
other causes, for comparison with those inherent in thq
network flow approache. Thls concern 1s taken up in the
next three sub-sections.

The error in prediction of the system load 1ls a func-
tion of: prediction span, time of day, power system studled,
nolse in the demand measuring system, and the prediction
method, It can lie between 0.7% (38) and 4.0% (19) r.m.a.
depending upon these conditions, For the purposes of illus-
tration, a 3.0% load prediction error was selected for the
experiment. |

CMLFP was used on the 1138.5 MW demand level of KS23
to calculate the precise cost of a 3.0% error in load pre-
dictlion. From the optimal golution at that load level,
the generators were allowed to plck up the 3.0% load differ-
ence in ﬁroportion to thelr size. They were then generat-
ing 1215.5 MW to supply the augmented load of 1172.6 MW
at a cost of 1787.85 &/h. An cptimal solution was found
for the 3.0% higher load level; being the schedule the
generators would have been instructed to follow in the

absence of a load prediction error. In this case they
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generated 1216,12 MW at a cost of 1785.14 #/h.
' The difference between the two cases is the cost of
the load prediction error, and is 2,71 #/h, or Q.iS%,
Thus our example has demonstrated that this error is comp-
arable in magnitude to that intrinsic¢ to the network flow

method.

4,2 Optimizing the voltage pfofile

System voltage is controlled by changing the excita-
tion on the alternators and synchronous capacitors, and-
by ad justing transformer taps. The primary goal of this
activlity 1s to satisfy the bus voltage magnitude constr-
aints, both for the intact network and for one that has
suffered th; loss of a key item of plant. Nevertheless,
at medium load levels theremay be sufficient operational
latitude to permit a second objlective to be addressed}
that of optlimizing the voltage profile to minimize trans-
misglon losses.

. The network flow'formulation of the thesis does not
treat this problem. Therefore we should estimate.the cost
error that 1s incurred in falling to make optimizing ad-
Justments to the network voltage profile. |

The medium-level demand of 1138.5 MW on test system
 KS28 was chosen as a typlecal situation permitting voltage
profile improvement. With the optimal solution as a base,

CMLFP was used to make random displacements of between
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one gnd four per cent to the generator bus voltages., The
resulting cost difference was 1,29 &/h, or 0.08% of the
optimal cost, ] |
| In practice theﬂ, it appears that the coét savings
realizable through optimiiat%on of thé voltage proflle are

small and simllar in size to the scheduling errors,

4,3 Cost of generator data inaccuracies

What cost errors will be experienced for a glven error

in one of the data items assoclated with a generaﬁor?

Such an error can arise through measuremgnt inaccuracy,

by fallure to report a change, or in data transmlsslon.

Test system MB23 furnishes two convenlent examples.
lSuppose first, that a 6ne per cent error is present

in the increﬁental cost for a marginal generator such as

B5 in bus 2, Figure 3-8. Its true incremental goét is then

2.22 E/MWh. Swinging 22 MW of 5éneration toiBé, 2 cheaper

set, would save Q.44 ﬁ/h..

Consider next a 1 MW error 1in the éapacity o: gen-
erator BS at bus 20. If phis unit were operated - -at its
true 1imit of 113 MW, and the output of the 'in fange'
set B5 at bus 2 reduced by 1 MW, the exchange would result
in a saving of O 49 &/h

These cost errors are’ but O, Ol% of ‘the total genera-
tlon cost: an order of magnitude below other scheduling-

related errors,
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4,4 Including estimeted losses with demands

It 18 evident from section 4.1 that some unngcéssary :
expense can Be incurred when generatlon 1s allowed'to reg-
ulate unscheduled,ieven for lé;d differences és small, as
three per cent, 1In Table'3-2 1t way be observed that sys-
tém transmission losses are a similar percentage of the
total load. Recall that the network flow power balances
do not include the transmlssion losses, and that in the
check solutlons the generators pick~up the lossea, As a
consequence, an error much like the load forecasting error
1s present. '

An 1mprovement on thils situatlion 1s apparent: imbed
the losses 1n the predicted demands to minimize the sched-
ule discrepancy. Even thouéh the losses will vary with
total load lével, demand diversity, and genefation pattern;
a first-order estimate of thelr magnlitude will be-avail—
able and adequate, The total loss can then be apportlioned
to the various demand poiﬁts. Then when the network flow
schedule 1s applled to the system, much less unscheduled
generatoé regulation will take place.

K528 wes eﬁployed in checking the proposed improve«
ment. Adding 41 MW losses to the 1139 MW demand pattern
gave demands totalling 1180 MW as input to NFESP. The
éystem model had 5 segments per branch and 10 segments per
generator, The resuliing scheduielwas checked on CMLFP

using the original 1138.,5 MW demand data. An off-optimal
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cost error of 2,35 4/h was observed, a2 0,06% improvement

over the original 0.20% cost error,

4,5 Gomparison of branch power flows

The branch power flows produced bf the network‘flow
scheduling program are not accurate. While they satiafy
a pover balance equatlon at each bus, they do not obey
Ohm's Law and hence voltage equilibrium equations, The
object of the network flow formulation was to producé ace-~
urate generation schedules, and some lack of realism in
the branch power flows is a consequence of the model we
have chosen, Thus, while the power flow inaccuracles are
not of primary concern, it is of interest to compare the
flows produced by the network flow approxlmation to those
of higher models., |

As the number of segments per branch 1s increased,
the realism of the branch power flows improves, approach-
ing that of the linear model, (Number 2 in sectioh 1.2).
Naturally, 1t 1is prohibitive from a computaﬁional stand-~
‘point to follow this coursevln a practical applicatlion,

Table 4-1 compares the branch power flows resulting
from network flow models of GHKSS with those of a coﬁplex
variable load flow. There are some minop a priori dis-
crepancies superimposed on the comparison, due to trans-

mission losses and slightly differing generation schedules.
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Table 4-1 GHKSS, 266 ¥4, branch power flows

Branch Branch power flows
number Network flow model . Complex
. ' variable
laspb 2spb 58pb model
1 70 84 84 84.4
2 36 36 . 30 2842
3 0 0 20 20.5
4 -6 -6 0 2.4
5 64 64 50 55.2

4,6 Jenerator model additlions

In the older type of CEGB 'range' station, several .
bollers feed steam to the turbogenerators through a common
header. If the total boller capacity happens to be less
than the generation capacity, not all the generators can
run at full power output. This operationszl situation can
easily be.modelled by the 1insertlion of an arc between the
source node and the generator arcs. The are upper bound
corresponds to the boller 1limit,

The same type of model addition can account for the
effect of statlion limits, For example, a statlon mayﬂhave
a contract to sell low pressure steam and this will place
a lower limit on the total generation there., Alternatively,
a temporary restriction suehn és the failure of an auxilli-
ary or insufficient cooling water may limit the total power
output to a value below the capabilities of the'Spinning
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plant,

Some system security requirements can be met py sched~
ullng generation so as to malntain a reserve of spiﬁning
dapacity. The schedule could ;e modified by feducing_
genefator limits on the mére eXpensivé sets, correctly
diétributed geographically, ﬁntll the total spinnlng spare
required 1s avallable, As an alternative to tuls informal
approach, a network flow formuiation Incorporating arcs |
that model the flow of spare capaclty in megawattis should
be possible,. |

4,7 Transmission security

The transmlsslon system must be secured agalnst the
loss of any line or any likély combination of lines. An
off—iine, mulﬁiple load flow computer study can identify
lines that, when lost, wlll result in overloaded lineé in
the remaining network. As indicated in section 2.1, the
power flow limlts on the éensltlve lines can then be set
to lower, secure values., When the network flow economic
scheduliﬁg program is re-applled, the new limits'will
force a ﬁodlflcétion of tﬁe economic schedule., This new
schedule will be more costly, but will have a geographl-
cal distribution such tha£ the network 1ls gecure agalnsi
1ine outages. .

An alternative method of énﬁapcingftransmission sec~

urity is that of group limits. From operatlional experilence,
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or followling off-line security checks, a group of genera-
tors and'lines can be ldentifled as insecure under some
conditions. By limiting the transfer of power into or

out of the group, the insecurity under consideration can
be removed., In other words, the difference between the
group demand and the group generation will not be permitted
to exceed a fixed value, Ig for import, Eg for export.

Expressing the rule algebraically

g g
1£Dg ne@ ing

r! 4 -1, < ¥ g, < L 4 +E&E

<3
leads us directly to 1ts network flow formulatlon., The
group demand sum c¢an be calculated for the load level of
the case being*studied. Then the restriction on the gen-

erated power can be modelled by a single arc as was done

in the preceeding seétion..
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Chapter 5 CONCLUSIONS

This thesls has proposed a network flow approach to
modelling and solving the economic load dispatching problem,
In the present chapter we examline the results of the fore-
going ones, and draw some conclusions on the applicability
of the method to power systém operations and planning.

The first question to be answered is:"How accurate
1s the method, and is 1t sufficlently accurate to be of
practical use?" The questlon 1s relevant because we began
by seeking a rather coarse-structured formulation, 1in the
interest of solution speed.,

From the computational results of Chapter 3 on the
British test systems, 1t may be concluded that a 1 segment
per branch model will produce accurate generation schedules,
Indeed, with thls degree of approximation, no cost error
greater than 0.065% was recorded. Cost errors engsndered
by the load prediction task are of this magnitude or greater,
For examﬁle, in the experiment of section 4.1, a 3% load
prediction error caused a 0.15% error in cost, Alsd, refer-
ence 7 reports that a 1% predlction error gave a.0.08%
cost error, and a 5% predictlon error broughtvon a 0.49
cost error. Trnus from these cases we may affirm thatfthe
accuracy of the network flow method 1s appropriate to the

accuracy of the problsm demand data.

The results for the American test systems were part-

1ally obscured by the presence of two components of error
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that in practice can be avolded. After estimating the
magnitude of these errors, a better indleation of the
accuracy of the nétwork flow formulation will be dbtained.

From a theorétical point ‘of view it was interesting
to follow 1n Table 35 the marked 1mprovément in schedule
accuracy with increasing the number of arcs in the generaﬁor
models. That is,(the plecewlse lincar zpproximation to the
quadratic cost curves became finsr and more exact in its
effect. However, as was noted 1in the same sub-gection,
it 1s the linearly segmented function that closely repre-
sents reality. The quadratié is merely a less accurate
mathematical model of the looped generator input-output
cost relatlon. Ringlee and Willlaus (46) observed that the
plecewise linear model 1s 0.1l to 0.2% more accurate than
the quadratic one. Thus a significant portion of the cost
error llsted in Table 3-5 should not be attributed to the
network flow method, but to any approach using the classical
quadratic cost curfes. '

A second unnecessary conponent of error is that des-
cribed in section 4.4. If the model 1s adjusted so that
the demands include an estimate of the transmission losses,
cost error reductions similar 1n magnitude to load predic-
tion éosﬁ errors can be realized.,. The experiment of section
4.4 demonstrated a 0.06% reduction, about half the expected

“la

improvement. It 1s likely that the generator segumentation

1]

<

error of the preceeding paragraph rendered partially
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unobservable the full cost reduction.

Based on the American test system results, it was
decided in sub-sectlon 3.6,2 that two or three segments per
branch vere adequate to accurately account for the cost of
povwer transport, With the generator segmentation seot at
practical values, a worst-case error of 0.23% was exper-
{enced, for a two segment per branch network model, The
two avoidable error effects Just described each have a
magnitude‘of about 0.14 Thus 1t seems reassonable to expect
a final scheduling cost error of not greater that 0.1% for
the network flow method. As with the British systems, this
error magnltude compares favourably with the best load
prediction‘costverrors. Hence we should be ﬁermitted to
conclude that the network flow approach can accurately
schedule power systeﬁs of tﬁe American type, where trans-
mission losses usually have an influence on the econonle
dispatch.. .

The problem of calculating economic generatlion sched-
ules oceurs in two areas of application: off-line predictive
studies, and on-line control action. The same network flow
formulation and solution method can be used in both.situa-
tions, but the emphasis may be seen to differ somewhat
between the two. The second guestion requiring an answer
is:"Are the network flow model solution times low enough

to permit its application to problems of practical size?"
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Off-1line planning studles may require economic sched-
ules of generation to be calculated as an integral part of
each study. Computing time is not of central concern, as
large utilities can usually Justify problem solving times
of many minutes oh large machines.

The CEGB operates a nétional power sfstem supplying
England and Wales. Although of limited geographical extent,
in terms of installed capacity and numﬁer of ltems- of plant
it 1s cne of the world's largest. There are approximately
1000 generating units 1n the system. However, for any
glven study,'the number requiring scheduling will be reduced
by the followlng considerations., Firstly, only those sets
ordered up to meet the demand are 1included. Secondly,
nuclear plant and other large units supplying the base load
can be netted out of the study since they have no economic
competitors., If the load level 1is high, more sets can be
withdrawn from the computation in thls way. If the load
level is low, fewer sets will be synchronized to the system
in the first place. Lastly, units running at a fixed output
level may be omitted; for example, pumped storage generators,

Aftér thls has been-done, the remalning sets are sub-
Ject to economic schedulling and possible participati&h
as suppliers of marginal power transfers. Test system
SG1l49 contained 177 scheduled generators connected te the

- ~a

supergrid transmission networl Th WO SEgmeny per obranch
b

b 3yl ~ +
1ICUWUL K e v

model allowed an accurate generstion schedule to be computed
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in 3 minutes, Including lower voltage networks and some
additional generators, the estimated size of model required
for a national economic schedule would be three tiﬁég that
of SG149, With model solublon’ time varying as the square
or fractlonally higher exponent of the moﬁel glze, it is
expected that a nationzal economic schedule can be produced
in less than one hour.

Test system GR142 serves to illustrate the second area
of appllicabllity of the economlic scheduling program, that
of on-line instruction of generator output power levels,

In this.case solution time 1s'critical, as the control
computer has other tasks to perform besides the loading one,
and can devote only a fractlon of 1lts time to that job.

A Grid'Control Area 1s the largest sectlon of the
national system scheduled as a whole, and on a continuous
besis. The economic scheduling program calculated an accur-
ate dispatch for a typical GCA (test system GR142) in 1 min-
ute and. 30 seconds. In the control experiment of reference
7, a 10 minute interval between loadlng instructions was
found to be best. The solutlion time to produce alhetwork flow
economic schedule is but a minor portion of the inter-ins-
truction period. Hence the network flow method shows pfomise
of suécessful application'to on-line calculation of econonlc
.1load dispatches,

There is no essential difference between the British-

and American systems at the level of the network flow model.
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Generator segments in the American systems can be regarded
as séparate units ready to supply power to the sysﬁém when
it 1s increméntally advantageous for them to do so; In
1967 the American Electric Poﬁér (AEP) System.contained
176 busses, 268 lines, and 36 steam units (15), makxing it
the largest investor-owned eiectric power company in the
USA. The turboalternators averaged 5 segments each, glving
a total of 180 generating increments. These problem slze
parameters are similar to those of 8G149, and theréfore
solution times of a few minutes would suffice for calculating
dispatches. In summary then, the speed-accuracy character-
istiecs of the network flow method permit it to schedule
successfully large American electrlic power utilities,

Two opportunities exisf for improving the solution
timeé. As waé Indicated in sub-section 3.3.1, a more care-
fully coded solutlion algorithm will bring reductions in
solutlon time of at least 50%. Second, it was observed
that starting from a previous solution, instead of from
the so~called 'flat start' of zero flow, could effgct sim-
ilar savings.

We Have‘suﬂmitted thé network flow methdd‘aé a new
computational tool for the solution of the economice sched-
uling.problem. A comprehénsive set of test resulis, their
ahalysis, and conclusions have been pﬁt forward in support
of this proposition. The thesis ig completed by giving

three advantages of the network flow approach to economic
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sche@uling.
1. It is a formal, mathematlical programming model_ﬁhose
technique of solution ensures the finding of a globél opt-
imal solution 1if one exists. ;f no feasible solution. can
be found, the algorithm will indicate this fact and the
paftial solution will point up the reason for the infeas-
1bility.
2. The network flow model has'a simple form. It is there-‘
fore readily understood in 1its detail, and 1its impiementa—
tion as a computer program is not difficult, The model ‘can
be extended, as described in Chapter 4..
3. Economic dispatches can be computed for large power

systems in machine times of practical duratlon.
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Program title: Multiple Arc Out-of-Kilter Network Flow Routine

Program name: MULTAR

Author: D.G. Stone

Source language: FORTRAN IV. See references 1 and 2.

Machine: IBM 7094, model II.
Core memory size is 3276810 locations,

Word length is 36 bits.
Monitor: IBSYS Operating System, Version 13.

Date written: 1 March 1968.

Source program length:

text FORTRAN
lines statements
Subroutine MULTAR 50 31
Subroutine FINDST 55 43
Subroutine CPIPI 13 9
Subroutine LABLEM 81 55
Subroutine FLOCHM 36 19
Subroutine NODPRI 345 22
Subroutine NODARC 32 _18
totals 301 197

Media: Cards punched in the standard 47 character code of

Appendix D, reference 1.

Required routines: None

Location: Centre for Computing and Automation
Electrical Engineering Building
Imperial College
Exhibition Road
LONDON S.W. 7
U.K.
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ABSTRACT

MULTAR is a set of subroutines, written in standard
FORTRAN language, for solving minimal-cost network flow problems.
It is an implementation of D.R. Fulkerson's 'Out=of-Kilter Method';
which is a flexible algorithm, applicable to a v.riety of problems.
Notational agreement is maintained between the mathematical
description and the computer program. Instructions for using
MULTAR are presented with the aid of a complete test example.
This document also serves as a programmer's reference manual,
since it includes flowcharts, a variables list, details of program
construction, as well as the source program listings comprising
197 FORTRAN statements., Although it was written for the IBM7094,

the program is independent of system features and machine con-

figuration,
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1 Purgose

To find an optimal flow pattern in a network with upper

and lower bounds on the flow in each arc.

2 Method

D.R. Fulkerson's 'Out-of-Kilter Method', exactly as
presented in reference 3; except for a minor change which allows

multiple parallel ares to comnect pairs of nodes.

3 Description

Graph-theoretic and network flow ideas, upon which the
discussion of the algorithm and its implementation depend, are
reviewed briefly in the first three subsections. The next subsection,
3.4, describes tﬁe Out-of-Kilter Method in detail. Both the
terminology and notation of Fulkerson's paper are generally adhered
to. Subsection 14.9 lists the program variables in alphabetical order,
giving each a short description, and a notational equivalent where

relevant.

3.1 Network

A network, or graph, is an abstract object made up of a
set N of nodes i; and also a set A of ordered node-pairs or arcs
k = (i,j) with i,j € N. Each arc k is considered to be directed
from the first, or start node of the node-pair, to the second, or
terminal node of the node-pair. Diagrammatically, arec k is
represented as a line joining point 1 to point j with direction

indicated by an arrowhead.

Originally the nodes of the network may have been identified
with unique names or numbers. Instead, for efficient computation
let them be renumbered by the first n positive integers, n being

the number of nodes in the network. Then, to scan all network
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nodes, index 1 will take the values 1,2,...,n.

In the same.way, number the arcs with the first a positive
integers, since there are a arcs in the network. Arc index k is
independent of. the node numbering and k = 1,2,...,a scans all arcs.
With this indexing scheme multiple parallel arcs connecting the
same two nodes i and j can be individually referenced by the arc
index k. They will not have unique representations as node-pairs.
The formulation of reference 3 uses node-pairs to describe arcs;
not convenient for parallel-arc problems. This minor change of
separate arc indexing does not render inapplicable the theoretical

development or conclusions of reference 3.

3.2 Path

A path, from one node of a network through the network to
another node, may be described as a continuous sequence of
connected arcs linking the two nodes. Let km be the arc number
of the mth arc in the path, and p be the number of arcs in the

path. Then

(kl, k2"" s km, ey kp)

denotes the path. In the present definition, the path may include
arcs of both forward and reverse orientations. The diagram of
subsection 5.1 can provide an example of a path. Originating at
node 11, the path (1, 8, 13, 25, 29, 33) terminates on node 10.
Paths in the current formulation may not contain internal loops

or side spurs. A path in which the origin node coincides with the
terminal node is called a cycle. In the example, (1, 8, 13, 25,
29, 33, 43) forms a cycle, or closed path.

3.3 Network flow

The steady-state flow of a single commodity through a
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given network is the central concept of our discussion. Let X
be the amount of flow from the start node i to the terminal node
j of arc k = (i,j). Since the arc flow %, has this definition,
it may not reverse in arc k, and hence is a restricted variable
taking non-negative values. If the arc flow X, is regarded as a
component of the overall network flow, the latter can be denoted

by the vector

x = (xl,xz, ey Ky oeeey xa) .

The flow entering a node must balance the flow leaving,
a fact expressed algebraically by the conservation equations

kgA; X kgAI % 1 1,2,...,n

A; is just the set of arcs impinging on node i, while A; is the
set of arcs radiating from node i. Given a conservative starting
flow, the solution algorithm automatically maintains conservation
of flow throughout its operation. Therefore there is no need to
State the flow balance constraints explicitly as part of the
problem data. The pattern of conservative flow over a network

may also be called a circulation.

An upper limit to the flow through each arc is set by its
capacity, v, - Similarly, a lower limit, 1k’ is imposed. The flow

in all arcs must obey both bounds:

1ki xk_ i uk k=1,2’aou,a

(Typographical note: 'l' used for the 12th letter and digit one.)
A network flow which satisfies these inequalities and is conservative

is called a feasible flow.

The cost of transporting a unit of commodity over arc k
is called the arc cost, e An arc flow of X units will cost
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o %, to maintain. The total cost of the network flow is simply

the sum of the individual arc flow costs

I ¢ .
kel K

A feasible flow which minimizes this linear cost form is
an optimal feasible flow, 5? . The Out-of-Kilter Method will £ind

a minimal-cost network flow solution, if it exists.

In establishing the optimal network flow, the algorithm
develops and makes use of an additional set of variables called

the node prices. The node price vector
= (M1, Moy cens Teseres ﬂn)

has as its components the price of each node in the network.

An important and desirable property of the formulation and

the algorithm is that all quantities are integers.

3.4 The Out~of~Kilter Method

The mechanics of Fulkerson's algorithm are described here
s0 as to form a basis for understanding the computer program. In
turn, the algorithm depends on the theoretical development and

proofs of reference 3.

The complete method segments naturally into several inter-
related sub~tasks, each of which is programmed as a subroutine.
These are: arc state determination, optimizing cost calculation,
path searching by a labelling technique, flow changing, node
price augmentation, and construction of network topology tables.
Subroutine MULTAR embodies the logical skeleton of the overall

method, controlling the execution of the sub~tasks.
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3.4.1 Structure of the method

A valuable characteristic of the algorithm is that it
may begin with any network flow x, and any node price vector 7.

For example, a convenient starting point is x =0, m = 0 .

There is a property associated with each arc of the
network called its state. An arc is in either an 'in-kilter'
state or an 'out—of-kilter' state. Basgically, kilter means good
condition, or order: here it denotes feasible and optimal. The
algorithm proceeds by examining arcs, cne-at—a~time in their

numerical order.

First the state of the arc being inspected is determined.
If the arc is in kilter, no action is carried out, since the
algorithm is constructed so that subsequent operations will not
put this arc out of kilter. However, if the arc is in an out~of-
kilter state, the algorithm undertakes one or more flow changes
or node price increases or both until the arc is left in an in-

kilter state.

Having scanned all the arcs and left each one in kilter,
the algorithm has constructed an optimal, feasible solution.
The other terminating condition, that of no feasible solutionm,

is detected when an infinite node price increase is computed.

3.4,2 Arc states

Let k = (s,t) be the arc currently being examined. It
may be in any one of the nine states listed in the table below,
describing the condition of the arc with respect to optimality
and constraint satisfaction. Two main groups of states may be
distinguished; three in-kilter states and six out-of-kilter states.
The latter group divides into two subgroups of three states each;
the first bearing subscript 1 and the second a 2-subscript. An

arc in a l-subscript state requires an increase in flow to put
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it in kilter; while an arc in a 2-subscript state must have its
flow decreased before reaching an in-kilter state. In additionm,
an arc in state ap or Y;, where the flow is feasible but non~-

optimal, can be put in kilter through a node price increase.

The basic sub-task of Fulkerson's algorithm is the search
for a path over which to change the flow in the out-of-kilter
arc under inspection. Path searching is done by means of a node
labelling procedure, as described in detail in the next sub-section.
If found, the path extends from one node of the inspected arc,
through the network to the other node of the arc, thus forming

a cycle over which a flow change is to take place.

Suppose first, that the scanned arc, k = (s,t) is in a
l~subscript state, thus requiring an increase in flow. The origin
for labelling is t, and the terminal for labelling is s. That 1is,
the path search begins at the terminal node of arc k, and
finishes when the start node of arc k is encountered. After a
successful path search, the flow is increased in the resulting
cycle by an amount e, Subsection 3.4.4 describes this operation
in detail: the flow in arc k is increased by €, and the flow in

the path from t to s is also increased by € .

If arc k is in state o), the scanned arc flow change
difference & = 1k - X In the case that the path allows this
flow increase, the resulting flow will be at the scanned arc lower
bound lk' With arc k in states B; or y; an increase that may

bring the flow to its upper bound is required, so that € = Y T X -

Now consider the case of arc k = (s,t) in a 2-subscript
state. The origin for labelling is s, and the terminal for label-
ling is t; meaning that our path search commences at the start
node of the scanned arc k, and ends when its terminal node is met.
If a path is established, it will thus have an orientation

reversed from that of arc k. Decreasing the flow in the cycle
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just found by e is equivalent to reducing the flow in arc k by ¢,

and increasing the flow in the path from s to t by €. 1In this

way, by reversing the direction of path search, the same labelling

and flow changing procedure applies to the paths associated with

scanned arcs requiring an increase, or a decrease in flow.

If arc k is in state Yo, B = X T U attempting to
reduce the scanned arc flow to its upper limit. For states @2
and B9, & =% lk; a decrease which, if it takes place, will

set the arc flow on its lower bound.

Every arc of the network must be in one of the nine
mutually exclusive states listed in the following table. Ek is
calculated from the arc cost and the prices of the nodes of the
given arc, according to:

ck = ck + ni - ns k= ({1,]); k=1,2,...,a

It is referred to here as an optimizing cost.

arc optimizing labelling
kilter!{ flow state cost constraints P
origin|term~ £k
inal
o Ek>o x =1
in
kilterjcorrect 8 & = 0 lkf-xkf-uk
¥ G <0 I m o=w
o) c, > 0 < 1
out too k xk lk k xk
of low B1 s = 0 <1 t s -
kilter f? "k k I
< -
Mol 0 Ix iy e "
“2 07 0 I H L B T Ly
too Bz _==0 > 8 t -1
high X 7 % LT
Y2 4 < 0 X 7 Y T %
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3.4.3 Path search

The operations of flow changing and node price increasing
both depend on the node labels deposited during the path search.
A label is simply an integer associated with a node to convey
some information. The Out-of-Kilter Method sets and uses two
labels per labelled node, i; a path label (signed), tki, and a

flow change label, €3 written together as (iki, ei).

Having had the origin for labelling defined, the labelling
procedure begins by giving it the label (M, ®), where M is any
positive integer. This inconsequential change from the (0, = )
label of reference 3 is dictated by programming convenience, Since
zero 1s used in the program to denote an unlabelled node, and we
wish to record the fact that the origin has been given a label.
Before discussing the overall progress of the labelling procedure
through the network, attention is focussed on the detailed rules
for labelling a previously unlabelled node, j, from a labelled

node, i, over a given arc k.

One of two possibilities holds: k is either a forward
arc emanating from node i and terminating on node j, or it is a
reverse arc impinging on node i from node j. Because of their
opposite orientations, the available flow modifications are
different in each instance, and therefore the labelling rules will

differ.

Examine first the case of a forward arc k = (i,j). The
terminal node j will be given the label (+kj, ej) only if the
flow in arc k can be increased in an optimal way. Specifically,
arc k must be in either condition (l.a) or condition (1.b)

defined below.

The path label, +kj, notes that node j was reached over
the forward arc k. The labelling scheme of reference 3 records the
preceeding node rather than the preceeding arc. The authors of

reference 4 suggest the method used here, on page 156 of that work.



127

A simpler computer program results, the theory of the algorithm

is not affected, and multiple parallel arcs can be handled.

ej, the flow change label, is a record of the maximum
permissible flow increase along the path up to node j. The rule

for computing ej is included in the two cases:

(l.a) Ek > 0, X < 1k’ state o , ej = min(ei, 1k - xk)

(1.b) Cy <0, X < W, states B, Bi1, Yi1» Ej = min(ei, Y - xk)
Next, consider the second possibility: k = (j,i) is an arc

reversed to the direction of the path. In attempting to increase

the flow over this path, we will require a flow decrease in the

reverse arcs of the path. Thus the procedure will label the start

node j only if the arc flow x, can be decreased; again optimallty,

as specified in the two conditions (2.a), and (2.b) to follow.

?he node label is (-kj,e:j). Giving the path label a minus sign

1s an economical way of recording the orieantation of arc k with

respect to the path. ¢, has the same meaning as previously,

but is determined by the rule added to the cases:

(2.a) Ek >0, X, > lk’ states B, B, a2, ej = min(ei, X - lk)
(2.b) Ek < 0, x > Uy state vy, ej = min(ei, X - uk)

With the origin for labelling bearing a label, continued
application of the labelling rules is equivalent to a methodical
search for an optimal path over which to augment the flow in the
Scanpned arc k = (s,t). If the problem is being worked by hand,
the network i§ usually given as a diagram, and the labelling process
carried forward by eye. In contrast, a computer version will hold
the network topology in tabular form and a systematic procedure

must be devised and followed to ensure that the labelling method
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neglects no arcs during its progress. As the algorithm is
independent of this machine-oriented topic, its discussion is

deferred until subsection 14.4.

Each node receiving a label is checked to see if it is the
terminal for labelling, and if so the labelling procedure halts.
This is called breakthrough, and means that a flow-augmenting
path has been found. The alternative, nonbreakthrough, occurs
when at some intermediate stage in the labelling no additional
labels can be assigned; and therefore the terminal for labelling

cannot be reached.

3.4.4 Flow change

After each breakthrough comes the task of changing the flow

in the cycle just found by an amount e.
€ = min(eT, ek)

€p is the flow change label on the terminal. for labelling, and so
denotes the maximum permissible flow increase along the path portion

of the cycle. Similarly, e, gives the capacity for flow change of

k
the scanned arc. The cycle flow change that does take place, € ,

is the lesser of these two numbers.

First, increase the flow in the path from origin to
terminal for labelling by . The path label, *k, enables us to
trace the path in the opposite direction by backtracking from the
terminal for labelling. The label on this terminal will point back
over the correct arc to the previous node, where we will find
another label leading further, and so on until the origin for
labelling is reached. When traversing a forward arc of the path,
+k, increase the arc flow by €. Decrease the arc flow by € when
a reverse arc, -k, is encountered. These orientations are with
respect to the original path direction so for example, a forward

arc will be pointing at us as we retrace it.
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Last, change the flow in the scanned arc itself by e.
If arc k is in a l-subscript state it requires a flow increase;

conversely a 2-subscript state calls for a flow decrease in arc k.

3.4.5 Node price increase

A nonbreakthrough means that the labelling procedure cannot
find a path over which to change the flow in the arc under
examination. Consequently, an attempt must be made to modify the
Node price vector in such a way as to permit a later, successful,

Path search.

Let L be the set of nodes labelled during the path search,
and T the set of unlabelled nodes. Next, identify two sets of

arcs Al’ and Az, according to the following definitions:

]

Ay =1k =(i,)]ieL, jeL, ¢ >0, x <ul}

b
[l

{k =(j,i)] ieL, jeL, Ek<o,xk_>_1k}

The arcs of set A, radiate from L, while the arcs of set AZ are

1
directed into L.

Increase the prices of the unlabelled nodes L by an amount
§ equal to the smallest absolute value of optimizing cost Ek’ of

arcs defined above. More precisely, define:

61 = ﬁ;z(ck) , A1 non—empty 62 = Eéz(_ck)’ A2 non—empty
1 2
=z o |, Al empty = © A2 empty
and,
§ = min(sl,dz)
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If sets A1 and A2 are both empty an infinite node price
increase, 6, is required. Fulkerson has shown this to imply
that no feasible flow exists for the given network. The node
price vector cannot be adjusted, and the second terminating

condition has arisen.

4 Usage

The MULTAR implementation's modular form makes it flexible
in use., It is designed to be called from a program written by the
user for a specific application. Such a program will have its own
input data format, as well as custom—tabulation of the output
data and results. Therefore, except for the termination messages,
MULTAR is free of input/output statements. Communication is via
the COMMON block BKKIL; both within MULTAR itself, and with the

user's calling program.

NFTEST is a short, general-purpose calling program written
to demonstrate the use of MULTAR and permit the running of an
example. Subsection 4.3 is a FORTRAN listing of NFTEST, while the

Network flow example may be found in section 5.

4.1 Program NFTEST details

Program variables are the same as those of the MULTAR sub-

routines with the addition of:

Iz I node index

KK I arc index

PRICES I number of non-zero node prices read in
PRTITL AV  alphabetic array holding the problem title

Pre-solution initialization required by MULTAR is best
described by referring to program NFTEST. As with subroutine
arguments, certain of the variables in COMMON block BKKIL must be
given values at the outset. These are: L,u,C,X,s,T,PI,ARCS, and
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NODES. Zero is a convenient initial value for the flow vector X
and the node price vector PI. Statement number 8, a call to
subroutine NODARC, causes the node-to-signed arc table to be
built up in arrays KS and NODLOC. Finally, the optimizing cost
array CBAR is initialized by calling subroutine CPIPI.

Following the initialization, a single call to subroutine
MULTAR completes the solution without user intervention. The
flow vector X will contain this new solution, and array PI the
corresponding node prices. Whether the solution is feasible or
not, the output section tabulates the problem data and results,
first arc by arc, then node by node. If no feasible solution can
be found, examination of arrays X and PI should help the user to

determine the cause of the infeasibility.

4.2 Further notes on MULTAR usage

The inherent feature of the Out-of-Kilter Method that it
may start with any flow vector and any node price vector makes it
quite flexible in use. For example, if the user wishes to examine
the effect of changes in arc costs or flow bounds on the solution,
he may issue repeated calls to subroutine MULTAR. The previous
solution is used as the starting point for the next one;
incidentally achieving significant economies in computing time.
Between solutions there is no need to call subroutines NODARC and
CPIPI. The user may wish to monitor the performance of the
algorithm through the variables TBT, TNBT, LDFN, and FECIRC. FECIRC
is an integer equivalent of the termination messages, and may be

employed to control the users calling program.

The example, section 5, has several optimal solutions.
MULTAR has no facility for finding more than one optimal solution.

The solution it does find may depend on the starting values.

Since the network flow algorithm operates with integer

quantities only, variables in the original problem with significant
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fractional parts must be scaled up until the least significant
digit in the fractional part occupies the units position in the
network flow integer. If the user's machine word length is short,
the largest available FORTRAN integer will be correspondingly
small. Then he must be careful not to scale the arc bounds, costs
and flows higher than necessary, so as to avoid overflow in the

node prices.

A variety of tramsportation and network flow problems
can be expressed in a form suitable for solution by the Out-of-
Kilter Method. The following supplementary points may assist in

such an undertaking:

&n arc lower bound can be set to zero. L(K) = 0.

2 To fix the flow in an arc, its upper bound can be set equal
to its lower bound. U(K) = L(K).

3  Both bounds may be set to zero, stopping flow in that arc.
L(K) = UK) =0 .

4  An unbounded arc can be simulated by giving a large value to
its upper bound. U(K) = 99999

5 Arc costs may be negative, zero, or positive.
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4.3 Source Program listing

C NFTEST

c PROGRAM TO TEST NETWORK FLOW ROUTINE MULTAR
c MAXIMUM PROBLEM SIZE FOR PRESENT DIMENSIONS
Cc ARCS 1200 NQDES 400

INTEGER ARCS*SsTslUsCeXePI +PRICES

ALPHABETIC PRTITL

DIMENSION PRTITL(10)

COMMON /BKKILZ L(1200)¢U(1200)+C(1200)¢X{1200)
1CBAR(1200)¢5€1200)eT(1200)+PI1(400) +KLABEL (400) ¢
2ELLABEL (400) oKS (2400) «NODLOC (401 ) s DIF*FECIRCTARCS+NODES »
3STAINDISTADES oK eNEXTIOFL s TFL s INFINY e TBT ¢ TNBTsLDFNSTAGES
c READ AND WRITE THE PROBLEM TITLE

READ(S5+901) PRTITL
901 FORMAT (10A6)
WRITE(6+906) PRTITL
906 FORMAT(1H1+10A6)
Cc FNPUT THE NETWORK StZE
READ{S5+905) ARCS+NODES
908 FORMAT(215)
c INPUT THE NETWORK DATA+ ARC BY ARC
READ(5+900) (KeS(KIsTIKIsL (K) $UIK) ¢ CIK) ¢ X(K) tKK=1¢sARCS)
900 FORMAT(715)
c ZERO THE NODE PRICE ARRAY
DO 800 1=1sNODES
800 P1(})=0
c INPUT THE NON-ZERO NODE PRICES
READ(5+905) PRICES
IF(PRICES«EQeQ) GO TO 8
READ(5+90S5)([sPI(1)e1l=]1PRICES)

O

C INITIALIZATION
8 CALL NODARC
CALL CPRIPI
C NETWORK FLOW ROUTINE ATTEMPTS TO FIND
C AN OPTIMAL s FEASIBLE SOLUTION TO GIVEN PROBLEM
CALL MULTAR
C OUTPUT THE PROBLEM DATA AND SOLUTION

WRITE(6+902) ARCS+NODES
902 FORMAT( 8H ARCS = [4+3X+8HNODES = 147)
WRITE(6+903)
903 FORMAT(Z2X13HARC +4X s 1HSs4X e 1HT s 4Xe THL 94X s 1HUSAX e THC
14X e 1 HX)
WRITE(69900) (IKeSIKIeTIKI oL {K) eUIK)IICIK) e XIK) 1K=l +ARCS)
WRITE(6¢904)
904 FORMAT (/S NODE +3Xe2HP1)
WRITE(6+905) (1ep1(1)e1=1sNODES)
SToP
END
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4.4 Run deck setup

Having obtained binary object program card decks from a
compilation run, the user sets up his normal run deck as in the
diagram. Since the run requirements are standard, no extra IBSYS
monitor features are -used and the run deck contains a minimal

number of control cards.

$EOF
lll’ /I.
Problem input data deck
$DATA
y= = / i
|
Object deck MULTAR routines it
Object deck NFTEST E '
$1BJOB FIOCS , NOSOURCE ; //
$EXECUTE IBJOB Pi
$JOB
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4.5 Input data preparation

In a typical applications program, the assembly of the
network flow model data from more basic problem data can be a
relatively complicated operation. However in the case of NFTEST,
our short calling program, the network flow data is read in
directly from cards.

Section 5.2 lists the input data deck for the example.

The first card is a title for the problem to be run, and
consists of any characters punched in columns 1 to 60. All
subsequent data is punched into integer fields 5 columns wide. The
second card defines the network size by giving, first the number of
arcs, and then the number of nodes. On each of the following cards
is punched the data for one arc, thus specifying the network topology,

bounds, arc costs, and starting flow.

For a network of a arcs and n nodes, the arcs must be
numbered with the first a positive integers, and the nodes with
the first n. If the network elements are otherwise numbered or named
in the user's applications program, he must arrange for a renumbering
before entry to the MULTAR routines. The consecutive numbering

scheme of MULTAR is not restricted by any additional rule.

The final card holds a zero to indicate that no non-zero
node prices are to be read in for this run. Otherwise, this card
contains the number of node prices to be read in, and is followed

by the node data cards punched according to FORMAT 905.

4.6 Messages

MULTAR does not output any messages while searching for

a solution. See section 12 Program modification. However, just

before returning to the user's program, MULTAR generates one of
two termination messages. Refer to the listing of subroutine

MULTAR. If the algorithm was successful in finding an optimal
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solution, the message in FORMAT statement number 5 will be given.
Conversely, if no feasible flow could be established, MULTAR
prints the message of statement number 4. In both cases,
statement 6 informs the user of the number of path searches

undertaken by the algorithm in its hunt for an optimal solution.

4.7 Output from program NFTEST

Section 5.3 is a copy of the line printer output for the
example. The tabulation of problem data and results produced by
NFTEST is particularly simple, following closely the input data

format.

Line 1 identifies the output by the problem title, printed
exactly as read in. Lines 2 and 3 are the termination message
from subroutine MULTAR, indicating success in finding an optimal
solution, and informing the user that a total of 24 path searches were
made in finding the solution. Line 4 contains the problem size,
and line 5 is a heading for the arc data and results. These are
tabulated, one arc per print line, arcs in numerical order. The
new network flow solution appears under the letter X. Node prices

follow the arc quantities and are copied here as an insert.

5 Example
To demonstrate the operation of MULTAR and NFTEST the

example of page 123, reference 4 was selected. Subsection 5.1 is

a diagram of this network. Arc bounds and costs are tabulated in
subsection 5.2. Node 11 may be regarded as a source node, and

node 10 as a sink. Flow conservation 1s maintained by the return
arc, 43 = (10,11). The problem is to establish a maximal flow from
the source node to the sink node, that at the same time minimizes

the cost of flow from source to sink.

Each undirected are in the original network has been

replaced by a pair of opposed, directed arcs, to conform to the present
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formulation. The return arc has been given a large negative

cost. Since the algorithm is a minimizing one, it will maximize
the flow in the return arc, and hence the flow through the network
from source to sink. The positive costs on the network arcs will
cause this flow to distribute itself so that the cost of the

maximal flow is a minimum.

The maximal flow is 85 units. See subsection 5.3. There
is more than one minimal-cost flow pattern, however. For example,
two equal-cost paths exist from node 8 to the sink; namely 32,35
and 39,41. The solution of reference 4 has 5 flow units switched

from the first path to the second.

This network flow example fails to illustrate two important
features of the Out-of-Kilter Method: non-zero lower bounds, and

multiple parallel arcs of the same orientation joining two nodes.
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5.1 Diagram, Network flow example

43
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5.2 Input data deck listing

MINIMAL COST MAXIMAL FLOW EXAMPLE+ P123s FLOWS IN NETWORKS

43 11
1 11 1 0 50 3 0
2 1 11 0 s0 3 0
3 11 2 0 a0 6 0
4 2 11 ¢] 30 & o
5 11 3 o 15 8 0
6 3 11 o 15 8 0
7 1 2 o s0 2 o
a8 2 1 o 50 2 0
9 2 3 0 15 2 0
10 3 2 0 15 2 o]
11 1 4 o} 25 2 0
12 4 1 0 25 2 0
13 2 4 ¢] 45 1 0
14 4 2 0 as 1 0
15 2 7 o 1S 8 o
16 7 2 0 18 8 (¢]
17 2 5 0 10 3 0
18 5 2 0 10 3 (¢]
19 3 5 0 10 1 ¢]
20 5 3 o] 10 1 0
21 3 8 0 20 3 0
22 8 3 0 20 3 0
23 4 6 0 90 9 0
24 6 4 0 90 9 s]
25 4 7 o 10 8 0
26 7 4 0 10 8 0
27 5 7 0 60 s 0
28 7 5 0 &60 S 0
29 6 7 8] 10 1 (]
30 7 6 0 10 1 0
31 7 8 e] 20 2 o}
32 8 7 0 20 2 0
33 ) 10 ¢] 10 2 0
34 10 6 s] 10 2 0
35 7 10 0 a0 4 o}
36 10 7 0 80 'y 0
37 7 ] o 10 1 o}
38 9 7 (o] 10 1 (e]
39 8 9 o 10 3 0
40 9 8 0 10 3 0
41 9 10 o] 10 3 e]
42 10 9 e] 10 3 (¢]
a3 10 11 0 s55 -100 o]
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5.3.Line printer output

MINIMAL COST MAXIMAL FLOW EXAMPLEs P123, FLOWS IN NETWORKS
ALGORITHM TERMINATES WITH FEASIBLE, OPTIMAL SOLUTION.
BREAKTHROUGHS 10 NONBREAKTHROUGHS 14

ARCS = 43 NDDES = 11
ARC S T L u ol X
1 11 1 0 50 3 50
2 1 1li 0 50 3 0
3 11 2 0 30 6 20
4 2 11 0 30 6 (]
5 11 3 0 15 8 15
6 3 11 0 15 8 0
7 1 P 0 50 2 25
8 2 1 0 50 2 0
9 2 3 0 15 2 15
10 3 < 0 15 2 4)
11 1 4 0 25 2 25
12 4 i 0 25 b4 V]
13 2 4 4) 45 1 5
14 4 < 0 45 1 0
15 2 7 4] 15 8 15
16 7 2 0 15 8 0
17 2 5 0 10 3 10
18 5 ¥4 0 10 3 0
19 3 5 0 10 1 10
20 5 3 0 10 1 0
21 3 8 0 20 3 20
22 8 3 0 20 3 0
23 4 6 0 90 9 20
24 6 4 0 90 g9 0
25 4 7 0 10 8 10 NDDf Pz
26 7 4 4) 10 8 0 2 6
27 5 7 0 60 5 20 3 90
28 7 5 0 60 5 0 Py 7
29 6 1 0 10 1 10 5 91
30 1 6 0 10 1 4) 6 16
31 7 8 0 20 2 0 7 96
32 8 7 0 20 2 20 8 96
33 6 10 0 10 2 10 9 97
34 10 6 0 10 2 0 10 100
35 7 10 0 80 4 15 ‘ii" o
36 10 7 0 80 4 0 .
37 7 9 0 10 1 0
38 9 7 4) 10 1 0
39 8 9 0 10 3 0
40 9 8 0 10 3 0
41 9 10 0 10 3 0
42 10 9 0 10 3 0
43 10 11 0 555 =100 85
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6 Restrictions

1 Dimensioning of the FORTRAN arrays sets the maximum problem
size at 1200 arcs and 400 nodes. Section 9 Storage

describes adjustments to the maximum number of nodes and arcs.

2 Nodes and arcs must be numbered consecutively as specified

in subsection 4.5.

3 The magnitude of the program variables is restricted only

by the word length of the computer. See sections 4.2 and 11.

7 Accuracy

As all quantities are integers, and the sole arithmetic
operations performed are addition and subtraction; there is no
mechanism whereby numerical errors can develop. Solutions are

exact to the least significant digit, the units digit.

8 Data checking

Checks on the validity of the problem data are not done by
MULTAR, or by NFTIEST. However, in his applications program, the

user may wish to check for:

1 DUnusual network topology: isolated nodes or arcs, dead—end
spurs, a split network.

Maximum problem size exceeded.

Arc lower bound L(K) greater than the upper bound U(K).

Initial flow X non-conservative.

s~ W N

Overflow in the node prices PI.

9 Storage

Subsection 9.1 Core memory map presents the program

storage requirements in diagrammatic form. It is drawn for the

given maximum problem size of 1200 arcs and 400 nodes, and for
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standard operation under the IBSYS monitor. Note that the named

COMMON block BKKIL resides with program NFTEST.

The MULTAR subroutines are shown as occupying 165110
locations. However, one of the routines, LABLEM, contains a large
local array, NPSTAG, which is used as working storage. It occupies
80010
Not including array NPSTAG then, the MULTAR routines and their

locations, twice the maximum number of nodes in the network.

remaining local variables take 85110 words of core memory.

In COMMON block BKKIL, variables L,U,C,X,CBAR,S, and T have
dimension 8 ax? the maximum number of arcs. KS is dimensioned
2a . The node variables PI, KLABEL, and ELABEL have S
locations each, while NODLOC is dimensioned nmax+1' The number

of locations in BKKIL, loc, is related to the maximum problem size by:

loc = 9a + 4 + 16

max Pax
The user may change the maximum problem size specification
by altering array dimensions in BKKIL and array NPSTAG. Suppose
for example, an estimate of the maximum number of arcs permitted in
a 700-node problem is required. Assuming a minimum input/output
buffer size of 51210 locations, the maximum number of locations
available to BKKIL and NPSTAG is

12416
800
10566
-512
2327010 locations.

The choice of maximum problem size is then governed by the equation

23,254 = gamax + 6nmax

which, solved for the above requirement yields a x = 2117 arcs.
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9.1 Core memory map

System 00000
209010 = 40528

NFTEST 04052

BKKIL. COMMON block 040538

12416 o 30200

1 8

342538
25610 = 4008
MULTAR routines 346528
1651lo = 31638
I/0 and other 400358
system routines
543310 = 124718
I/0 buffers, 525268
spare core memory
1056610 = 245068
System 772348

356, = 5434 777775
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10 Execution time

The computing time spent by the MULTAR subroutines in

establishing an optimal flow pattern depends on the following

factors:
1 Size of the network.
2 Type of optimizing problem.
3 Machine speed.
4 Nearness of the starting flow to the final flow.
5 Arc numbering, since that determines their order of

examination.

However, the time taken to obtain various solutions to a given

network appears not to vary in an unexpected manmetr.

A particular network comprising 644 arcs and 151 nodes
required 1 minute and 20 seconds of machine time to solve,
excluding input/output and topology table initialization via
subroutine NODARC. The IBM7094 model II has a basic machine cycle
time of about 1.4 microseconds, and fixed point add/subtract takes

two such cycles.

11 Machine dependencies

As the word length of the IBM7094 model II is 36 bits,
the largest integer that can be held in a single word is 236-1.
The variable INFINY is given this value in subroutine MULTAR, to
represent the infinity of the algorithm. Implementing MULTAR on
a different machine, the user should assign to INFINY a value equal
to the largest FORTRAN integer representable in the precision he

has specified.

In subroutine FINDST, the DATA statement and the variable
STADES contain alphameric arc state descriptions of from four to
six characters each. Six is the maximum number of alphameric

characters per FORTRAN word for the present machine.
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The FORTRAN specification statements in the preamble of

each subroutine have been placed in the safest possible order:

INTEGER
DIMENSION
COMMON

to accommodate some compilers.

A difficulty will arise if a different number of storage
units (machine words, bytes) are specified per FORTRAN integer
variable, than are specified per real variable. Since only the
variables used in any particular subroutine of the MULTAR group
have an explicit INTEGER type assignment, the remainder will take
the implicit type assignment REAL. Because of the different word
lengths, this will throw the variables in COMMON block BKKIL out
of alignment from subroutine to subroutine. The difficulty can
be overcome by assigning, with the exception of STADES, implicitly
REAL variables in BEKIL as type INTEGER, in all routines.

READ and WRITE statements in MULTAR and NFTEST use the
FORTRAN input/output unit assignments standard under the IBSYS
monitor. They are: logical unit 5 for BCD data input and 6 for
BCD data output. Messages given by MULTAR occupy no more than 54
horizontal print positions. The problem title printed by NFTEST
may be up to 60 characters long, however. Vertical spacing control
characters are standard, conforming to references 1 and 2. Print
lines written by MULTAR begin with a blank, for normal one~line
spacing.

The dependence of the maximum problem size specification

on machine core memory size can be inferred from the material

given in section 9 Storage.

Two standard built—-in (intrinsic) functions of the FORTRAN
language, IABS and MINO, are referenced by the subroutines LABLEM,
FLLOCHM, and NODPRI.
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12 Program modification

1

The maximum problem size may be reset by changing the array
dimensions as indicated by section 9 Storage.

The messages in subroutine MULTAR may be removed.

Number the RETURN statement 6.

The alphameric variables in subroutine FINDST are descriptive
only and are not involved in program operation. Their
removal would effect slight economies in storage and speed.
Similarly, the program operating statistics TBT, TNBT, and
LDFN, and their associated statements may be withdrawn

from subroutines MULTAR and LABLEM.

To observe the arc state transitions, insert a WRITE statement
after the call to FINDST in subroutine MULTAR. Print out

K and STADES.

13 Checkout status

Every detail of internal operation was observed and checked

for a 4 node, 6 arc test problem, From the initial date of writing

to the present time, no program errors have been found. No program

failure has been experienced. Therefore there are no suspected

errors remaining in the program.

However the MULTAR subroutine set cannot be considered

to have full certification for the following reasons:

It has had extensive use on a single problem type only.

The sole implementation to date is for the IBM7094 model II.
No attempt has been made to make the program carry out all
possible state transitions.

It has been used only by the author of the program.
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14 Program details

Many comment cards are included with the source program.
This section aims at relating the FORTRAN program to the des-
cription of the algorithm given in Section 3. Some program
details appear in sections 4.6, 9, 11, and 12. The short calling

program NFTEST is discussed separately, in subsection 4.1.

14.1 Subroutine MULTAR

The name MULTAR is used in this documentation to describe
both the collection of network flow routines taken together, and
the individual main subroutine forming the framework of the
algorithm, FECIRC is initially set to -1 as a signal of in-
complete algorithm operation, if the program has been prematurely

terminated by an external interruption.

One of the results of the call to subroutine FINDST is that

the variable STAIND is given a value as follows:

STAIND arc K
in kilter

out—of-kilter, l-subscript

2 out—of—-kilter, 2-subscript

via the COMMON block. STAIND is also used in subroutine FLOCHM.

If variable NEXT is zero on return from subroutine LABLEM
a nonbreakthrough has occurred. NEXT serves here as a breakthrough

indicator, a positive integer marking a successful path search.

Subroutine NODPRI will set FECIRC to zero if it discovers
that the problem in hand has no feasible solution, and algorithm
operation will end. Otherwise, array CBAR is reevaluated by
subroutine CPIPI, working from the new node prices. Control
transfers to statement 1 after the calls to FLOCHM and NODPRI, since

the scanned arc must be checked to find if these operations have
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yet placed it in an in-kilter condition.

The three IF-statements in subroutine MULTAR are in a
sense redundant, since they test conditions already known by the
other routines. They arise from the modular form of program
construction, and a desire to avoid the non~standard RETURN

feature available on the author's machine.

When DO-loop 100 is satisfied, all arcs have been put in
kilter and array X now holds the optimal solution. FECIRC takes
the value 1 to signify this fact.

Subroutine MULTAR is the only routine in the program
that calls on other routines. It contains calls to all of them

except subroutine NODARC.

14.2 Subroutine FINDST

Besides finding the present state of K, the arc currently
being inspected; this routine does related work. First the arc
differences are precomputed. The scanned arc flow change difference,
DIF, will take one of these values depending on which state the
arc is in., Five arithmetic IF statements comprise the program logic
realizing the arc state table of subsection 3.4.2, The first IF,
by testing the value of CBAR, detects whether arc K is in the
ALPHA~group, BETA-group, or GAMMA-group of states. Arithmetic IF
statement 1 deals with the ALPHA states, 3 the GAMMA states; while

the BETA states require two IF statements, namely 2 and 4.

The DATA statement holds alphameric arc state descriptors,
When the state of arc K is ascertained, the appropriate descriptor
is assigned to variable STADES for possible observation by the user.
In addition, STAIND is given a numerical value, as set out in the
previous subsection. Lastly, by assigning the origin and terminal
for labelling, FINDST orients the path search according to the

requirement of arc K for an increase or decrease in flow.
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14,3 Subroutine CPIPI

Following a node price increase, new values of the arc
optimizing costs must be computed for use in the next path search.
DO~loop 100 re-computes each element in array CBAR whether it
has changed value or not. Node indicies SKJ and TKJ circumvent
a FORTRAN limitation on subscripts. Rather than embedding the
evaluation of CBAR in subroutine NODPRI, it was written as an

independent subroutine to facilitate initialization of CBAR.

14.4 Subroutine LABLEM

The search for a flow—augmenting path through the network
is carried out by a node labelling procedure which progresses in
stages across the network. This staging mechanism is described
in reference 6, page 340. It consists of maintaining two lists of
labelled nodes; the present stage nodes, from which labelling is
being done, and the next stage nodes, which are nodes that have
just been labelled from the present stage. The two-dimensional
array NPSTAG stores the next and present stage nodes in two

column vectors.

Initially there is just one node in the present stage,
the origin for labelling, OFL. MP and MN are pointers to the colummn
vectors of array NPSTAG that hold the present and next stages,
respectively. The routine starts off by putting the OFL in
position one of the first columm vector, and reserving the second

column vector for storing the next stage nodes.

NEXT is a count of the number of nodes in the next stage,
that is, the number of nodes that have been given labels from the
nodes in the present stage. At the beginning of each stage NEXT

is set equal to zero.

IPS, the present stage index, references in turn each of

the node numbers of the present stage, extracting them, with the
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aid of MP, from array NPSTAG to give the node index IL a value.
Next, the number of arcs connected to node IL is computed by sub=-
tracting the two successive entries in array NODLOC. Then the
inner, nested DO~loop 100 can scan quickly all the arcs connected
to node IL. LSA locates the signed arc in array KS, by being
initialized by NODLOC(IL) and incremented by ISCAN., The arc
index KL is used as a FORTRAN subscript, and so must be obtained

from the element in array KS.

The IF statement determines whether arc KL radiates from
or impinges on node IL, transfering control to statement 2 in the
latter case. If far node JL bears a label, it is passed by, and
the next arc is inspected. However if JL is unlabelled, the next
IF statements make an attempt to do so according to the labelling
rules of subsection 3.4.3. Program control will transfer to
statement 9 if JL can be labelled, and to statement 100 if it cannot.
The assignment of the path and flow change labels is exactly as

described in subsection 3.4.3.

After labelling JL, the count of labelled nodes in the
next stage NEXT is incremented, and the node number JL is stored
at location NEXT in the next stage side MN of the array NPSTAG.
The test for JL equals TFL is equivalent to examining TFL for a
label.

When the outer DO~loop 100 has been satisfied, all nodes
in the present stage have been employed in an attempt to label new
nodes for the next stage. The value of NEXT will still be zero if
no new nodes could be labelled, and the labelling process terminates

in the nonbreakthrough condition.

Usually however, NEXT will contain a positive count and
the staging mechanism then progresses by regarding what has been
Called the next stage, as the present stage. This is done simply
by setting node count PRES equal to NEXT, and interchanging
pointers MP and MN via the dummy location MD.
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14.5 Subroutine FLOCHM

The amount of flow change, EPSILN, is a positive integer
computed by means of the FORTRAN function MINO which takes the
value of the smallest of its arguments. As the path is retraced
from the terminal for labelling, index IA will record the number

of the present node.

Although the path label KLABEL (IA) identifies the next
arc of the path, statement 1 is necessary for two reasons. The
corresponding arc index KA cannot be a subscripted variable, or
negative, as it is used later as a subscript itself. The next
statement finds the orientation of the traced arc KA with respect
to the path, by testing the sign of the path label. The flow in the
arc is changed by EPSILN and the arc passed over by making the

present node 1A the node on the other end of the arc.

Statement 3 is in effect the terminator of the main path
tracing loop. Exit from the loop occurs when the present node is
the origin for labelling. The path flow change is complete, and it
remains to change the flow in the scanned arc. The state indicator
STAIND, set by subroutine FINDST, will recall for subroutine FLOCHM

whether an increase or a decrease was to be made.

14,6 Subroutine NODPRI

DO-loop 100 references the arcs of the network in turn,
inspecting each for membership in set Al or set A2 by means of two
logical IF statements. The program does not maintain tables
corresponding to the sets of labelled and unlabelled nodes. Rather,
the convention is adopted that a path label of value zero identifies
an unlabelled node, while a labelled node will naturally have a

non-~zero path label.

DELTA, the node price increase, is computed by keeping its

current minimum value in the variable DELTA, and comparing that
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with a possibly lower absolute value of CBAR, using the MINO
function in statements 1 and 2, When DO 100 is satisfied, DELTA

will contain the required node price increase.

At the beginning of the subroutine, DELTA is given the
value INFINY. If it still has this value on exit from Do 100,
sets Al and A2 must both be empty, and the no~feasible-circulation
terminating condition has been detected. FECIRC is set equal to
zero, notifying subroutine MULTAR of this event.

In the usual case where DELTA is less than INFINY and an
increase is possible in the prices of unlabelled nodes, these are
identified as before, by examining the path labels. DO=-loop 200
scans all nodes, but only the unlabelled ones undergo a price

increase.

14,7 Subroutine NODARC

Machine implementation of the network topology is by tables
stored in FORTRAN arrays in the COMMON block. The network
connectionsare completely and conveniently specified by tabulating
the start node S(K) and the terminal node T(K) of each arc K. The
two arrays S and T form the arc~to-node table, permitting high-
speed access to the nodes of a specific arc. All the subroutines

except MULTAR use the arc-to-node table.

However, the labelling procedure requires a second
topology-referencing operation: scan all arcs connected to a given
node. A machine search of the entire arc—to-node table would be
possible, but slow. Since the program execution time depends
chiefly on the speed of the labelling process; an efficient scheme
for locating arcs must be devised. In carrying out the labelling
process manually from a diagram, the arcs connected to a given node
are immediately to hand. This idea is used as the basis for a second

description of the network topology, the node~to-signed-arc table.
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In this table, all arcs connected to a particular node are

collected together in successive entries.

The signed arc array, KS, and the node location array,
NODLOC, hold the node~to-signed~arc table. Subroutine NODARC
relieves the user of the burden of assembling this table. A means
for referencing the set of arcs, tabulated in array KS, that are
connected to a given node IM, is provided by the node location
array NODLOC. Beginning with the set of arcs connected to node 1,
DO-loop 200 builds up array KS by scanning all the arcs of the
network. Arcs radiating from node 1 are signed positive, arcs
impinging negative, and arcs not connected to node 1 are ignored.
LSA is a count of the total number of arcs added to the table in
array KS, When DO 200 is satisfied, all the arcs connected to node
IM have been tabulated, and a search for arcs connected to the next
node commences. On completion of DO 100 the table is complete,
except for a final entry in array NODLOC, which defines the number

of arcs connected to the highest numbered node.

Subroutine NODARC is part of the MULTAR set of routines,
but is not called by any of them. See subsection 4.1.

Here is a partial listing of the example network's topology

tables:
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Arc—to—-node table Node-to-signed arc table

arc start terminal node node node location signed
node node location of signed arc
array arc array
K S(K) T(X)
I NODLOC (1) 1 LSA KS(LSA)
1 11 1
2 1 11 1 1 1 1 -1
3 11 2 2 7 2 2
4 2 11 3 * 3 7
5 11 3 4 * 4 -8
6 3 11 5 * 5 11
7 1 2 6 6 -12
8 2 1 7 2 7 -3
9 2 3 8 * 8 4
. . . 9 . 9 - 7
- . . 10 . . .
. . . 11 80 . .
41 9 10 12 87 . .
42 10 9 79 43
43 10 11 11 80 1
81 -2
82 3
83 -4
84 5
85 -6

86
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14.8.1 Flowchart Subroutine MULTAR
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14.8.2 Flowchart Subroutine FINDST
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14.8.3 Flowchart
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Subroutine LABLEM
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14.8.4 Flowchart Subroutine FLOCHM
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14.8.5 Flowchart Subroutine NODPRI
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14.8.6 Flowchart Subroutine NODARC
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VARIA S ST

*

MULTAR MULTIPLE ARC OUT-OF-KILTER NETWORK FLOW ROUTINE

*
NAME OF
FORTRAN
VARIABLE
*

ALF
ALF1
ALF2
ARCS
BET
BET1
BET2

Cc
CBAR
DELTA
OIF
DIFL
ELABEL
EPSILN
FECIRC
GAM
GAM1
GAM2
IA

L

M

IN

INF INY
1SCAN
1PS

S

K

KA

KJ

Kt
KLABEL
KM

KN

KS

[

LDFN
LMX
LSa

<<

<

St Pt Bt ag Pt Ped ek Gt Bt e bt et Gy g Pt Sek Sad Bd St R T3 D D e Pt b bt bt bk e A D D D =D DD
<<

DESCRIPTION
I INTEGER-
M MATRIX ARRAY

ARC STATE ALPHA

ARC STATE ALPHAL

ARC STATE ALPRPHAZ2

NUMBER OF ARCS IN THE NETWORK

ARC STATE BETA

ARC STATE BETAl

ARC STATE BETAZ

ARC COSTS

OPTIMIZING COSTS

NODE PRICE CHANGE

SCANNED ARC FLOW CHANGE DIFFERENCE
ARC FLOW DIFFERENCE FOR LABELLING
EPSILON LABELS (FLOW CHANGE L.ABELS)
FLOW CHANGE

FEASIBLE CIRCULATION INDICATOR

ARC STATE GAMMA

ARC STATE GAMMAL

ARC STATE GAMMA2

NODE INDEX IN SUBRe FLOCHM

NODE INDEX IN SUBRe LABELM

NODE INDEX IN SUBRe NODARC

NODE INDEX IN SUBRe NODPRI1
INFINITYe LARGEST INTEGER IN MACHINE
SCAN INDEX

PRESENT STAGE NODE SCAN INDEX

FAR NODE INDEX

ARC INDEX IN SUBRs MULTARs AND COMMON
ARC INDEX IN SUBRe FLOCHM

ARC INDEX IN SUBRe CPIPRI

UNSIGNED ARC INDEX

PATH LABELS

ARC INDEX IN SUBRe NODARC

ARC INDEX IN SUBRe NODPR!

SIGNED ARC ARRAY

ARC LOWER BOUNDS

LABELL ING DONE FROMs s dNUMBER OF NODES
FLOW DIFFERENCE L MINUS X

NODE TO SIGNED ARC TABLE INDEX

A ALPHAMERICe+ V VECTOR ARRAY

o]

e e e e

R ORRRE



MD

MN

MP
NARCIL
NEXT
NODES
NODL.OC
NPSTAG
OFL.

Pl
PRES

S

SKJ
SKN
STADES
STAGES
STAIND
T

TaT
TFL
TKJ
TKN
TNBT
U

UmMX

X

XML
XMU

1V

<

<

Bt Bt St bt bk G bt B0 bt Bt g g et T s B
<
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POINTER DUMMY

NEXT STAGE POINTER

PRESENT STAGE POINTER

NUMBER OF ARCS CONNECTED TO NODE IL
NUMBER OF NODES IN NEXT STAGE
NUMBER OF NODES IN THE NETWORK

NODE LOCATION ARRAY

NEXT AND PRESENT STAGE NODE NUMBERS
ORIGIN FOR LABELL ING

NODE PRICES (PRICING VECTOR)

NUMBER OF NODES IN PRESENT STAGE
START NODES (ARC TO NODE TABLE)
START NODE OF ARC KJ IN SUBRe CPIPI
START NODE OF ARC KN IN SUBRe NODPRI
STATE DESCRIPTION FOR ARC K

NUMBER OF LABELLING STAGES FOR ARC K
STATE INDICATOR FOR ARC K

TERMINAL NODES (ARC TO NODE TABLE)
TOTAL BREAKTHROUGHS

TERMINAL FOR LABELLING

TERMINAL NODE OF ARC KJ IN SUBRs CPIPI

TERMINAL NODE OF ARC KN IN SUBRe NODPRI!

TOTAL NONBREAKTHROUGHS

ARC UPPER BOUNDS (ARC CAPACITIES)
FLOW DIFFERENCE U MINUS X

ARC FLOWS (NETWORK FLOWe CIRCULATION)
FLOW DIFFERENCE X MINUS L

FLOW DIFFERENCE X MINUS U

A E

>

E]
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14.10 Source program listing

c
C
Cc

(g}

(9]

O O o o0

SUBROUT INE MULTAR
OUT-OF=KILTER ALGORITHM TO FIND MINIMAL~-COST NETWORK
FLOW FOR UPPER AND LOWER BOUND CARACITATED NETWORK
MULTIPLE ARCS ALLOWED BETWEEN NODE PAIRS
INTEGER TBTsTNBT+FECIRC+P1+ARCS+STAIND
COMMON /BKKILZ L{(1200)+U(1200)+C(1200)+X(1200)
1CBAR(1200)¢5(1200)¢T(1200)+P1(400) +kKLABEL (400) ¢
2ELABEL (400) +k5(2400) +NODLOC (401 ) sDIF sFECIRC 1ARCS*NODES +
3STAINDSTADES K sNEXTeOFL s TFL ¢ INFINY e TBTe TNBT+LOFN+STAGES
INFINITY 1S LARGEST INTEGER IN MACHINE
INFINY=34359738367
T8T=0
TNBT=0
FECIRC=~1
BRING EACH ARC K INTO KILTER
DO 100 K=14ARCS
FIND THE STATE OF ARC K
1 CALL FINDST
IF ARC K 1S IN KILTERs NO NEED TO LABEL
IF(STAINDWEQeO) GO TO 100
LABEL ING PROCEDVRE SEARCHES FOR A PATH
CALL LABLEM
TEST FOR BREAKTHROUGH
IFINEXTEQeO) GO TO 2
BREAK THROUGHs CHANGE THE ARC FLOWS
CALL FLOCHM
TBT=TBT+1
GO TO 1
NONBREAKTHROUGHs INCREASE NODE PRICES
2 CALL NODPRI1
TNBT=TNBT+1
TEST THE FEASIBLE CIRCULATION INDICATOR
IF(FECIRCeNE.O) GO TO 3
WRITE(6+4)
4 FORMAT( 37H NO FEASIBLE SOLUTION TO THIS PROBLEM
18H EXISTSe)
GO TO 6
COMPUTE NEW OPTIMIZING COSTe CBAR
3 CALL CPIPI1
GO TOo 1
100 CONTINUE
FECIRC=1
WRITE(6+5)
S FORMAT( 37H ALGOR1THM TERMINATES WITH FEASIBLES
11 7HOPTIMAL SOLUTIONS)
6 WRITE(6+7) TBTeTNBT
7 FORMAT(14H BREAKTHROUGHS ¢ [4 43X 1 6HNONBREAK THROUGHS «
114)
RETURN
END
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SUBROUTINE FINDST
FINDS THE STATE OF ARC K* AND CHOOSES APPROPRIATE CASE
INTEGER XML s XMUsUMX e X sUsCBARISTAIND ¢DIF ¢OFL o TFL ¢S T
COMMON 7/BKKILZ L(1200)+U(1200)+C(1200)+X(1200)
1CBAR(1200)+S{1200):T(1200)+sp11(400) ¢«KLABEL (400}
2ELABEL (400) sKS(2400) +NODLOC (401 ) sDIFIFECIRC+ARCSINODES
3STAIND ¢STADES 'K oNEXTeOFL ¢ TFL s INFINY o TBT ¢ TNBToLDFNeSTAGES
DATA ALF+BET+GAMIALF 1 +ALF2+BET] +BET2+GAM] s GAM2
1/75HALPHA + 4HBET A +ySHGAMMA + GHALPHA |  6HALPHAZ s SHBETAL »
25HBETAZ s 6HGAMMAL s 6HGCAMMAZ /
COMPUTE DIFFERENCES FOR ARC K
XML =X (K) ~L (K)
XMU=zX(K) =UlK)
LMXz ~XML
UMX =z -XMU
STATE~FINDING LOGIC
IF(CBAR(K)) 30291
IF(XML) 1046420
IF(XMU) Qge7e21
IFCXML) 110707
IF(XMU) 12822
IN KILTER STATES
STADES=ALF
GO TO &
STAOES=8ET
GO To 5
STADES=GAM
STAIND=O
RETURN
OUT OF KILTER STATES
ORIGIN FOR LABELING 15 TERMINAL OF ARC K

e < O WPN -

10 STADES=ALF}
DIF=LMX
GO TO 14

11 STADES=BET1
GO To 13

12 STADES=GAM]

13 DIF=UMX

14 OFL=2T(K)
TFL=S(K)
STAIND=1
RETURN
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ORIGIN FOR LABELING 1S START OF ARC K
20 STADES=ALF2
GO TO 23
21 STADES=BET2
23 DIF=XML
GO TO 24
22 STADES=GAM2
D 1F= XMV
24 OFL=S(K)
TFL=TIK)
STAIND=2
RETURN
END

SUBROUTINE CPIPI

COMPUTES THE ENTIRE OPTIMIZING COST ARRAYe CBAR
INTEGER ARCS*SKJsSe T+ TKJsCBARC P!

COMMON /BKKILZ L11200)+U(1200)+C(1200)+X{(1200) ¢
1CBAR(1200)+S(1200)+T(1200)«PI{400) +KLABEL (400) ¢
2ELABEL (400) +KS(2400) s NODLOC (401 ) oD IF sFECIRC» ARCSeNODES ¢
3STAIND*STADES sk sNEXT vOFL ¢ TFL ¢ INFINY ¢ TBT ¢« TNB TeLDFN +STAGES
DO 100 KJ=1+ARCS

SKJ=S(KJ)

TeJd=T(KJ)

100 CBAR(IKJ)=CIKMNI+P] {SKJ)=-P1ITKY)
RETURN
END
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SUBROUTINE LABLEM

NODE LABELING PROCEDURE

INTEGER ELABEL YOFL +TFL +STAGES +PRES+SeTeX1CBARIUIDIFL

DIMENSION NPSTAG(400+2)

COMMON /BKKILZ L(1200)0W{1200)+C(1200)¢X(1200)
1CBAR(1200)¢S(1200)¢T(1200)eP1{a00) KLABEL (400)
2ELABEL (400) +kS(2400) +NODLOC(401 ) +DIF¢FECIRC+sARCSINODES»
3STAINDYSTADESsKINEXTOFL ¢ TFLeINFINYsTBTs TNBTsLDFN¢STAGES

INITIALIZATION

LDFN=1

STAGES=1

PRES=1

MP=]

MN=s2

NPSTAG( ] e MP) 20FL

DO 200 IL=1+NODES

KLABEL(IL)=0

200 ELABEL(1IL)=0
LABEL THE ORIGIN FOR LABELING
KLABEL (OFL) 29999
ELABEL (OFL) = INF INY
1 NEXT=0
SCAN FROM ALL LABELED NODES IN PRESENT STAGE

DO 100 1PS=1+PRES

IL=NPSTAG(IPSeMP)

NARCIL=NODLOC (1L+])~NODLOC(IL)

SCAN ALL ARCS CONNECTED TO NODE 1L

DO 100 ISCAN=z=1s+NARCIL

LOCATE A SIGNED ARC

LSA=NODLOC( IL )+ 1SCAN=}

KL=1ABS(KS(LSA))

TEST FOR FORWARD OR REVER £ ARC

IF(KS(LSAYL.Te0) GO TO 2

KL IS A FORWARD ARC WITH FAR NODE ITS TERMINAL

JL=TiKL)

TEST IF FAR NODE JL HAS BEEN LABELED

IF(KLABEL (UL ) eNELO) GO TO 100

SCAN THE FORWARD ARC KL

IF(CBAR(KL.) ¢LE«O) GO TO 3

CASE 3e¢leAes STATE ALPHAL

IFIX(KL) eGEeL(KL)) GO TO 100

DIFL=L (KL )=X(KL)

GO TOo 9

CASE 3e1eB¢ STATES BETABETA] *GAMMA
3 IF(XIKL)«GEeUIKL)) GO TO 100
DIFL=UIKL)=XIKL)
GO TO 9
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KL IS A REVERSE ARC WITH FAR NODE ITS START

JL2SIKL )}

TEST IF NODE JL HAS BEEN LABELED
IFIKLABEL (I YeNELO) GO TO 100

ScaAN THE REVERSE ARC KL
IF(CBARIKL) oL.Te0) GO TO S5

CASE 3e¢2eA* STATES BETA+ BETA2+« ALPHA2
IFIXIKL) 2LEosL.(KL)Y) GO TO 100
DIFL=X{KL)~L (KL)
GO TO ©

CASE 3¢2eB¢ STATE GAMMA2
IF (XKL ) sLEJVI(KLY) GO TO 100
DIFL=X{KL ) =~U(KL)

ASSIGN EPSILON LABEL TO NODE J.
ELABEL (M )aMINO(ELABEL (IL)Y +DIFL)

ASSIGN PATH LABEL TO NODE JL
KLABEL (UL 1=KS((L.SA)

STORE LABELED NODE J. FOR - NEXT STAGE
NEXT=NEXT+1
NPSTAGINEXTeMN) = UL

TEST FOR BREAKTHROUGH
IF(JL,EQe TFL) RETURN
CONTINUE

TEST FOR NONBREAKTHROUGH
IF(NEXTeEQeO) RETURN

STEP TO NEXT STAGE
LOFN=LDFN+NEXT
PRESeNEXT
MD=MP
MP =MN
MN=MD
STAGES=STAGES+1
GO TOo 1
END
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SUBROUT INE FLOCHM
CHANGES THE FLOW IN ALL ARCS OF THE CYCLE JUST FOUND
INTEGER EPSILN'ELABEL *TFLsOFL 'DIF¢SeTeXeSTAIND
COMMON /BKKILZ LL{1200):U(1200)+C(1200)¢X{(1200)¢
1CBAR(1200)¢S(1200)+¢T(1200)+pP1(400) +KLABEL(400) ¢
2ELABEL (400) +kS(2400) «NODLOC(401 ) eDIF+*FECIRC*ARCS*NODES*
ASTAIND*STADES e ¢NEXT e OFL o TFL s INFINY s TBT+ TNBT+LDFN+STAGES
COMPUTE THE FLOW CHANGEes EPSILON
EPSILN=MINO(ELABEL(TFL)»DIF)
BACKTRACK FROM THE TERMINAL FOR LABELING
1A=TFL,
MAIN PATH TRACING LOOP
REMOVE SIGN FOR SUBSCRIPTING
KA=1ABS(KLABEL(1A)Y)
TEST If FORWARD OR REVERSE ARC IN THE
KLABEL AT NODE IA
IF(KLABEL(JA)«L.Te0) GO TO 2
ADD EPSILON TO FLOW IN FORWARD ARC KA
XIKAY=X{KAY+EPSILN
STep TO THE NEXT NODE
1A=SIKA)
GO To 3
SURTRACT EPSILON FROM FLOW IN
REVERSE ARC KA

2 X(KA)=X(KA)=-EPSILN

STEP TO THE NEXT NODE

JA=T(KA)
TEST IF THE ORIGIN FOR LABEL ING HAS BEEN REACHED

3 IF{1AWNECOFL) GO TO 1

CHANGE THE FLOW IN THE ARC K+ BEING PUT IN KILTER
IF(STAINDEQe2) GO TO 4
X(K)=X(K)4+EPSILN
RETURN

4 XIK)aX{K)=-EPSILN

RETURN
END
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SUBROUT INE NODPR1
INCREASES THE NODE PRICES OF UNLABELED NODES
INTEGER DELTASARCSe¢SKNeTKN¢Ss TeCBARXsUePIvFECIRC
COMMON /BKKIL”Z L(1200)sU(1200)«C(1200)¢X(1200)¢
1CBAR(12003¢5(1200)+T(1200)¢p1(400) oiLABEL (400) »
2ELABEL (400) +kS5(2400) +NODLOC (401 ) ¢DIF+FECIRC*ARCS*NODES
3STAIND*STADESsKeNEXToOFL o TRL e INFINY e TBT e TNBToLDFNSsSTAGES
DELTA=INFINY
COMPUTE DELTAs THE NODE PRICE INCREASE
DO 100 KN=1s+ARCS
SKN=S(KN)
TIKN=T (KN}
FIND IF ARC KN 1S A MEMBER OF SET Al
IFC(KILABEL (SKN) eNEe 0 ) e AND o (KLABEL(TKN) ¢EQe0) e ANDe
1(CBAR(KN) ¢GT+s0) s AND e (X{KN)oLEsUI(KN))) GO TO 1
FIND IF ARC KN IS A MEMBER OF SET A2
IF (U(KLABEL(TKN) e NEeO0) e AND o (KLABEL (SKN) ¢EGeO) e ANDe
1 (ICBAR(KN) «LT+0) s ANDe (X({KN)«GEsL(KN))) GO TO 2
GO To 100
1 DELTA=zMINO(CBAR(KN) +DELTA)
GO TO 100
2 DELTA=MINO(~CBAR(KN) «DEL.TA)
100 CONTINUVE
TEST FOR FEASIBLE CIRCULATION
IF(DELTAEQCINFINY) GO TO 9
INCREASE NODE PRICES OF UNLABELED NODES BY DELTA
DO 200 IN=] +NODES
IFIKLABEL (IN) ¢EQe0) PI(INI=PI(INI4DELTA
200 CONTINUE
RETURN
NO FEASIBLE CIRCULATION
9 FECIRC=0
RETURN
END
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SUBROUT INE NODARC

BUILDS NODE TO ARC TABLE FROM ARC TO NODE TABLE
INTEGER ARCSeSeT

COMMON /BKKIL/Z L(1200)¢U(1200)¢C(1200)+X(1200)
1CBAR(1200)¢5(1200)+T(1200)+p1(400) +xLABEL (400) ¢

2ELABEL (400) +kS(2400) +NODLOC (401 ) +DIFsFECIRC*ARCS*NODES»
3STAINDYSTADES sk oNEXT s OF L s TFL e INFINY ¢ TBTyTNBTILDFN¢STAGES

LSa=1
TAKE EACH NODE IN TURN
DO 100 IM=1+NODES
NODE IM IS AT LOCATION LSA
IN THE NODE TO ARC TABLE
NODLOC ( IM)al SA
SEARCH ARC TO NODE TABLE FOR ARCS
CONNECTED TO NODE IM.
DO 200 KM=1+ARCS
TEST FOR RADIATING ARCS
TF(SIKM) o NEeIM) GO TO 2
KS(LSA)z+KM
GO TO 3
TEST FOR IMPINGING ARCS
IFITI(KM) oeNEsIM) GO TO 200
KS(LSA)=~KM
INCREMENT THE NODE TO ARC TABLE INDEX
LSA=_ SA+1

200 CONT]INUE

100

CONTINVE
FINAL SCAN LIMIT IS NECESSARY FOR
THE LAST NODE

NODLOC (NODES+1 ) =L SA

RETURN

END
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Program title: Conversational Mode Load Flow Program

Program name: CMLFP

Author: D.G. Stone
Source language: FORTRAN IV. See reference 1.

Machine: DEC PDP-9, basic configuration.
Core memory size is 8192, words.
Word length is 18 bits.

300 character per second paper tépe reader.

10

50 character per second paper tape punch,
Teletype model KSR33.

Monitor: PDP-9 Advanced Software Input/Output Monitor,
issued October 12, 1967.

Date written: 1 June 1968.

Source program length:

text FORTRAN

lines statements
Program CMLFP 215 125
Subroutine GANDS 90 50
Subroutine BUSTYP 23 12
Subroutine ZYZ 9 6
totals 337 193

Media: Standard IOPS ASCII, eight-hole, fan-fold paper tape;
one inch wide, with 8} inch long fan-folds.

Required program: PSDAP, Power system data assembly program.
Location: Centre for Computing and Automation

Electrical Engineering Building

Imperial College

Exhibition Road

LONDON S.W. 7.

U.K.
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Purpose

Conversational mode simulation of an electric power system

on a small digital computer.

Method

The Gauss-Seidel iterative solution of the power system
network equations in nodal form, as presented by Glimn and Stagg

in reference 4.

Description

The nodal equations of the network are expressed in
rectangular coordinates of complex impressed power and bus
voltage, precisely as implemented in the program. The indexing
scheme and variable names are those of the program. Variables

not defined here may be found in subsection 11.7 Variables list.

All quantities are in per unit on a line~to-line KV base and a

total three-phase MVA base.

At bus 1 the complex power impressed on the network, written

as the sum of real and reactive components, is Si =p; + jqi. v.,

i
the complex bus voltage is u, + jwi in rectangular coordinates and
A 30 in polar coordinates. Bus i has a self-admittance per
phase of Y? = g? + jb?, and a corresponding self-impedance Z? =

b b L pi i i

r, + ix; = llYi. The series admittance of branch k is Yk =8

Note that Yij’ the mutual admittance between bus i and bus j is

k
branches, both radiating and impinging, connected to bus i.

not used in this formulation. Yij ==Y . Bi is the set of all

For a particular branch k, j is the far bus at the other end of

the branch from bus 1i.

An n-bus network is described by n nonlinear simultaneous
equations
b% % * % .
Si = Yi Vivi + Vi z ka' i=12, ..., n
keB, =

+ jbk.
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in the complex variables S and V. Rewriting them in component form
produces 2n nonlinear, simultaneous algebraic equations in real
variables., Since there are four variables per bus, the equation
set is underspecified. A power system operational condition can be
defined by giving two of the variables at each bus numerical values,
and solving the equations for the remaining 2n variables. Three
different pairs of independent variables are selected, defining the

three bus types described below.

Solution of the network equations begins with an initial set
of assumed voltages and proceeds in an iterative fashion, correcting
the initial voltages bus by bus. Reference 4 describes the procedure

in detail 0

For each bus type, the network equations are written in a

form that reflects the choice of independent variable.

1 Slack generator bus

One bus must be designated to maintain the real power balance
by picking up the unassigned network losses. Its voltage magnitude
and angle are chosen and fixed; the former at some desired value
and the latter at zero, as an angular reference. Thus the real and

imaginary components of bus voltage are known and

b 2

P; = 8V ~y g, - bw) - w; Ibu, + g w,)
keB, keB,
q: = —va? -w. £ (gu. ~bw.) +u. £ (b,u, + gkw.)
1 i1 7 Yigy BTG T VK] ien, &1 i
1 1
2 Load bus

At this type of bus the given complex power generation and
demand have been netted to fix the complex impressed power, Si' The
complex bus voltage is not controlled, and is therefore a dependent
variable. Accordingly, the network equation at bus i is re-written
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S*
1 i
V' 22 mmes—— — z YV‘
3
1 yb I y* kep, K3
1 1 1

Note that the equation is implicit in v.. The first value of v,
calculated at each iteration is re-inserted into the R.H.S. expression
and an improved value obtained before moving on to the next bus. In

component form

1 T.b b
i 2 [ 1 (Pyu; + 9;9) = x; (pyw, qiui)]
i

=
[

+

b b
r. Z (gu, ~bw.)-x. % (bu. + g w.)
1 keBi 8k ] k'] lkeBi k3 &y B

b3
#

1 [b b
i %z [ri(Piwi q;9;) *+ x; (pyu; + qiwi)]
i

b b
r. Z (byu. +gw.) +x.I (g.u. - bw.)
e, ¥ K] kep, ©J K

+

i

3 Voltage-controlled bus

Here the specified quantities are the real impressed power P;
and v,, the bus voltage magnitude. First q; is calculated by
evaluating the expression in 1 with the current values of bus
voltage. Next this new value of a is used in calculating new bus
voltage components from the expressions in 2. The corresponding
bus voltage angle Gi, effectively the second dependent variable,
is now taken as correct. However the voltage magnitude must be

adjusted to the set value by modifying each component by a fixed

fraection
set set
new v, new v,
u = u, 1 W. =w
1 i , i

] ———
7 2.}
(ui + Wi)
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Instead of replacing the old bus voltage components at bus i
with the values just calculated, their difference is computed. This
voltage correction is then amplified by an acceleration factor, in

order to improve convergence.

Tap-changing transformers are modelled by a pi equivalent
circuit, as described in reference 3. Let o, be the present p.u. tap

. n . .
ratio and nkew a new tap ratio setting for transformer branch k. Then

new

new _
S
is the new series admittance of branch k, Yk being the present value.
In CMLFP, transformers are always oriented with their low voltage bus
as the terminal bus j of the transformer branch k = (i,j). Only the

self~admittance of the low voltage, tap-changing bus need be modified:

Ybnew b new.

2
i =Y+Y((nk) - )
O

The calculation of transformer branch power flows is complicated
by off-nominal taps. The shunt elements in the pi equivalent circuit
are then non-zero, and must be accounted for in the power flow
computation. By using a factor, a, power flows in all types of

branches can be calculated with a single pair of expressions:

k 2
Py = vig 2 gk(uiuj + Wiwj) + bk(uiw qul)

k 2
q = Vibka + gk(uiws ujwi) + bk(uiuj + WiWE)
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At a transformer high voltage bus, a = llnk; while at its low
voltage bus a = n . Setting a = 1 renders the expressions valid for
the determination of transmission line power flows. p? means the
real power flow into branch k at bus i. As the transmission line pi

model shunt elements b® are not stored by CMLFP, the reactive line

k

flows are somewhat in error. Replacing bk in the first term of the

S would correct this deficiency.

k .
9; expression by bk + bk

4 Usage
4,1 Tapes required

1 Binary object program tapes containing the compiled versions of:

Program CMLFP
Subroutine GANDS
Subroutine BUSTYP

Subroutine ZYZ

2 A power system constant data (CD) tape punched by PSDAP.

3 An operational data (OD) tape for the same power system,

prepared according to the instructions given in section 4.5.

4 Linking Loader, and library tapes.

4.2 Loading instructions

Collateral reference: subsection M&i
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Turn the console POWER ON-OFF switch to ON.

Set the address switches to 177208.

Put the Linking Loader tape in the paper tape reader.

Push the reader feed button momentarily, advancing the tape

a little, but not past the blank ieader.

Depress the console I/0 RESET switch.

Depress the console READ IN switch.

The tape is read in, and then the machine types

LOADER

>

Put the CMLFP binary object program tape in the paper tape
reader, touching the reader feed button again.

Type 3 commas (one for each subroutine) and then bress the

ALT MODE key.

The tape is read in, and as each subroutine is loaded its name
and bottom memory location are typed. See subsection 5.1.

+P is output when the physical end of tape passes through the
reader,

Put the library tape in the paper tape reader, touch the feed
button.

Holding down the CTRL key on the teletype keyboard, type the
letter P.

Machine echoes tP,and reads in the library tape, continuing the
loader memory map as it does so.

If the library is on more than one tape, repeat steps 11 to 14,

When the machine types *S, loading is successful and complete.
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4.3 Operating instructioms

4.3.1 Command repertoire

COMMAND DESCRIPTION
Task Int Chal Cha2
code egr

12 13456] 789012 1345678| ¢« print position

BR |) List the bus results and data.

CD () Input the constant data tape of a new
_ power system.

pE| 13| 15.6 | 7.0 )| Change the demand at bus 13 to 15.6 MW
and 7.0 MVAR.

GE 2{ 30.) Set the real power gemeration at bus 2 to
30.0 MW,

GS {) Call the Glimn and Stagg algorithm to solve
the nodal equations.

IL| 80|y Set the iterations limit to 80.

OoD|) Read in a new operational data tape to
change the power system conditions.

PF|) Compute the branch power flows.

SB 1) Select bus 1 as the slack generator bus.

TT| 16] .985) Set the transformer tap ratio onm branch
number 16 to 0.985.

w| 6] 1.06) Set the voltage magnitude at bus 6 to 1.06 p.u.

CMLFP commands are typed according to a fixed format. The
user enters them into the computer by pressing the RETURN key,
symbolized by ) . The command task codes are two-letter mnemonics,
typed in print positions 1 and 2. The next four print positions
hold an integer index, which must appear right—justified in the field.
Then come two six-position fields to hold changes in power system
variables. Numbers entered in these fields require a decimal point,

but do not have to be justified. Up to 5 significant digits can be
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accommodated, otherwise spaces may be left for clarity and fewer digits

entered. The right-hand field does not have to be filled out by

blanks and may be terminated early by ) . Blank fields will be

entered into the machine as zero.

4.3.2
1
2

10

Typical initial sequence of commands

To begin execution, hold down the CTRL key and type S.
Machine types back 48 and then the conversational word
NEXT.

signifying that CMLFP is ready to accept commands from the
user via the teletype. The only valid commands at this point
are CD, IL, and SB.

Type CD )

Machine responds with

PAUSE ¢¢@p@1

indicating its readiness to read in the constant data (CD)
tape.

Place the CD tape in the reader, tap the reader feed button,
hold down CTRL and type P.

Machine echoes 4P, reads in the CD tape, and types out
PAUSE @p@@@2

requiring the user to

Place the operational data (OD) tape in the reader, touch
the feed button, and type P with the CTRL key held down.
Machine types 4P, reads in the OD tape, and types

NEXT.

Set a suitable iterations limit for the solution algorithm
by typing

1L,.,.50 )

« symbolizes a blank space.

Select the slack generator bus, for example

SB,.uL1)
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All commands are now valid. Of course BR and PF will

not display correct results as we have not yet computed

a solution.

At this point it is usual to specify changes via the
commands TT, VM, GE, and DE.

Now solve the nodal equations by typing

GS)

While the calculation is in progress no commands may be
given. When convergence of the solution is detected, the
number of iterations taken is typed out, followed by NEXT.
If NEXT. appears without a number, the system solution has
not yet converged to the specified accuracy, but has run
for the iterations limit,

BR )

will obtain for the user a listing of the bus results and
data.

If these are as desired and he wishes to observe the branch
power flows, he may type

PF)

4.3.3 Notes on operation

1

When all commands are valid, they may be issued in any
sequence, or repeated any number of times.

Giving the CD command implies a repetition of steps 4 to
10 in the previous subsection, with the possible omission
of step 9.

Until the slack bus is chosen, commands GS and VM are
invalid.

Results identification and comments may be typed by the
user, provided he avoids print positions 1 and 2.

The total number of iterations to converge is NL + I, where
L is the iterations limit, N is the number of unsuccessful
GS commands, and I the number of iterations printed out

on the final, successful call to GS.
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Discrete transformer tap settings must be manually

converted by the operator to p.u., tap ratios.

4.3.4 Recovery from errors

1

Any operation can be safely aborted by holding CTRL and
typing S. The machine will echo

+S

NEXT.

If the user forgets to load the tape reader properly
he will get an

+0TS11

+P

message from the machine. Recover as in 1.

Recovery from some mistakes is automatic. See section 8.
Pressing tne RUBOUT key n times deletes the previous n
characters in a command. This computer software feature
is especially useful if a non-numeric character gets
typed in a numeric field. This CMLFP will not tolerate,
giving wrong results even after attempted correction.
RUBOUT prints on the teletype as a back slash.

If it is suspected that the data has been irretrievably
corrupted by a slip, repeating the initial command
sequence is a way of rectifying the errors quickly.

When the console STOP light comes on, the teletype is dead
and the user has lost control. He can reload CMLFP, or

alternatively, attempt a restart procedure.
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4.4 Messages

One conversational word, NEXT. is the only message generated
by CMLFP. It signals completion of the commands OD, GS, BR, and
PF as these take some time to execute. NEXT. does not follow CD,
because at that time the only valid operation is the loading of the
0D tape. If the machine types NEXT. immediately following the
entry of any command, that command is in error. After a correct
TT, SB, VM, GE, IL, or DE command NEXT. is omitted, since these

commands execute virtually instantaneously.

Object Time System error messages are listed in reference 2.

4.5 Input data preparation

The CD tape punched by PSDAP will have the correct format for
input to CMLFP, This section describes the layout of the OD
(operational data) tape. The AEP14 Standard Test Study OD tape

is listed in subsection 5.2.

Line 1 of the text is the operational data study title, and
line 2 is a heading for the generator bus numbers. Neither of
these lines is processed, but they must be present on the tape.
Line 3 lists the generator bus numbers, including all voltage-
controlled busses. They appear 10 numbers per line, right-justified
in 5-position data fields as specified by FORMAT statement 902.
If there are more than 10 generator busses, the additional ones may
be placed on a second line. Lines 4 and 5 are gain non-processed

headings, inserted to improve the readability of the tape listing.

Then follow the operational conditions, one bus to a text
line, for input by FORMAT 925. BN is the bus number. The
remaining headings are program variable names defined in 11.7

Variables list. CMLFP does not process the BVANG variable, so no

entries in that column need appear. However, an entry muyst be

made for each bus, under BVMAG. Leaving a space after BN, the
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next 10 positions are for non-processed bus names, if desired.
Blank data items are converted to zeros. Transformer headings
and data are not input from the tape. The user will enter off-

nominal taps via the teletype keyboard.

4.6 Output

The one output device used by CMLFP is the teletype. Two
commands initiate listing of data and results; BR and PF.

The bus results (BR) are arranged one bus per text line

with headings

BUS bus number

PL real power demand, MW (imports negative)

QL reactive power demand, MVAR (inductive positive)
PG real power generatiom, MW

QG reactive power generation, MVAR

v bus voltage magnitude, p.u.

THETA bus voltage angle, degrees

The headings for the branch power flows (PF) are as follows

LN branch number

SB start bus number

EB end bus number

PS real power sent from the start bus, MW
PR real power received at the end bus, MW
Qs reactive power sent, MVAR

QR _ reactive power received, MVAR

Real power loss in a line is PS-PR. The reactive line power flows
do not include the contribution of the line shunt susceptance since

this latter quantity has not been stored.



4,7 Run requirements diagram CMLFP

TELETYPE

Paper

Keyboard
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PDP-9 CPU READER
CMLFP F%*——-'—' CD tape

Inputs data

Solves nodal
equations

Lists results

Ls________ OD tape
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5 Example

Subsection 5.1 Teletype output logs the operation of CMLFP

on our example, the American Electric Power 14 Bus Test System. To
begin with, the user follows the operating sequence given in sub-
section 4.3.2. After reading in the power system data tapes CD

and OD, he chooses an iterations limit of 20 and selects bus 1 as
the slack bus. Next he sets the transformer tap ratios on branches
16, 17 and 18. The conditions of the test study are now fulfilled,
and he calls the solution algorithm by typing GS ).

Realizing that he has set the iterations limit too low for
complete convergence in one GS call, the user relaxes it to 50.
He continues the solution by entering GS) again. 14 additional
iterations are performed, and convergence reached in a total of 34
iterations. The user types a line of text identifying the results,
and then lists them by issuing the commands BR and PF. Subsection

5.3 presents this solution as a diagram.

The next case examines the effect of doubling the load at
bus 13. Just after beginning the solution, the operator remembers
that he meant to divide the demand increase between generators 1
and 2. So he abandons the solution and increases the real power
generation on the bus 2 generator to 47.0 MW. On listing the bus
results after convergence has been reached, he notices that the
reactive power generation at bus 6 is very near its upper limit of
24 MVAR, and that the voltage magnitude at bus 13 is lower than before.
He corrects this condition by raising the voltage on bus 6 and re-
ducing the turns ratio on branch 18. Note that in setting Ve to
1.08 he slipped and hit comma instead of decimal point, a disastrous
error. Nevertheless recovery was possible by pushing RUBOUT and

continuing the entry.



5.1 Teletype output

LOADER
>2s0
CMLFP 15064
GANDS 13555
BUSTYP 13487
ZYZ 13330
tPtP
ABS 13312
1aBS 13276
SQRT 13210
ATAN 13175
+ED 13119
+EC 13044
«DA 12775
tPtpP
BCDIO 108002
35 87723
GOTO 876715
PAUSE 07661
SPMSG Q7566
FIOPS 979032
OTSER 06724
INTEGE 06540
REAL B5605
tStS
NEXTe
CcD
PAUSE ©00601
P
PAUSE 900002
TP NEXT.
1L 20
SB 1
TT 16 978
TT 17 «969
TT 18 .932
GS
NEXTe.
IL 50
GS ‘
14

NEXT.



BR

PF

DE
GS
tS

GE
GS

AEP14 STANDARD TEST STUDY.,

NEXT»

BUS PL
1 2.00
2 2t1.72
3 94.20
4 47.80
5 T+ 60
6 11.20
1 P.00
8 D.00
9 29.50

10 9.00

1t 3.58

12~ 6.108

13 13.5@

14 14.98

NEXT.

LN SB EB
1 1 2
2 1 5
3 2 3
4 2 4
5 2 5
6 3 A4
7T 4 5
g8 6 11
9 6 12

10 6 13

1Y 9 10

12 9 14

13 18 11

14 12 13

15 13 14

16 4 7

17 4 9

18 5 6

19 7 8

28 171 9

NEXT.

13 27.80

NEXT,

2 47.

28

NEXT»

aL PG QG
BP0 23239 ~17616.
1278 A40.00 42.08
19.800 BP0 23.33
~3.99 .00 B.00
1.60 B.09 .00
759 D02 13.89
G090 Q.00 P29
Q00 P00 17.01
1660 B.20 B00
5.80 .08 P00
1.80 200 .00
1.60 2.00 D00
5«80 -0.00 D.00
S5.08 -~D.0P g.00
PS PR - as
156.9 152.6 ~17+5
7545 T28 69
732 789 5.9
S563 S54.6 -@.3
41 .3 405 2.3
~23.3 ~23+7 4.5
“62:5 ~63.0 158
64 S 4 3.7
77 7.6 2+5
173 171 T3
6el 61 4.1
100 Fe9 3.5
=29 -2e9 =17
1«5 15 @8
Sel 5.0 1.8
29.4 294 ~9e1
163 163 =03
426 424 6 11.8
D.0 Be@ ~16+6
29.4 29.4 56
116

190

34 ITERATIONS

Vv THETA
1060 2.000
184S ~4.985
1010 -124.738
14019 -18.344
1.821 -8.778
1970 -14.B31
1:062 ~13.669
1090 =-13+669
1857 =15.317
18052 ~15.516
14057 -15.304
1055 ~15.669
1851 ~-15.734
1.036 -16.497

QR
~30.6
-S54
3.8
=55
~B.4
35
14.1
36
2+ 4
649
4e O
3.2
=18
Be8
1.8
118
-1.7
Tel
'17-0
4.7



BR

VM
TT
GS

BR

BUS PL
1 .00
2 21.70
3 94.20
4 47.80
S Te60
6 11.20
7 P00
8 P-00
9 29.50
13"} % .00
i1 3.50
12 6.10
13 27.008
14 14.90
NEXT.
6 1,\.08
18 900
24
NEXT.
BUS PL
1 P.00
2 21.70
3 94.20
A AT.80
S5 7«60
& 11.20
7 .00
8 .00
9 29.50
10 9.00
11 3.56
12 6.10
13 27.00
14 14.90

NEXT.

QL PG QG
B.00 24034 ~17.17
12.780 A4T7.88 44.17
19.60 P00 24.59.
-3.90 .00 .00
160 .00 P00
750 P08 23.25
.00 Q.00 .00
P00 BB 1772
16460 Q.00 .00
S.80 200 Q.00
1.80 P.00 .00
1.60 .00 .00
11.680 =-0.00 P.80
S.00 =000 .00
QL PG QG
D00 24043 =15.38
1270 A4T80 4T«79
19.00 G.00 25.83
-3.90 .00 D00
1+68 .00 D.00
750 Q.00 18.11
.00 .00 B0
D.00 P00 1720
1660 B.00 Q.00
589 P.00 B.00
1.80 2.00 Q.00
1.68 .00 .00
1160 -0.900 P.00
S+00 ~D.00 Q.00

191 |

Vv THETA
1.060 B.000
1.045 ~5.106
1018 ~13.081
1016 ~10.859
1.9018 =-9.292
1«70 -16+580
1861 =-14.589
1.090 -14.589
1056 =164435
1-851 ~16.744
1057 -16+787
1050 =17665
1039 -17.870
1831 ~1B.066

v THETA
1-860 G.000
1:845 =5.116
1.610 -13.110
1.014 ~108.853
1.014 =9.249
1.080 ~16.760
1062 -]14.588
1.098 -14.588

14859 =164427

1.856 ~16.764
1+064 -16.880
1.060 -17.817
1.048 ~17.999
1.036 -18.1087



5.2 erational data tape listi:
0D AEP14 STANDARD TEST STUDY
GENERATOR BUS NUMBERS

1 2 3 6 8
BUS OPERATIUNAL DATA

BN RDEM XDEM RGEN XGEN
1 D Do
2 217 12.7 40.

3 G4.2 19.0
4 47.8 =-3.9
S Te 6 1e6
6 11.2 75
7 Do Do

8 D Mo

9 29.5 166

10 9«0 5.8

11 3¢5 1.8

12 61 1e6

13 13«5 5.8

14 14.9 5.0

TRANSFORMER TAP SETTINGS

TN TAPSET

16 «918

17 «969

18 932

192

BVMAG BVANG
1«06 0.
1.845
1.01

| )

| Y

1.07

1e-

$.09

e

| 53

| Y

| I

ie

|
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5.3 AEPl4 System diagram

The bus numbers are in small rectangles attached to each bus,
while the line numbers are enclosed by small hexagons for ease of
reference. SC denotes synchronous capacitor, EQ an equivalent bus,

L low voltage, and K high voltage. The data is plotted automatically
by an expanded version of CMLFP.

Beside the bus number is printed the bus voltage magnitude
in percent, and the bus voltage angle in degrees. Under the load
arrows are the real power demand in MW, and the reactive power
demand in MVAR. The generators and synchronous capacitors have their
real and reactive power outputs listed to their left. Sending and
receiving end branch power flows are positive when they have the

same direction as the branch orientation.



3)
Y

105.2
-13%.5

=249 -2,
-1.8(13) -1.»
-

10

9.0
3.8

0.0

13,9

ROANOAX

ALP14
1.5
0.8
. 105.1tj 13.5
-15.7 3.4
A .
17.1
o/ 6.9
3
0l 1
L}
_J
ms.s@ as) 17,
-1547 16 7.3
1.4 7.7
244 <9> 2.5
) o
107.0L8] az.6
~16.0
GLEN LYN
132.4 5.8 12,0
-1t.2 5.0 (2 =54y
ﬁ gl
0.0 i, 8
15609 sl 40,5
“11eh 2.3 5) -0.4
CLAYIOR @
St
4 TR
LIV RPN S AN
Y

Se,t
<heh

[T
LT

23.
1.4

N
O

~.

bueas
heu 10.?

HaL T,

Nors

1

ot e
=-%.N

Yol rieLoatE

e,

oy

%61



195

6 Restrictions

1 Upper limits on problem size are given in the PSDAP documentation.
2 The power system OD tape is required to conform to subsection
4,5
3 Notes 2 and 3 of subsection 4.3.3 describe temporary command
restrictions.
4  The uscer must note power system operational comstraints and
satisfy them manually.
A badly chosen slack bus can cause slow convergence.
Input of a new CD tape resets the transformer taps to their

nominal values, whereas a new OD tape does not change the taps.

7  Accuracy

All calculations are done in 6 digit, floating point arithmetic.
The solution is not checked for power mismatch. However the bus
voltage convergence criterion of 10-6 ensures convergence of bus

powers to within the digits printed out.

8 Data checking

The first two items in a command are the only data elements
checked by CMLFP. If the command task code does not match one of
the 11 in the repertoire, NEXT. is printed by the program as an
error indication. There is protection against trying to change
taps on a branch other than a transformer. The commands SB, VM,
and GE deal exclusively with generator busses, so that if a load bus

is referred to, NEXT. is typed and no data is modified.

9 Storage

The total number of core storage locations filled by CMLFP

and its three subroutines is 224710 = 43078. The three COMMON

blocks occupy an additiomal 92210 = 16328 locations. Moreover, the

necessary subroutines from the library tape up another 289910 = 55238

machine memory words.
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10 Execution time

For AEP14, the CD tape took 12 seconds to read in, and the
0D tape 7 seconds. 38 seconds were required by the solution
algorithm to iterate to convergence from a flat start. The bus
results were listed in 1 minute and 25 seconds. PDP-9 FORTRAN
arithmetic operations are done by software, so solution times are
longer than expected. Nevertheless, while the machine is busy the
user may occupy himself with data checking, hand calculation, and
consideration of his power system problem. A 28-bus system
converged in 91 iterations, spending 3 minutes and 18 seconds in sub-
routine GANDS.

11 Program details
11.1 Main program CMLFP

The basic form of this program consists of task selection
and subsequent transfer to task-related subroutines. Unfortunately
the body of CMLFP is cluttered up with five of these subroutines,
obscuring its logical structure. This imbedding of the subroutines
effected a significant economy of core memory locations, and

allowed more power system features to be included.

The three COMMON blocks contain, in order, the power system
parameters, the system constant data, and the system operatiomnal
data. Array TL in the DATA statement holds the 11 alphameric task

codes of the command repertoire.

The next task message NEXT. is placed at the beginning of the
program so that when the 1S monitor system feature is used to recover
from operating mistakes, the program can immediately accept any
command. Statements 51 and 907 input all commands; incidentally
achieving economy in program space and consistency in command form,
Subroutine BUSTYP is called so that the bus type entered im by the

user can be tested in command sections SB, VM, and GE.
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DO-loop 52 scans the task code list TL until a match is
detected with the desired command held in variable TASK. Index
ML, the statement numbers in the computed GO TO, and the task codes
in TL are all arranged so that transfer to the correct program
segment is made. If a match is not detected, DO 52 is satisfied,
and NEXT. typed out to indicate a wrong task code entry by the

user.,

PAUSE's 1 and 2 remind the user to place the appropriate tape
in the paper tape reader. The power system constant data, pre-
assembled by PSDAP on the CD tape, is read in exactly as punched,
and the transformer tapping ratios set to their nominal value of 1.

By means of DO4¢op 200, the bus operational data tape is read, one
bus at a time. Real and reactive demands are stored in MW and MVAR's,
then netted with the assigned generations and the result converted

to p.u. to give the initial value of the bus impressed power. Next
note the lack of provision for a non-flat start in bus voltage
components. This omission saves core space by avoiding the use of

trigonometric library subroutines.

Memory savings are also made by keeping no tables for directly
referencing the two busses of each branch. Thus DO-loop 300 must
scan the signed branch table for + K to find the end bus (LV bus)
of branch K in table JA. This search and the computation that
follows it appears to be instantaneous to the human operator.
Statement 32 calculates the index for table TAP from the branch
index entered by the user; and is the reason lines must preceed
transformers in the branch numbering. The IF statement protects
against wrong branch index entries by the user. The scheme for

tap changing is that of reference 3,

Statements 7, 8, and 9 protect against referencing a non-
voltage~controlled bus; as described in section 8. When a new
slack bus is selected, its voltage components must be set to
reference values. Also, if the user sets a new voltage magnitude
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for the slack bus, the real component of slack bus voltage is reset

to that value.

Since the complex power at each bus is not stored, changing

the bus demand power is clumsy to program.

new old new
Py g; dl
= pold | d?ld - ghev
i i i

Here CHAl is the new real power demand at bus IB. RDEM is the array
holding present values of demanded power. Both quantities are in

MW, so the program statement includes conversion to p.u.

The branch power flows are computed and tabulated branch by
branch in DO-loop 600. The signed branch table KS is scanned in DO 611
so that I and J the start and end busses of branch K may be found.

The main body of DO 600 is used twice per branch, first for the
sending end (IE = O) and second for the receiving end (IE = 1).

When the branch is a transformer, the factor AA must be set correctly
for each end according to the method described in section 3. The

end logic section interchanges the bus indicies, sets the end indi-
cator IE to receive, and stores the sending end complex power for

output after the receiving end power has been computed.

The main program of CMLFP calls subroutines GANDS, BUSTYP, and
ZYz.

11.2 Subroutine GANDS

The Gauss-Seidel iterative technique of reference 4 is
implemented without changes as subroutine GANDS. DO-loop 501 forms
the branch current sums by scanning all the branches connected to bus
i. These branches and their corresponding far bus numbers have been
collected together for high-speed reference in the signed branch
table KS, and the far bus table JA. Their position in the tables
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is defined by the scan limits JSTART and JFINIS, which in turn are
calculated from the bus location table, IBSLOC. The IABS function

removes the sign from KS to give the branch index K.

At each load bus the voltage calculation is performed twice;
first with repetition indicator M=-1, and second with M=0. Temporary
bus voltage compcnents UIT and WIT were created because the present
ones, U(I) and W(I) are nceded for acceleration later in the DO-loop.
The expression for VISQ is written without using the power 2 so as to
avoid loading a library subroutine. IF(IBTYPE+M) tests the bus type
and the load bus repetition indicator simultaneously. As the IF
expression is evaluated; M=0 and IBTYPE=-1 after the first calculation
of a load bus. 8o control transfers to statement 6, and the load
bus voltage computation is repeated. Note that the precalculated
branch current sums are valid on the load bus repetition. On the

second evaluation of the IF, M is 1 and control passes to statement 5.

There the imaginary component of the present bus voltage is
saved for convergence testing. The amplified difference (UIT - U(I))*1.6
between the present bus voltage component and the newly computed value
is, in effect, and over-correction to the present value. The convergence
test is applied only to the imaginary component of bus voltage, since
it will be the more sensitive component under constant voltage
operation and relatively small bus voltage angular differences. Each
bus is tested when calculated, and if it fails, the convergence
indicator IDRCON is changed from 1 to O, signalling non-convergence

in the current iteration.

At the end of each complete iteration, IDRCON itself is tested.
If it is positive, all busses have converged and control exits from
the iterations loop, DO 520. The user is informed of this fact via

statement 14.

The program path taken while computing a voltage-controlled

bus is somewhat tortuous in order to use program statements written
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for the other bus types. Initially there will be a transfer to
statement 3 since now IBTYPE=1. There the impressed reactive power
Q(I) required to maintain the given bus voltage will be determined,
Unless the present bus is the slack generator bus, testing for bus
type sends control back to statement 6. The bus voltage components
are then calculated, using the value of Q(I) just found. This time
the bus type and repetitions test results in a transfer to statement
7; since M=0 and IBTYPE=1. IG, the generator bus index, has a value
from the early czll to subroutine BUSTYP. Before acceleration, the
bus voltage components are adjusted so that the voltage magnitude is

at the controlled value.

Slack bus calculations are straightforward, control first going
to statement 3, and then to statement 15. The final term in the
expression for P(I) is included for completeness, but is not strictly
necessary, as W(I)=0. Since the slack bus is a voltage reference,
its voltage components do not change. Thercfore the modification,
acceleration, and convergence-checking operations are redundant,

and thus omitted.

Subroutine GANDS makes calls to subroutines BUSTYP and ZYZ.

11.3 Subroutine BUSTYP

The generator bus numbers and their bus voltage magnitude
settings are stored in short tables IGENB and BVMSET. 1In addition,

the three bus types are coded numerically:

load bus -1
slack bus 0
generator bus +1

When presented with a bus number IB, the subroutine scans the
array IGENB to check if it is a generator bus. If so, early exit
from DO-loop 800 fixes IG, the short table index. The slack bus is
also tested for, and indicator IBTYPE set appropriately.
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11.4 Subroutine ZYZ

Since Y and Z are reciprocals, the expressions to convert one
to the other have the same form, and can be used in either direction

simply by exchanging the roles of the variables.,

=g + jb

<

[
N

']

#
)
b:JN
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11.7

VARIABLES LIST

*

CMLFP CONVERSATIONAL MODE LOAD FLOW PROGRAM
*

NAME OF DESCRIPTION

FORTRAN I INTEGER, R REAL, A ALPHABETIC,
VARIABLE V VECTOR ARRAY

*

AA R  ADMITTANCE ADJUSTING FACTOR, LINE FLOWS a
B R  OUTPUT SUSC. OR REAC. IN SUBR. ZYZ b
B RV BRANCH SERIES SUSCEPTANCE», P.U. by
BB R  BUS SELF-SUSCEPTANCE» P.U.

BRAK 1 R INTERMEDIATE VARIABLE IN SUBR. GANDS

BRAK2 R  INTERMEDIATE VARIABLE IN SUBR. GANDS

BVANG R  BUS VOLTAGE ANGLE», DEGREES CH
BVUMSET RV BUS VOLTAGE MAGNITUDE SETTING»> P.U.

BVMAG R BUS VOLTAGE MAGNITUDE, P.U. v,
CHA1 R CHANGE ONE 1
CHA2 R  CHANGE TWO

FACTOR R  TAP-CHANGING ADMITTANCE MOD. FACTOR

G R  OUTPUT COND. OR RESs IN SUBR 2YZ g
G RV BRANCH SERIES CONDUGCTANCE» PeU. B
GB R  BUS SELF-CONDUCTANCEs Pe Ue

1 I BUS INDEX i
18 I  BUS NUMBER» DATA CHANGE NUMBER i
I1BSLOC IV BUS LOCATION TABLE

IBTYPE I BUS TYPE INDICATOR

1 DRCON I  CONVERGENCE INDICATOR

1E I  SEND-RECEIVE SWITCH

16 I  GENERATOR BUS INDEX

I GENB IV LIST OF GENERATOR BUSSES

I SLACK I  SLACK BUS NUMBER

1 TERS I  ITERATIONS INDEX

LTLIM I  ITERATIONS LIMIT

J 1  BUS INDEX j
JA IV END BUS TABLE

JFINIS I  FINAL BUS SCAN INDEX

JSCAN 1 BUS SCAN INDEX

JSTART I BUS SCAN INDEX START

K I  BRANCH INDEX Kk
KS IV SIGNED BRANCH TABLE

KT I  TRANSFORMER INDEX

LINES I NUMBER OF LINES IN THE NETWORK

LSB I LOCATION SIGNED BRANCH

M I LOAD BUS REPETITION INDICATOR, S. GANDS

M 1  TEMPORARY STORAGE VARIABLE

ML I  TASK SELECTION INDEX

MVABSE I MVA BASE OF POWER SYSTEM DATA

NBUP1 I NUMBER OF BUSSES PLUS ONE

NBUSS I NUMBER OF BUSSES IN THE NETWORK
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NRBRAN
NRBT2
NXFMRS
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SIGI
S162
TAPNEW
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TL

u

UIT
VIiSe
VMOD
VSM
VSP

W
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WIT

X
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NUMBER OF VOLTAGE-CONTROLLED BUSSES
NUMBER OF BRANCHES IN THE NETWORK
NUMBER OF BRANCHES TIMES TWO

NUMBER OF TRANSFORMERS IN THE NETWORK
REAL POWER IMPRESSED ON THE NETWORK.
REAL POWER FLOW FROM BUS 1, ™MW

REAL POWER RECEIVED, MW

SENT, MW

REAL POWER

REACTIVE POWER IMPRESSED, P.U.

REACTIVE POWER FLOW

REACTIVE POWER RECEI VED» MVAR
REACTIVE POWER SENT» MVAR

INPUT RESe.

OR COND.

BUS SELF-RESISTANCE» P.U.

REAL POWER

DEMAND,

REAL POWER GENERATED, MW

MVA BASE OF POWER SYSTEM DATA
BRANCH CURRENT SuUM ONEs P.U.

BRANCH CURRENT SUM TWO» PeU.

NEW VALUE OF THE TRANSFORMER TAP, P.
TRANSFORMER TAP» P.
NEXT TASK SELECTION VARIABLE
TASK CODE LIST
REAL COMPONENT OF BUS VOLTAGEs P.U.
TEMPORARY REAL BUS VOLTAGE COMP.» P.
BUS VOLTAGE SQUARED» Pe«Ue.

BUS VOLTAGE MODIFICATION FACTOR

PRECOMPUTED VOLTAGE EXPRESSION.,
PRECOMPUTED VOLTAGE EXPRESSION,

IMAGINARY COMPONENT OF BUS VOLTAGE.,
OLD IMAGINARY BUS VOLTAGE COMPONENT.
TEMPORARY IMAGINARY BUS VOLTAGE COMP., P.U.
OR SUSC. IN SUBR. ZYZ
BUS SELF-REACTANCE.,
REACTIVE POWER DEMAND, MW

REACTIVE POWER GENERATED, MW

INPUT REAC.

INPUT IMP.

OR ADM.

PeUe
FROM BUS I, MVAR
IN SUBR. ZYZ
MW
U
U TURNS RATIO
Ue
LINE FLOWS
LINE FLOWS
PeUe
PeUe.

P.U.

SQUARED IN SUBR.

ZYZ

vy

X

o

e

pe

b

X,

1
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Source program listings

CMLFP

CONVERSATIONAL MODE LUOAD FLOW PRUGRAM
SOLVES NODAL EQUATIONS AND COMPUTES
BRANCH POWER FLOWS

PROGRAM DeGs STONE

LANGUAGE FORTRAN 1V

MACHINE PDP-9, BK CORE MEMORY
MONITOR 1/0 MONITORs PAPER TAPE
DATE WRITTEN 1 JUNE 1968

MAXIMUM PROBLEM SIZE

BRANCHES 40

BUSSES 30

VOLTAGE~CONTROLLED BUSSES 20

TAP-CHANGING TRANSFORMERS 1@
DIMENSION TLC11)

COMMON /BKSPAR/ LINES,NXFMRS, NDEMS,NBUSSsNGBUS,»
1RMVABS, NRBRANsNRBT2, I TLIM, ISLACK

COMMON /BKSCDs IBSLOC(31),JA(BR)KS(8R),
IRBC(30),XB(30),G(40).,B(48)

COMMON /BKSOPD/ IGENB(202,P(30),Q0(30),L(30),
1W(32)»BVMSET(20)» TAP(103),RDEM(30), XDEM(30)

DATA TLCI)STL(2)sTLI3) s TLCA) s TL(S)»TL(6) »
ITLCT) > TLC8) s TLC(DI > TLCIR) s TLC 1 1) /2HCD> 2HODS 2HGSs 2HBRS
22HPF»2HTT»2HSB»2HVMs 2HGE» 2HIL, 2HDE/

NEXT TASK MESSAGE
WRITE(C1,906)

FORMATC(5Xs SHNEXT.?

INPUT THE NEXT TASK AND CHANGES
READ(2,907) TASK,1B,CHAl,CHA2
FORMAT(A2,1452F6.3)

FIND BUS TYPE FOR BUS DATA CHANGES
CALL BUSTYP(IB,IBTYPE,IG)

TASK SELECTION LOGIC
DO 52 ML=1,11
IFCTASK.EQ.TL(ML)Y) GO TO (152535455,

16,758,9,5,18511),ML
CONTINUE
GO TO S@

INPUT THE POWER SYSTEM CONSTANT DATA
PAUSE 1

SKIP TWO LINES ON THE TAPE
READ(3,964)

FORMAT(/1X)
READ POWER SYSTEM PARAMETERS
READ(3,902) LINESsNXFMRS,NBUSS,NGBUS,
IMVABSE,NRBRAN,NRBT2, NBUP |
FORMAT(1815)
RMVABS=MVABSE
READ NETWORK TOPOLOGY TABLES
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READC3,902)C(IBSLOCC(I)>1=1,NBUP1)
READ(3,902) (JA(LSBIYKS(LSBILSB=1,NRBT2)

READ BUS SELF IMPEDANCES
READ(3,983)Y(RB(1),XB(I)>I=15sNBUSS)
FORMAT(SX,2E14.6)

READ BRANCH ADMITTANCES
READ(3,903) (G(K)»B(K)>»K=1,NRBRAN)

INITIALIZE THE TRANSFURMER

TAP SETTINGS
DO 201 KT=1,NXFMRS
TAP(KTY=1.0

INPUT THE POWER SYSTEM UPERATIONAL DATA
PAUSE 2

SKIP TwO LINES ON THE TAPE
READ(3,904)

READ GENERATOR BUS NUMBERS
READ(3,902) (IGENB(IG)» 1G=1NGBUS)
READ(3,904)

INPUT AND ASSEMBLE THE BUS

OPERATIONAL DATA
DO 208 I1=1,NBUSS .

READ(3,925) IB,>RDEM(CIB)XDEM(IB),RGEN, XGEN>BVMAG
FORMATC(1I3» 12X 4F6+15,F6+3)

COMPUTE THE P.U. IMPRESSED POWER
P(1B)Y=(RGEN-RDEM(IB))Y/RMVABS
QCIBY=(XGEN-XDEM(IB))>/RMVABS

CALCULATE STARTING VALUES FOR THE

BUS VOLTAGE COMPUNENTS
UCIB)Y=BVMAG
wW(IBl)=0.

STORE GENERATOR BUS VOLTAGE

MAGNI TUDES IN SHORT TABLE
CAaLL BUSTYP(IB,IBTYPE>IG)

IFCIBTYPE.GE.Q) BVMSET(I G)=BVMAG
CONTINUE
GO TO 50

MAKE CHANGES IN OPERATIONAL CONDITIONS

OR PROGRAM PARAMETERS

CHANGE TRANSFORMER TAPS
K=IB
TAPNEW=CHA1

MODIFIES NETWORK ADMITTANCES ACCORDING

TO THE VALUE OF THE NEW TAP
DO 300 LSB=1,NRBT2

SEARCH THE SIGNED BRANCH TABLE FUR +K
IF(KS(LSB)Y~-K) 300,531,300

LOCATE THE LV BUS OF TRANSFORMER K
J=JACLSB)

GO TO 32
CONTINUE
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NKYK IS STORED AS G(K)» B(K) AND
FORMULAS ARISE FROM THIS FACT

COMPUTE TRANSFORMER INDEX FOR SHORT TABLE

KT=K-LINES .
IFC(KT«LE«@.OR«KT.GT.NXFMRS) GO TO 5@
INVERT BUS SELF-IMPEDANCE

CALL ZYZ(RB(J)»XB(J>, GB»BB)
CHANGE LV BUS SELF IMPEDANCE

FACTOR=(TAPNEW*TAPNEW-TAP(KT)*TAPC(KT?»)/TAP(KT)

GB=GB+G(K)*FACTOR
BB=BB+B(K)*FACTOR

RE~INVERT
CALL ZYZ(GB»BBsRB(J)s»XB(J))

CHANGE THE BRANCH ADMITTANCE
G(KI=G(K)*TAPNEW/ TAP(KT)
B(KI=B(K)*TAPNEW/ TAP(KT)
TAP(KT)=TAPNEW
GO TO 51

CHANGE SLACK BUS POSITION
IFCIBTYPE.LT«8) GO TO 5@
1SLACK=IB

SET SLACK BUS VOLTAGE COMPONENTS
UCISLACK)Y=BVMSET(IG)
W(ISLACK)=0.
GO TO 51

CHANGE BUS VOLTAGE MAGNITUDE
IFCIBTYPE.LT.0) GO TO 5@
BVMSETC(IG) =CHAL

TEST FOR SLACK BUS
IF(IBTYPE.EQ.8> GO TO 12
GO TO S1

CHANGE BUS GENERATION
IFC(IBTYPE.LT.0) GO TO 50
PC(IB)=(CHA1-RDEM(IB)Y)/RMVABS
GO TO 51

CHANGE ITERATIONS LIMIT
ITLIM=IB
GO TO 51

CHANGE BUS DEMAND
PCIBY=P(IB)+(RDEM(1IB)=-CHAl)/RMVABS
RDEM(IB)Y=CHAl]
QCIBY=QCIBY+(XDEM(CIB)~-CHA2)/RMVABS
XDEM(IB)=CHA2
GO TO 51

GLIMN AND STAGG NODAL ITERATIONS
CALL GANDS
GO TO 5@

OUTPUT BUS DATA AND RESULTS

PRINT HEADING
WRITEC1,941)
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941 FORMAT( 4X» 3HBUS» 3X5 2HPL» 5X5>2HAL » 5X 5 2HPG»
15X,2HAG» 6X» 1HV» 6Xs SHTHETA)
c CALCULATIONS FOR OQUTPUT

DO 462 I=1.NBUSS

RGEN=P(I >*RMVABS+RDEM(I)
XGEN=QC1)*RMVABS+XDEM(1)
BVANG=57.2958*%ATANCWCID) Z7UCL))
BVMAG=SART(UCII*UCII+WCI)*W(1))
WRITE(15940) I,RDEM(I)sXDEMC(I)>»RGENsXGEN.,

1BVMAG,BVANG

940 FORMAT(5X» 12, 4F72,2F843)

400 CONTINUE
G0 TO 50

Cc COMPUTE AND TABULATE THE BRANCH

Cc POWER FLOWS

Cc PRINT HEADING

S WRITE(1,960)

960 FORMAT(S5X,2HLN,» 6H SB EB»s 4X,2HPSs» 5X5 2HPR» 5X52HQS,

15X, 2HAR)

c MAIN LOOP TAKES EACH BRANCH IN TURN
DO 6086 K=1,NRBRAN

C LOCATE BUSSES FOR BRANCH K
DO 611 LSB=1-NRBT2

Cc DETECT END BUS OF BRANCH K
IFC(KSCLSB) «EQeK) J=JACLSB)Y .

Cc DETECT START BUS OF BRANCH K
IFC(KS(LSB) .EQ«(~-K)) I=JACLSB)

611 CONTINUE

Cc SET SEND-RECEIVE -SWITCH
1IE=0

Cc NORMAL BRANCH ADMI TTANCES
AA=1.

Cc TEST FOR K A TRANSFORMER

62 IFCKsLELINES«sOR«KGT.LINES+NXFMRS)Y GO TO 61

Cc ADJUST ADMITTANCES FOR OFF

Cc NOMINAL TAPS
KT=K~LINES

Cc SENDING END IS HV SIDE
AA=1.+./TAP(KT)

C RECEIVING END IS LV SIDE
IFCIE.EQ.1) AA=TAPC(KT)

Cc PRECOMPUTE QUANTITIES

61 VSP=UCI)*UCJI+WC I *WCJT)
VSM=UCII*WCJI)~UCJII %k WCI)
VISQA=UCII*UCI)+WCId*WCID

c REAL POWER, MW

PI=CVISQ*G(KI*AA~GIK) *VSP+B(K)*VSM)*RMVABS
c REACTIVE POWER, MVAR

QI=(-VISQ*B(K)*AA+G(K)*VSM+B(K)* VSP)*RMVABS
c END LOGIC
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961
609

210

IE«EQ¢1) GO TO 63

OUTPUT THE BRANCH PUWER FLOW
WRITEC1,961) K»J»1,PSsPR,QS,0R
FORMAT(4X, 3135 4F7.1)

CONTINUE
GO TO 50
END
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SUBROUTINE GANDS

SOLVES POWER SYSTEM NODAL EQUATIONS BY GLIMN

AND STAGG METHOD

QUANTITIES EXPRESSED IN RECTANGULAR COORDINATES

COMMON /BKSPAR/ LINES:NXFMRS,NDEMS,NBUSS»NGBUS,
1RMVABS>NRBRANNRBT2» 1 TLIMs I SLACK

COMMON /BKSCD/ 1BSLOC(31)>,JA(80),KS(80),
IRB{(32),XB(30)5,G(40),BC4d)

COMMON /BKSOPD/ IGENB(208),P(303),Q0(30),U(38),
1W(3B),BUYMSET(20), TAP(10),RDEM( 3D, XDEM(38)

I TERATIONS LOOP
DO 528 ITERS=1,1TLIM

PRESET THE CONVERGENCE INDICATOR
IDRCON=1

MAIN LOOP SOLVES EACH BUS IN TURN
DO S18 1=1,NBUSS

BRANCH CURRENT SUMS CALCULATION

COMMON TO ALL BUS TYPES
SIG1=0.

S1G2=a.

CALCULATE SCAN INDEX LIMITS
JSTART=IBSLOC(I)

JFINIS=IBSLOC(I+1)~1

SCAN BUSSES CONNECTED TO BUS I
DO S5P1 JSCAN=JSTARTLJFINIS

FIND FAR BUS NUMBER
J=JACJSCAN)

FIND BRANCH NUMBER
K=IABS(KS(JSCAN))

FORM BRANCH CURRENT SUuMS
SIGI=SIGI+G(KI*UCJI-BCKI*WCJ)
SIG2=SIG2+B(KY*U(J)+G(K)*xW(J)

501 CONTINUE

Cc INITIALIZE THE LOAD B8US REPETITION INDR.
M=-1

C INITIALIZE TEMPORARY BUS VOLTAGE

UIT=UCI)

WIT=WC(I)

VISQ=UCI)*UCII+WCI)*WCL)

Cc FIND BUS TYPE
CALL BUSTYP(I,IBTYPE,IG)
IFCIBTYPE+GE.®) GO TO 3

VOLTAGE CALCULATIONS

LOAD BUSSES AND GENERATOR BUSSES
BRAK1=P(IX*UIT+QCIdX*WIT
BRAK2=PCI)*WIT-QCI)*ULIT

REAL BUS VOLTAGE COMPONENT
UIT=(RB(1)»*BRAK1~-XB(1)*BRAK2)/VISO

1+RB(1)*SIGI~-XBC(1)*SIG2
Cc IMAGINARY BUS VOLTAGE COMPONENT

Q aQa 9] (o] (9] o0

a OO o O

Q o0
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WIT=(RB(I)*BRAK2+XB(I)»*BRAK1)>/ VI §Q
1+RBCII*SIG2+XBC(IY*5] Gl
C INCREMENT THE LOAD BUS REPETITION INDR.
M=M+1 .
VISO=UIT#UIT+WIT*WIT

¥ BUS TYPE AND REPETITIONS TEST
IFCIBTYPE+M) 61557
¥ BUS INJECTED POWER CALCULATIONS
¥ GET ADMITTANCE FROM STORED IMPEDANCE
3 CALL ZYZ(RB(1)-»XBC(I),GBsBB)
¥ CALCULATE REACTIVE POWER FOR ALL GENERATORS
QCI)=-VISQ*BB-W(IX*SIGI+UCI)*S51G2
¥ BUS TYPE TEST
IFCIBTYPE) 15,1556
¥ CALCULATE REAL POWER FOR SLACK GENERATOR
15 P(I>=VIS@*xGB-UCI)*SIG1-W(I)*S5IG2
G0 TO 519
¥ MODIFY VOLTAGE MAGNITUDE FOR GENERATUR BUSSES
7 VMOD=BVMSET(IG)/SQRT(VISQ) )
Ul T=UIT*VMOD
WIT=WIT*VMOD
c ACCELERATE THE BUS VOLTAGE COMPUNENTS
¥ TO GET FINAL VALUES FOR THIS BUS
¥ SAVE OLD VOLTAGE CUMPONENT
5 WIOLD=WC(I)
UCII=UCII+CUIT~-UCI))I*1.6
WCED=WCIdX+(WIT-WCI))I*1.6
¥ CONVERGENCE TEST ON EACH BUS VOLTAGE
IFCABSC(W(I)-WIOLD)+.GT» 1BE-6) IDRCON=0Q
c BOTTOM OF THE MAIN LOOP
510 CONTINUE
C TEST FOR OVERALL CONVERGENCE
IFCIDRCON)Y 528,5208,14
520 CONTINUE
RETURN
¥ PRINT NUMBER OF ITERATIONS TO CONVERGE
14 WRITE(1»968) ITERS
968 FORMAT(5X,»I3)
RETURN

END
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SUBROUTINE BUSTYP(IBsIBTYPE,I1G)

IDENTIFIES THREE TYPES OF BUSSES

MAKES CORRESPONDENCE BETWEEN BUS NUMBER

IB AND GENERATOR BUS TABLE INDEX IG

COMMON /BKSPAR/ LINESsNXFMRS»NDEMS,NBUSSsNGBUS,

1RMVABS,NRBRAN, NRBT2, I TLIMs I SLACK

COMMON /BKSOPD/ IGENB(20),P(30),0¢30),U(38),

1W(38)>BVMSET(20) s TAP(10)5sRDEM(30) s XDEM(38)

BUS IDENTIFICATION LOGIC
SCAN GENERATOR BUS LIST
DO 80P IG=1,NGBUS
IFC(IGENBC(IG) .EQ.IB)Y GO TO 1
CONTINUE
SET BUS TYPE TO LOAD BUS
IBTYPE=-1
RETURN
SET BUS TYPE TO GENERATOR BUS
1G CORRESPONDING TO IB IS NOW AVAILABLE
IBTYPE=1
TEST AND SET FOR SLACK GENERATOR BUS
IFCIGENB(IG) .EQ.1SLACK)Y IBTYPE=9
RETURN
END

SUBROUTINE ZYZ(RsX»G.B)

INVERTS EITHER IMPEDANCE OR ADMITTANCE

R AND X ARE INPUT VARIABLES, G AND B ARE OUTPUT
VARIABLES, EITHER IMPEDANCE OR ADMITTANCE
Z5QD=R*R+X*X

G=R/Z5QD

B=-X/Z5QD

RETURN

END
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12 Machine dependencies

The device assignment numbers in the FORTRAN input/output

statements are

1 teletype output
2 teletype keyboard input

3 paper tape reader

Teletype KSR33 prints at 10 characters per second and has 72 print
positions, 50 of which are used by CMLFP. The first character for
output by a FORMAT statement is not printed, but is used for output
device control. CMLFP contains no such character other than blank,

which signifies normal one~line vertical spacing.

Computations are done in 6 digit single-precision floating point
arithmetic, with two machine words per FORTRAN real variable. An
integer variable takes one machine word. No failures of the
convergence criterion were observed, despite the fact that its value
is equivalent to a single unit in the least significant digit of the

voltage component being tested.

Complex variable features are not available in PDP-~9 FORTRAN, so
the entire program is written in component form. Both arithmetic

and logical IF statements are present in the program.

The machine-oriented details in the loading and operating
instructions naturally depend on the computer used. Also, the monitor
commands 4P, $S, RUBOUT, and RETURN will have different counterparts

on another machine.

13 Program modification

The PDP-9's 8K core memory is almost completely utilized by
CMLFP. Marginal increases, or changes, in maximum problem size are
possible by changing the dimensions of the arrays in the COMMON
blocks. Some useful features could be added to CMLFP with only a
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modest increase in available core storage, among them:

1 Variable convergence criterion and acceleration factor input
from the teletype keyboard.
Keyboard selection of specific busses or branches to be output.

3 Ability to punch OD tapes of solutions for later input as non-
flat starts.
Branch outage studies on~line from the keyboard.

5 When a command is incorrect, print ERROR. instead of NEXT.
Transmission line reactive power flows that include the line
charging MVARs.

More flexible power system data structures would require many
detailed changes. The logical structure of CMLFP main program may be
made more evident by the removal of the imbedded subroutines. Program

PSDAP can be incorporated into CMLFP as a subroutine.

14 Checkout status

CMLFP has been used by its author over a period of six months.
Several demonstrations and practice sessions have been held for

power system engineers. A data file of 12 systems is kept.

The tap-changing program segment was checked in detail by hand,
using the 6-bus power system of reference 3. Also, the converged

solutions for this system agreed to within machine accuracy.

The AEP14 test system solution checked satisfactorily but not
precisely, because the results given with the test data are after
only 17 iterations, and the convergence rates were not the same.
The converged CMLFP solution at bus 6 was hand—checked on a 6-digit
Curta calculator, using different (reference 6) expressions and

intermediate data. Agreement to machine accuracy was observed.

There are 122 possible command-pairs, excluding repetitions.
Only the most common operational mistakes have been protected against

or tested. No attempt has been made to certify the program by
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exhausting all its logical paths.

Parallel branches may be kept separate and CMLFP will compute
the correct power flow im each. The program can also simulate an

individual transmission lime or transformer.
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Program title: Power System Data Assembly Program

Program name: PSDAP
Author: D.G. Stone
Source language: FORTRAN IV

Machine: *

Monitor: *

Date written: *

Source program length:

text FORTRAN
lines statements
Program PSDAP 122 78
Subroutine ZYZ 9 6
totals 131 84

Media: *

Required routines: None.

Location: *

* as for CMLFP
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1 PurEose

To assemble power system data in the form required by the

Conversational Mode Load Flow Program.

2 Method

All program operations are elementary. PSDAP does not make

use of a numerical method.

3 Description

Network immittances and topology are stored as tables designed
for efficient utilization of computer core memory and high speed of
computation. The branch series admittance per phase in p.u., Yk .

1s obtained from

- . -1 —_— .
Y, = g *ip = zZ, * AT TR I%
Most of the variables and indicies in this section are defined in

11.4 Variables list. As each branch is read in, its contribution

to the bus self-admittances at each end is made. Finally, at bus i
Yo = 5 (Y + b)) + 35 = g0 + b
KkEB, . .
i
Transmission line total shunt susceptance per phase bTL is an input

quantity, from which the pi model leg is calculated

b b /2 line k

s =

k TL

I.'o.1 is the set of all branches connected to bus 1. The total
susceptance per phase of the shunt equipment located at bus i is b:.
Rather than Yg , the bus self-impedance Z? is chosen as the

stored variable for the nodal iterations.

b _ b ,.b_ 1
2pT T YT G

1
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Let branch k have near bus i and far bus j. CMLFP has three

operations requiring machine implementation of the network topology:

4

4.1

4.2

4.3

given find speed
1 Notal iterations i k,j high
2 Tap changing k i low
3 Power flow k i,j low

Usage

Concurrent reference to section 5 Example is suggested.

Tapes required

A binary object program tape containing the compiled versions
of program PSDAP and subroutine ZYZ.
A power systems basic data (BD) tape, made up according to

section 4.5 Input data preparation.

Linking loader, and subroutine library tapes.

Loading instructions

These are given in the CMLFP documentation. At step 9, type

only one comma,

Operating instructions

Hold down the CTRL key on the teletype keyboard, and press
the letter S.

Machine types back +S, and then the program title

PSDAP followed directly by

PAUSE ¢¢@@10

Put the power system basic data (BD) tape in the paper tape
reader, pushing the reader feed button momentarily.

Hold CTRL, type P.

+P is echoed by the computer, followed by reading and typing
of the power system title, and subsequently the entire BD

tape is read in.



221

6 PSDAP then assembles the data in store, and indicates that
it is ready to punch the power system constant data (CD)
tape by typing
PAUSE ¢¢@@1l

7 Check that the punch is properly loaded with paper tape and
that its POWER light is om.

Hold CTRL down, and press P.
The CD tape is punched. Machine types
FINISHED.
some line spaces, and then
PAUSE ¢¢@@1
10 Tear off the CD tape and run out some new leader by pushing
the punch FEED button.
11 To prepare the CD tape for a new power system, repeat from

step 3.

4.4 Messages

PSDAP generates no messages itself, other than those given in
the previous subsection. Reference 2 in the CMLFP documentation

contains a list of Object Time System error messages.

4.5 Input data preparation

Text-line 1 of the basic data (BD) tape contains the power system
title, and must be made up of at least 60 characters, including blanks.
Line 2 is a non—processed heading inserted to improve the readability
of the BD tape listing. Line 3 holds the power system size para-
meters, read according to FORMAT 960. These are, in order:

1 transmission lines
transformers
generator sets (not read)
demands (not read)

busses, all types

(= NN ¥, N T SUR

voltage-controlled (generator) busses
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7 series reactors
8 shunt equipments
9 MVA base

Lines 4 and 5 are again non-processed headings. They are followed
by the branch data, one branch per text line, conforming to FORMAT
952. The branch data items on each line are:

branch number

start bus number

end bus number

SN

total series resistance per phase, in per cent on the
specified MVA base, and on the nominal KV base

total series reactance per phase

total shunt susceptance per phase (not the pi leg element

in the transmission line model)

For a network of m branches and n busses, the branches must be
numbered with the first m positive integers, and the busses with
the first n. These numberings are not related by any additional
rule. The branch orientation is arbitrary, except in the case of
transformers, where the start bus must be its high voltage bus.
Also the branch numbering must be such that the lines come first,
followed by the transformers, and finally the series reactors. On

the BD tape the branches must appear in numerical order.

If there is no shunt equipment, the final branch is the last
text line on the BD tape; otherwise the final branch is followed
by two non-processed heading lines and then the shunt equipment data.
This latter follows FORMAT 958, The first item is the bus number,
and the second the shunt susceptance per phase of the reactor or

capacitor in per cent.

4.6  Output

Apart from that described in subsection 4.3, there is no

teletype output from PSDAP. The power system constant data (CD)
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tape produced by the program is punched in BCD so that a listing

of it may be read by eye. This tape consists of, in order:

~N Oy e WY

power system title

a blank text line

a line containing some power system parameters
lines comprising the bus location table, IBSLOC
tables JA and KS, pairwise

bus self-impedances, p.u.

branch series admittances, p.u.
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4.7 Run requirements diagram

TELETYPE PDP-9 CPU READER/PUNCH
Paper . PSDAP BD tape
Assembles
pover
system
data
Reyboard :1 CD tape
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5 Example

Both CMLFP and PSDAP documentations have as their example
AEP14, the American Electric Power 14 Bus Test System. It has 15
transmission lines, and 3 tap-changing transformers. One of the
latter is modelled by an equivalent T which includes series reactors
19 and 20, and bus 7. There are 15+3+2=20 branches. Only busses
1 and 2 can generate real power, but there are in addition 3
synchronous capacitors, making a total of 5 voltage-controlled
(generator) busses. A static shunt capacitance of 19.0 per cent is
located at bus 9. AEP14's system diagram appears in the CMLFP

documentation as subsection 5.3.
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5.1 Teletype output
LOADER

>y

PSDAP 16261

ZYZ 16202
tPtp

PPA. 15431
tPtp

«DA 15362
tPtP

BCDIO 12367
«SS 12310

PAUSE 12274
SPMSG 12281
FIOPS 11445
OTSER 11337
INTEGE 11153
REAL 16220
tStS

PSDAP

PAUSE ©00010

tP

AEP14 AMERICAN ELECTRIC POWER 14 BUS SYSTEM
PAUSE 000011

P
FINISHED.

PAUSE 000010



5.2 Basic data tape listing

AEP14 AMERICAN ELECTRIC POWER

15 3 2 11 14
SERIES BRANCH DATA,
BR SB EB R X B

i 1 2 1.94 5.92 5.28

2 1 S 5.40 22.38 4.92

3 2 3 4.770 19.80 4.38

4 e 4 581 1763 3+74

5 2 5 570 17.39 3.40

6 3 4 6.70 17.10 3.46

7 4 5 134 4.21 1.28

8 6 11 9.50 19.89 0.

9 6 1212.29 25.58 0.
10 6 13 662 13.03 0B«
11 9 10 3.18 B8+45 0.
12 9 1412.71 27.04 0.
13 16 11 8.21 19.21 0.
14 12 1322.09 19.99 0.
15 13 141709 34.82 0.
16 4 7 O 20.91
117 4 9 0. 55.62
18 5 6 0. 25.20
19 7 8 0. 1762
28 7 9 0. 11.00

SHUNT REACTANCE DATA
BN BSHUNT
9 19.0

5

14 BUS SYSTEM
LINS XFMS GENS DEMS BUSS GBUS SERE SHRE MVAB

2

P.C. ON 10OGMVA BASE

100

227



5.3 Conscant data tape listing

AEP]14 AMERICAN ELECTRIC PUWER

15

W
DN -

—

VAN~ =B W0

Pt Gt Wb ey e
(AR B AR

R aru A

10

12
13
14
15
16
17
18
19
20

3 14 S
3 7 9
34 36 39
1 S 2
5 e -3
T T 16
-7 6 18
-18 4 =16
11 14 12
13 6 -8
~10 12 =-14
B.145463E-01
0.946188E-02

0.294433E-01
0.668057E-02
B.131592E-02
B«191339E-01
D.00000CE+0D
0.-000009E+00
0.874544E-02
0.229891E-01
B.44]530E-01
0+880715E-01
De.422901E-01
0.729185E-01
D.4998T1E+01
B.102574E+p1
B«113491E+01
B.168614E+0]
0.170199E+01
b.198636E+01
P.686486E+0 1]
B.195529E+01
0.152599E+01
0.309917E+01
B.390113E+01
P.142376E+01
P.185118E+01
0.248882E+01
B.113698E+01
0.000000E+00
0.000000E+DD
P-B000L0E+OD
0.-000000E+00
0.000000E+00

100 20
14 18
41

1 -1
4 6
9 17
11 8
8 19
4 =17
18 -13
14 15
B.469355E-01

B.300697E-01
0.925538E~01
0.242767E-01
B.266297E-01
B.504142E-01
D+511544E~-01
0.176200E+00
B.395713E-01
B.587134E~-D1
0.9277716E-81
0.119080E+00
0.670825E~01
0.152179E+00
~3.152538E+02
~0.423592E+01
-B.478111E+01
“B+511648E+01}
“B«519256E+01
~B.506967TE+01
~0.21568PE+02
~0+489375E+01
~B.317614E+01
~B.610004E+01
-0+ 103662E+02
~0.302899E+01
~D+440164E+01]
~B.225222E+01
~0.231520E+01
~B.478240E+01
“P«179791E+61]
~0.396825E+01
~B+567537E+01
~2.909091E+01

40
22

3
2
1
2
9
7
6
9

25

3
-4
-2

9
20

-2e
-9
~-12

14 BUS SYSTEM

n
(» )

LR ANNEARN

13
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30

-6
-5
18
-19
-11
14
-15
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6 Restrictions

1 The power system basic data tape must be prepared as specified
in subsection 4.5.
2 The FORTRAN arrays have been conservatively dimensioned,
allowing a maximum problem size of:
30 busses, including voltage—controlled busses
40 branches, including lines, transformers, and series
reactors
20 voltage-controlled busses

10 tap—changing transformers

7 Accuracy

The line parameters R, X, and B are commonly given to an
engineering accuracy of 3 or 4 significant digits. Six decimal digit
accuracy is maintained in the program by the PDP-9's single precision
arithmetic package. All six digits are punched on the constant data

tape by an E specification in FORMAT 965.

8 Data checking

None.

9 Storage

PSDAP, together with subroutine ZYZ occupies 79710 = 14358
core memory locations. The arrays in the COMMON area overlay part
of the Linking Loader at run time, taking 69510 = 1267, locations.
Library subroutines loaded to service PSDAP require 305810 = 57628

machine locations.

10 Execution time

Internal processing is almost instantaneous as far as the

human operator is aware; so that total program running time is
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determined by the input/output task. For AEPl4, 15 seconds was
required to read in the BD tape, and the corresponding CD tape was

punched in 50 seconds.

11 Program details

The structure of PSDAP is presented in the form of a flow-

chart, subsection 11.3, and its source program listing is in 11.5.

11.1 Main program PSDAP

The two skipped fields in FORMAT 960 contain parameters not
required by CMLFP. FORMATs 953 and 954 skip non—processed headings
on the BD tape. Variables NRBRAN, NRBT2, and NBUPLl are final values

of DO-loop indicies.

As each branch is read in, (DO-loop 402) its start bus and
end bus are stored, so that later in the program the network
topology tables can be constructed. Also stored is the branch
series admittance, calculated by subroutine ZYZ from the branch
series impedance. The bus self-admittances are built up branch by
branch so that when DO 402 is satisfied, they are complete, except
for the addition of the shunt equipment susceptances. This is done,
if needed, in DO 406. Once the bus self-admittances have been
assembled, DO-loop inverts them using subroutine ZYZ to form the bus

self-impedances.

Nested DO-loops 410 and 409 build the network topology tables
IBSLOC, KS, and JA by scanning the start bus and end bus numbers of
each branch. Subsection 11.6 gives the network topology tables
for the example, AEP14. The signed branch table, KS, begins by
listing the set of branches connected to bus 1; assigning radiating
branches as positive and impinging branches as negative. JA, the
far bus table, contains the corresponding busses. Next the branches
(and their busses) connected to bus 2 are tabulated, and so on

until the tables are complete. Each branch appears twice in the KS
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table, once positive, once negative. A means for referencing these

sets of branches is provided by IBSLOC, the bus location table. 1In

the example, bus 4 begins in position 9 and has 5 branches connected
to it, since bus 5 begins in position 14. The final scanning limit

is necessary to indicate the number of brauches connected to the

last bus.

With all data assembly operations complete, a BCD tape of the
power system constant data is punched out as described in subsection
4'6.

There is no STOP statement in the program, control transferring

to statement 1 when a tape is finished.
ZYZ is the only subroutine called by PSDAP.

11.2 Subroutine ZYZ

Documented with CMLFP.
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11.3 Flowchart PSDAP

( Start )

PAUSE 10

)

Read BD tape

:

Compute
branch Y's
bus Z's

! |

Build
topology
tables

PAUSE 1

%’%“

Punch CD
tape

FINISHED,

nip
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11.4
VARIABLES L1ST
*

PSDAP POWER SYSTEM DATA ASSEMBLY PROGRAM
*

NAME UF DESCRIPTIUN

FORTRAN I INTEGER» R REAL» A ALPHABETIC,
VARIABLE V VECTOR ARRAY

*

B RV BRANCH SERIES SUSCEPTANCE», PeU.

BB RV  BUS SELF-SUSCEPTANCE, P.U.

BSHUNT R SHUNT SUSCEPTANCE ELEMENT»> P«Ce.

BTL R TOTAL LINE SHUNT SUSCEPTANCE, P.C.
G RV  BRANCH SERIES CONDUCTANCE, P.U.

GB RV BUS SELF-CONDUCTANCE, Pe.U.

i 1 BUS 1 NDEX

iB 1 BUS NLULMBER

I1BSLOC Iv BUS LOCATION TABLE

1EB 1V END BUS OF BRANCH K

1s8 IV START BU.i OF BRANCH K

J 1 BUS INDEX

JA IV FAR BUS TABLE

K 1 BRANCH INDEX

KS IV SIGNED BRANCH TABLE

LINES i NUMBER OF LINES IN THE NETWORK

LB i BRANCH NUMBER

LsB i LOCATIUN SIGNED BRANCH

MVABSE I MVA BASE OF POWER SYSTEM DATA

NBUPt I NUMBER OF BUSSES PLUS UNE

NBUSS I NUMBER OF BUSSES IN THE NETWOURK
NGBUS i NUMBER OF VOLTAGE-CONTROLLED BUSSES
NRBRAN I NUMBER OF BRANCHES IN THE NETWURK
NRBT2 1 NUMBER OF BRANCHES TIMES TWO

NSERC I NUMBER OF SERIES REACTORS

NSHNT i NUMBER OF SHUNT EQUIPMENT ITEMS
NXFMRS | NUMBER OF TRANSFURMERS IN THE NETWORK
R R TOTAL BRANCH SERIES RESISTANCE, P.C.
RB RV BUS SELF~RESISTANCE, P.U.

RMVABS R MVA BASE UF PUWER SYSTEM DATA
TITLE AV  POWER SYSTEM TITLE

X R TOTAL BRANCH SERIES REACTANCE, P.C.
xB RV BUS SELF-REACTANCE» P.U.
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11.5 Source program listing

Cc PSDAP .
Cc POWER SYSTEM DATA ASSEMBLY PROGRAM
Cc INPUTS THE POWER SYSTEM.BASIC DATA, ASSEMBLES IT»s
Cc AND PUNCHES A PAPER TAPE FOR INPUT TO CONVERSATIWNAL
c MODE LOAD FLOW PROGRAM.
COMMON TITLEC12),GB(30),BB(38),1SB(4B),1EB(4D),
16C4P),B(4B)Y>RB(30),XB(30),IBSLOC(31)»
IKS(8@2) »JA(BD) )
C PRINT THE PROGRAM TITLE
WRITE(1,959)
959 FORMAT(/1Xs SHPSDAP/)
1 PAUSE 10
WRITE(1,953)
Cc READ AND PRINT THE POWER SYSTEM TITLE
READ(3,95Q)(TITLE(I)sI=1,12)
950 FORMATC(12A5)
WRITEC1,951CTITLECI)»1=1512)
951 FORMAT(1Xs 12A5)
Cc SKIP ONE HEADING LINE
READ(3,953)
253 FORMAT( 1X)
c READ POWER SYSTEM PARAMETERS
READ(3,960) LINESsNXFMRSsNBUSSs»NGBUS»NSERC,
INSHNTsMVABSE
960 FORMAT(215,10X,513)
NRBRAN=LINES+NXFMRS+NSERC
NRBT2=NRBRAN*2
Cc SKIP TWO HEADING LINES
READ(3,954)
954 FORMAT(/1X?
c ZERO THE BUS SELF-ADMITTANCES
DO 403 I=1,NBUSS
GB(I1)=0.
403 BB(I)>=Q.
Cc INPUT AND ASSEMBLE THE BRANCH DATA
DO 492 K=1,NRBRAN
READ(3,952) LB,ISB(LB)>IEB(LB)sRsX>BTL
952 FORMATCI35,21 45F5.25F6+2sF72)
Cc CONVERT FROM P«.C. TO PesUe

RMVABS=MVABSE
R=R/RMVABS- 100,
X=X/RMABS Loo.
INVERT THE BRANCH SERIES IMPEDANCE TO GET
SERIES ADMITTANCE CIRCUIT EI EMENT VALUES
NOT THE MUTUAL ADMITTANCE
CALL ZYZ(RsX»G(LB),»B(LB)Y)
PI MODEL SHUNT SUSCEPTANCE IS 1/2 THE TOTAL
LINE SHUNT SUSCEPTANCE
BTL=BTL/(2.¥RMVABS)
SUMMING THE BUS SELF ADMITTANCES

Q Qo aQOwv
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I1=1SB(LB)
J=1EB(LB)
GB(IX)=GB(I)+G(LB)
GB(J)=GB(J)+G(LB)
BBC(I)=BB(1)+B(LBY+BTL
BB(J)=BB(J)+B(LBY+BTL
CONTINUE

TEST FOR SHUNT EQUIPMENT
IF(NSHNT«EQ.0) GO TO 6

SKIP TWO HEADINGS
READ(3,954)

INPUT AND ASSEMBLE THE SHUNT EQUIPMENT DATA
DO 406 I=1,NSHNT
READ(3,958) 1B»BSHUNT
FORMAT(I3,»11X2F7.2)

CONVERT FROM P.C. TO P.U.
BSHUNT=BSHUNT/RMVABS

ADD TO BUS SELF ADMITTANCE
BB(IB)=BB(1B)+BSHUNT
CONTINUE

INVERT THE BUS SELF ADMITTANCES TO GET SELF

IMPEDANCES FOR LOAD FLOW EXPRESSIONS
DO 488 1=1,NBUSS
CALL ZYZ(GB(I1).,BB(I>»RB(I)>»XB(I))
CONTINUE

CONSTRUCT THE NETWORK TOPOLOGY TABLES
LSB=1

TAKE EACH BUS IN TURN
DO 410 I=1.,NBUSS _

BUS I IS AT LOCATION LSB
IBSLOC(I)>=LSB

SCAN FOR BRANCH K CONNECTED TO BUS I
DO 409 K=1,NRBRAN

TEST FOR RADIATING BRANCHES
IFCISBC(K)«NE.1) GO TO 12
KS(LSB)Y=+K
JACLSB)Y=1EB(K)
GO TO 15

TEST FOR IMPINGING BRANCHES
IFCIEBCK)NE.1> GO TO 409
KS(LSB)Y=~K
JACLSBY=ISB(K)

INCREMENT THE KS, JA TABLE INDEX LSB
LSB=LSB+1
CONTINUE
CONTINUE

ADD THE FINAL SCANNING LIMIT
NBUP1=NBUSS+1
IBSLOC(NBUP1)=LSB
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PAUSE 11

WRITE(C1,953)
C PUNCHING ASSEMBLED DATA TAPE FOR CMLFP
c PUNCH THE POWER SYSTEM TITLE

WRITE(Ss9S51)(TITLECI)>»I=1512)
WRITE(5,953)

c PUNCH THE POWER SYSTEM PARAMETERS
WRITEC(S,964) LINES,NXFMRS,NBUSS,NGBUS»

IMVABSE»NRBRAN> NRBT2,NBUP 1

964 FORMATC(1X, 101I5)

c PUNCH NETWORK TOPOLOGY TABLES
WRITE(S,964) CIBSLOC(I)»1I=1,NBUFL)
WRITE(S5,964)(JACLSB)»KS(LSB)»LSB=1,NRBT2)

c PUNCH BUS QUANTITIES
WRITE(5,965)(1sRB(I),XBC1),I=1,NBUSS)
965 FORMAT(1X>15s2E14.6)
c PUNCH BRANCH QUANTITIES
WRITECS>965) (KaG(K)»B(K)sK=1,NRBRAN)
Cc PRINT MESSAGE
WRITE(1,963)
963 FORMATC1Xs QHFINLISHED«//77777)
GO TO 1

END
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12 Machine dependencies

The FORTRAN input/output device assignment numbers used by
PSDAP are:

1 teletype output
3 paper tape reader

5 paper tape punch

Up to 5 alphameric characters can be stored per FORTRAN word,
thus FORMAT 950 contains an A5 specification. ’

13 Program modifications

Because of the interdependence of PSDAP and CMLFP, these are

discussed in the latter document.

14 Checkout status

The branch series admittances of AEP14 checked satisfactorily
against those provided with the test data. Hand calculation of
the bus self-impedances revealed no errors. The small test system
in reference 3 (see CMLFP) provided another check on the correct

assembly of power system immittances.

15 References

As for CMLFP.
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Appendix 3 PROGRAM DESCRIPTION: NFESP, NETWORK FLOW
| ECONOMIC SCHEDULING PRCGRAM _

The main program of NFESP has buﬂ six statements:
four subroutine CALLs, STOP, and END. Each of the major
subroutlnes PSDNFM, ESMANF, TOPSDR, and DIGRAM is a func-
tional module, and correspondé to an overlay segment. The
program's modular design permits efficient core utiliza-
tion. Only the programs and data needed at each step in
the calculations are resident in the machlne core storage,
the remainder being kept out on backing store until required.

. Because the program is heavily interspersed with
comment cards, its loglic can be followed without the need
for a suppiementary narrative. The call to MULTAR, the
network flow routine, is located in subroutine ESMANF.

\ Subroutines GMODEL aﬂd CONGEN build and.interéret genera-
tor models for British sets. The correSpondiqg routines
for American generating units are not included.

D.W. Norris, a co-student, wrote subroutines  COSPLT
and PLTOUI. They are line printer graphics utility rou-

tines, producing plots of data and results,
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SUBRDUTINE TIMER(I,R ICsRA)
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NFESP

MAIN PRUGRAM. ECONOMIC SCHEDULING DF ELECTRIC POWER

SYSTEMS USING FULKERSONS QUT~OF~KILTER NETWORK FLOW

ALGORITHM. .

MULTIPLE PARALLEL ARCS USED TO GIVE PIECEWISE LINEAR
APPROXIMATION TO OUADRATIC COST CURVES.

PROGRAM ~ D.G. STONE
LANGUAGE - FORTRAN IV
SYSTEM - 1BM7094, IBSYS, IMPERIAL COLLEGE -

DATc WRITTEN - 15 MARCH 1968,

OVERLAY, LINKING, AND SCRATCH DATA TAPES USED TO

SAVE CORE '
INPUT AND ASSEMBLY OF PDOWER SYSTEM DATA TO BUILD
THE NETwWORK FLOW MODEL

CALL PSDNFM
USES NETWORK FLOW ROUTINE TO FIND OPTIMAL ECONOMIC
SCHEDULE OF GENERATION, AND
CORRESPONDING LINE FLOWS

CALL ESHANF
TABULATES POWER SYSTEM DATA AND RESULTS

CALL TOPSDR
INPUTS PLOTTING DATA, PRINTS POWER SYSTEM DATA AND
RESULTS AS A SEMIGEOGRAPHIC DIAGRAM :

CALL DIGRAM

sTop

END

.

RETURNS TIME ANO INTERVAL VIA ARGUMENTS TO THE MAIN
PROGRAM FOR OUTPUT THERE.

LOGICAL FORK

FORK=,FALSE.

CALL INTI(I)

IFI{M.EQ.1234) GO TO 1

I18=1

IA=1

M=1234

J=I-T1A

IA=1

I1=J/3600G ¥
R=FLOAT(J-3600#1)/60.0

IF{FORK) RETURN

FORK=,TRUE.,

RA=R
IC=1
J=1A-IB
GG T0O &

END
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SUBROUTINE PSDNFM
C - INPUT AKD ASSEMBLY OF POWER SYSTEM DATA TO BUILD THE
C NETWORK FLOW MODEL FOR ECONDOMIC SCHEDULING STUDY

COMMON /BKLNLS/ TLENGT.LTYPE,DEVOLT,NRCCTS,NRCONS

COMMON /BXF / FLLOSS

COMMON /BKBMOD/ AVINCO:STTBUS,ENDBUS,NSPB,LI“PWR,IB:A

COMMON /BKCLB / CSCALE.LINK,BUSNR |

COMMON /BKNETW/ L(lZOU)yU(1200);C(1200),9(1200)’T(1200)

COMMON /BKGMOL/ GMIN,SOURCE,NSPG,GMAX,ECR,

1 SCINCO, COSTIN -

COMMON /BKDMDL/ DEMAND,SINK

DIMENSION TITLE(10)sSNAMELZ2)TNAME(2)

DIMENSIGN ATl(ZOO);ATZ(200),ASN(200),AEV(ZOO)vACT(ZOO!’
1LLC(200),ABN(200)

INTEGER XFMRS;GENS,DEMS,BUSSES, GENBUS SEREAC s XFMSER,
1STTBUS,ENDBUS,FLLOSSyDEVOLTy XFMRNR s HV» SOURCE s SINK»TL
2TUyBUSNRySETNRy GMAX s GMIN, ECR, TDEMAN s DEMAND, ARCS;UrC:SvT

INTEGER AEN, ABN

C ALPHABETIC TITLE»SNAME, TNAME,STANAM,AT1,AT2,ASN
c TIMING THE COMPUTATION

CALL TIMER(MINT,SECT,MINI,SECI)
c INPUT SOME OPERATIONAL DATA

READ(5,907) CSCALE,AVINCO.NSPBsNSPG
907 FORMAT(F10.0,F10.4/215)

c PRESERVE WHOLE NUMBERS IN OQUTPUT
CSCALE CSCALE+.001} '
¢ INPUT POWER SYSTEM PARAMETERS

READ(5,902) TITLE
302 FORMAT(10A6)
READ(5,901) LINES.XFMRS,GENS;DEMS:BUSSES:GENBUS;SEREAC
901 FORMAT(7I5)
c STORE POWER SYSTEM INFO ON SCRATCH TAPE
WRITE{3)} TITLE
WRITE(3) LINES,XFMRS,GENS,DEMS,BUSSESsGENBUS, SEREAC
’ WRITE{3) CSCALE,NSPB,NSPG»AVINCO ’
c . INCLUDE SERIES REACTORS WITH TRANSFORMERS

XFMSER XFMRS+SEREAC
c INPUT THE LINE DATA AND CONSTRUCT THE
c. NETWORK FLOW EQUIVALENT MODEL

DO 500 IB=1,LINES
READ(5,903) LINENR, STTBUS, ENDBUS» TLENGT s LIMPHR , FLLDSS'
1SNAME, TNAME,NRCCTS,DEVOLTyNRCONS,LTYPE
903 FORMATU(I3,214,19X+sF5.1415,1641X2245,1Xe2A5,12,13,211)
c ‘ COMPUTES FULL-LOAD LINE LOSS
CALL LINLOS _
c . CONSTRUCTS NETWORK FLOW MODEL OF LINE
CALL BMODEL o ) -
C STORE LINE DATA ON SCRATCH TAPE
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WRITE(3) LINENR, TLENGT,LIMPWR,SNAME, TNAME,DEVOLT,A
CONTINUE
CHECK FOR NO TRANSFDRWFRS OR REACTQORS
IF(XFVS&R EQ.C) GO TO 39
INPUT TRANSFORMER. AND REACTOR DATA AND
CONSTRUCT THE NETWORK FLOW MODEL
9]8] 501 IX=1,XFMSER
READ{5,904) XFMRNRs STTBUS, ENDBUS,LIMPWR,FLLOSS, SNAME,
ITNAMESNRCCTSyHY, LY
FORMAT(13,214,24X, I591691X12A5.1X12A5 121213)
IB=LINES+IX
CALL BMODEL
: STORE TRANSFORMER AND SERIES REACTOR
DATA ON SCRATCH TAPE
WRITE{3) XFMRNR,LIMPWR,SNAME,TNAME, HV:LV:A
CONTINUE
CREATION QOf SOURCE AND SINK NODES
SOURCE=BUSSES+]
SINK=BUSSES+2
INITIALIZATION OF GENERATQOR TOTALS
TL=0
TU=0
LINK NOW HAS CORRECT VALUE FOR GENERATORS
LINK USUALLY COMPUTED IN MODELLING
. ' SUBROUTINES
LINK=LINK+1
INPUT THE GENERATOR DATA AND CONSTRUCT
THE NETWORK FLOW EQUIVALENT MODEL
DO 502 iG=1,GENS
READI5,905) TNAME, BUSNR, STANAM SETNR'G“AX:GMINrCUSTINO
1ECR,SCINCO,MAXSPA
FORMAT(2A5,14,A2,13,214,F5.2,5X,13,F5. 2vl3l
TU=TU+GMAX
TL=TL+GMIN :
CONSTRUCTS NETWORK FLOW MODEL OF GENERATOR
CALL GMODEL o
STORE GENERATOR DATA ON SCRATCH TAPE
WRITE{3) TNAME,STANAM,SETNR,COSTIN,SCINCO,GMAX
STORE GENERATOR DATA FOR SORTING
AT1(IG)=TNAME(1)
AT2(IG)=TNAME!( 2)
ASN(IG)=STANAM
AEN{IG)=SETNR
ACT({IG)=COSTIN
ABN{IG)=BUSNR
CONTINUE
INPUT THE DEMAND DATA
TDEMAN=0
D3 503 iD=1,DEMS
READ(5,906) BUSNR,SNAME,DEMAND o0
FORMAT(1I3,1X,2A5,15) :
CONSTRUCTS NETWORK FLOW MODEL OF DEMAND.
CALL DMODEL
TDEMAN=TDEMAN+DEMAND :
STORE DEMAND BUS NAMES ON SCRATCH TAPE -
NRITE(3] SNAME
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503 CONTINUE. i
WRITE DATA SUMMARY INFO ON SCRATCH TAPE
WRITE(3) TL,TU, TDEMAN
CREATE THE RETURN. ARC
LINK=LINK+1
LILINK)=0
UILINK}=55555
S{LINK)=SINK
TILINK)=SOURCE
CILINK)=0 -
SET NETWORK FLOW MODEL SIZE
ARCS=LINK
NODES=BUSSES+2
ALARM AND HALT FDOR TOO LARGE A NETWORK
IFILARCS.GT.12G0.0R.NODES.GT.40C) GO TO 41
GO TO 43 .
41 WRITE(6,908) ARCS,NODES
908 FORMAT(19H NETWORK TOO LARGE.,I4y6H ARCS»14,7H NODES.,
16H HALT.)
sSTOoP
SORT GENERATOR DATA IN TEMPORARY LOCATIONS
INTO AN ORDER-OF-MERIT TABLE
43 CALL SORTEM{GENSsACT,LLC) .
WRITE CRDER-OF-MERIT TABLE ON SCRATCH
TAPE FOR FINAL OUTPUT :
J LOCATES GENERATORS IN UNSORTED ARRAYS
COST ARRAY HAS BEEN SORTED INTO MERIT ORDER
D0 517 1G=1,GENS
J=LLC(IG)
ARRAYS WRITTEN ON SCRATCH TAPE
IN MERIT ORDER
517 WRITE(3) ATL(J)sAT2(J)ASNIJ)ILAENIJ)LACTIIG),,JsABN{J)
WRITE NETWORK FLOW MODEL DATA
ON LINKING TAPE -
WRITE(4) ARCS,NODES,(LIK)sU(K)yCI{K)sSIK)4TIK} K=1,ARCS)
REWIND 4
RETURN
END
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SUBROUT INE BMODEL
CONSTRUCTS MULTIPLE ARC, PIECEWISE LINEAR NETWORK FLOW
MODEL OF POWER SYSTEM BRANCH (LINES, TRANSFORMERS, AND
SERIES REACTORS)
COMMON /BKBMOD/ AVINCO,STTBUS,ENDBUS,NSPB,LIMPWR 18 ,A
COMMON /BKCLB / CSCALE,LINK,BUSNR
COMMON /BKNETW/ L(1200),U(1200),C(1200),S(1200),T(1200}
COMMON /BKF  / FLLOSS
INTEGER SEG,FLLOSS,STTBUS,ENDBUS,SyToU,C
' DETERMINE SEGMENT SIZE

SEG=LIMPWR/NSPS

COMPUTE "COST CURVE COEFFICIENT A
FLCOST=AVINCO*FLOAT(FLLOSS} /1000
A=FLCOST/(FLOAT{LIMPWR ) 2%2)
OLDCST=0.

EACH DO ITERATION MODELS ONE COST CURVE SEGMENT
BY CONSTRUCTING TWO OPPOSING ARCS

DO 700 1S=1,NSPB

COMPUT ARC INDEX FROM BRANCH

AND SEGMENT INDICIES
LINK=2%(NSPB=(1B~1)+IS)~1
LLINK)=0
L(LINK+1)=0
S(LINK)=STTBUS
T(LINK)=ENDBUS
S{LINK+1)=ENDBUS
T{LINK+1)=STTBUS . _

TEST FOR LAST SEGMENT
IF(1S.EQ.NSPB) GO TO 1

ALL SEGMENTS BUT THE LAST ONE
U(LINK)=SEG
U(LINK+1)=SEG
PF=SEG#1S
DELTA=SEG
GO TO 2

, LAST SEGMENT

UCLINK)=LIMPWR-{NSPB-1)*SEG
UCLINK+13=U(LINK)
PF=LIMPWR
DELTA=U(LINK) )

QUACRATIC COST CURVE FOR ALL SEGMENTS
COSTPF=A®PFa#2
SINCST=({COSTPF-OLDCST)/DELTA
CILINK)=STNCST*CSCALE
CILINK+1)=CILINK)
OLDCST=COSTPF
CONTINUE &
RETURN
END
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SUBROQUTINE GMODEL
CONSTRUCTS NETWDRK FLOW MODEL OF GENERATORS WITH
LINEAR COST CURVES, AND TWO-SLOPE COST CURVES
COMMON /BKNETW/ L(1200),U(1203),C{1200),5(1200),T(1200)
COMMON /BKCLB 7/ CSCALE,LINK,;BUSNR
COMMON /BKXGMDL/ GMIN, SDUQCE NSPGyGMAXsECR,

1SCINCO,COSTIN

INTEGER U,C, S.T,GMINySOURCE.BUSNR.GMAX.ECR
LINK=LINK+1 , ,
MODELLING SINGLE COST SETS, AND LOW COST
REGION OF TWO COST SETS
L{LINK)=GMIN
CULINK)=COSTIN*CSCALE
S(LINK)=SOURCE
T CLINK)=BUSNR
CHECK FOR TWO-COST SETS
IF(ECR.GT.0) GO TO .2
U CLINK)=GMAX
RETURN

2 UILINK)=ECR

SECOND ARC MDDELS HIGH-COST REGION
LINK=LINK+1
L{LINK)=0
UCLINK)=GMAX—-ECR
CILINK)=SCINCO=CSCALE
S{LINK)=SOURCE
TILINK}=BUSNR
RETURN
END

SUBROUTINE LINLOS

COMPUTES FULL-LOAD TRANSMISSION LINE LOSS FROM LINE
INDICATIVE DATA FOR NON-MIXED,STANDARD BRITISH LINES.
NORMAL wEATHER RATING, 3PHASE LOSS

COMMON /BKLNLS/ TLENGT,LTYPE,DEVOLT,NRCCTS,NRCONS
COMMON /BKF / FLLOSS

" INTEGER DEVOLT,FLLOSS

TEST FOR NON-STANDARD LINE
IF(LTYPE.EQ.O) RETURN
IF(LTYPE.EQ.1) LTYPE=175 F
) DETERMINE CONDUCTOR SIZE
IF(LTYPE.EQ.4) GO TO 4

«+175 SQIN CONDUCTORS
FLLPMI=174.
GO TO 43

«4 SQIN CONDUCTORS

4 FLLPMI=160.F¢

SAME LOSS EXPRESSION GOOD FOR BUNDLED CONDUCTORS AND
MULTIPLE CIRCUITS

43 FLLOSS= FLLPMI*TLENGT*FLUAT(NRCCTS*NRCONS)

RETURN
cND

R T N A Y
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SUBROQUTINE DMODEL
CONSTRUCTS NETWORK FLOW MODEL OF A DEMAND
COMMON /BKNETW/ L{1200),U(12038), C(1200),S(1200),T(1200)
COMMON /BKCLB / CSCALE,LINK,BUSNR
COMMON /BKDMDL/ DEMAND,SINK
INTEGER UysCs3SsT»SINK,DEMAND, BUSNR
LINK=LINK+]
CILINK)=0
IF(DEMAND.LT.0) GO TO 1

EXPORT
L{LINK)=DEMAND
ULLINK)=DEMAND
S{LINK}=BUSNR
TILINK)=SINK
RETURN

IMPORT
L{LINK)=-DEMAND )
U{LINK)=—-DEMAND
S{LINK)=SINK
TILINK)=BUSNR
RETURN.
END

SUBROUTINE SORTEM(NsKEY,; LOCATE)
MINIMUM-IN~PASS SORT BY KEY, SMALLEST IN KEY{1), AND
LARGEST IN KEY{(N). ORIGINAL POSITION RECORDED IN LOCATE.
DIMENSIGN KEY(N)yLOCATE(N)
INITIALIZE THE LOCATICN ARRAY

DO 516 I=1,N
LOCATE(I)=I
‘ NUMBER OF SORTING PASSES
NM1=N=-1 '

. SORT
DO 515 J=1,yNM1
JPl=Jd+1
DO 515 I=JP1,N
IFIKEY(I).GE.KEY(J)) GO TO 515
KCELL=KEY(J) :
KEY(JI=KEY(I)
KEY(1)=KCELL
LCELL=LGCATE(J)

LOCATE(J)=LOCATE(I) .

LOCATE(I)=LCELL
CONTINUE
RETURN
END
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SUBROUTINE ESMANF
CALLS NETWORK FLOW SUBROUTINES TO FIND THE
OPTIMAL GENERATION SCHEDULE AND.LINE POWER FLOWS
MULTIPLE ARCS NETWORK FLOW MODEL
COMMON /BKKIL/ L(1200),U(1200),C(1200),X(1200),
1CBAR(1206),S(1200),T{1200),PT1(400),KLABEL{400),
2ELABEL{400)4KS{2400),NODLOC{401),DIF,FECIRC,ARCS NODES,
3STAIND,STADESsKy NEXT,OFL, TFL, INFINY, TBT, TNBT, LDFN,STAGES
INTEGER UyCyS,TyARCS,XsPI,FECIRC
INTEGER TBT,TNBT
READ DATA FROM LINKING TAPE
READ(4) ARCS,;NODES, [L{K),ULK),CIKY,S(K),TIK),K=1,ARCS)
REWIND 4
INITIALIZATION OF THE NETWORK FLOW MODEL
DO 504 LINK=1,ARCS
504 X(LINK)=0
CALL NODARC
DO 505 I=1,NODES
505 PI(I)=0
CALL CPIPI
CALL TIMER{MINT,SECT,MINI,SECI)
CWRITE(6,924) MINI,SECI
924 FORMATI43H TIME TO INPUT AND ASSEMBLE PROBLEM DATA IS,
113,9H MINUTES, F7.2, 9H SECONDS.)

SUBROUTINE MULTAR ATTEMPTS TO FIND AN OPTIMAL,
FEASIBLE FLOW FOR THE ASSEMBLED NETWORK '
CALL MULTAR
CALL TIMER{MINT, SECT,MINI,SECI)
TEST FEASIBLE CIRCULATION INDICATOR
IF(FECIRC.EQ.1) GO TO 61 -
WRITE(6,916)
916 FORMAT(39H INFEASIBILITY AROSE DURING SCHEDULING.
128H DIAGNOSTIC OUTPUT AND HALT.)
GO TO 62
61 CONTINUE
WRITE(6,921) MINI,SECI
921 FORMAT(38H TIME TO FIND THE ECONOMIC SCHEDULE 15,13,
1 9H MINUTES,F7.2, 9H SECONDS.)
ADD FLOWS TO NETWORK DATA ON LINKING TAPE
62 WRITE(4) ARCS,NODES, (LIKY ULK)yC{K),SIKY,TIK) s X{K),
1K=1, ARCS) ‘
REWIND 4
WRITE ALGORITHM PERFORMANCE FIGURES
ON SCRATCH TAPE
WRITE(3) MINI,SECI,TBT,TNBT
REWIND 3
RETURN
END
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SUBROUTINE TOPSDR

TABULAR OQUTPUT OF POWER SYSTEM DATA AND RESULTS

COMMON /BKLX/ L{12006},U(12C0),C(1200),5(12001,T(12001},
1X{1200)

COMMON /BKTBG/ CSCALE,LINK,BUSNR

COMMON /BKCNFL/ STTBUS,ENDBUS:+IB,NSPB+BRICST:PF{300),
1IC{300}),A,BRCOST ’

COMMON /BKGCON/ GMAX,GMIN; ECR,G(200),ICG(200),
10PDISP{Z00),GL(200),GU(200),IG,NSPG
ZyFCOST,,SCINCO,COSTIN

COMMON /BKSUMY/ TITLE,LINES,GENS,XFMRS,GENBUS,SEREAC,
1BUSSESyDEMSs TUy TOEMAN» TLsRLCOST»XRCOSTyGNCOSTy
ZNODES s AVINCO, ARCS

DIMENSION TITLE(lO):SNAME(Z)yTNﬁVE(Z)gH:AD(3O)yUP(300)1
1IMPEXP({Z00) ,OPINDR(11)sOPINCS(200)yGENPHWR(200)

DIMENSION ALPHABI( &) )

INTEGER ARCS,UP,DEVOLTsPF,STTBUS,ENDBUS, XFMRS,GENBUS,
1SEREAC,y XFMSER ) XFMRNRy HV y SETNR s GHAX s G+ ECRyDEMS,DEMFLO,
ZSINK,BUSNRy GMIN, GENS»BUSSESsUyCr Sy T+ Xy TDEMANTU, TL

INTEGER TBT,TNBT

ALPHABETIC TITLE,ALPHAByHEAD,SNAME s TNAME » STANAM, ALFD,

ASTRSK:BLANKyOPINDR
DATA (ALPHAB(I),I=1,46)/1HL,y1HD,1HRy1IHE,1HH,1HU/
DATA ASTRSK,BLANK/4H = r4H /

READ NETWORK FLOW QUANTITIES FROM
LINKING TAPE
READ(4) ARCSyNODES, (L{K)sUIKI;CIKIySIK),TIK),
1X(K),K=1,ARCS)
REWIND 4
READ POWER SYSTEM PARAMETERS FROM
SCRATCH TAPE
READ(3) TITLE
READ(3) LINES,XFMRS,GENS,DEMS,BUSSES,GENBUS, SEREAC
READ(3) CSCALE,NSPB,NSPG,AVINCO
OUTPUT THE LINE DATA AND POWER FLOWS
READ(55902) HEAD
902 FORMAT{10A6)
WRITE(6,916) LINES '
916 FORMAT(iH1,25HLINE DATA AND POWER FLOWS/T4;6H LINES)
WRITE(6,902) HEAD
RLCOST=0. ‘
DO 506 1B=1,LINES
READING LINE DATA FROM SCRATCH TAPE
READ(3] LINENR,TLENTH,UP{IB)sSNAME, TNAME ,DEVOLT,A
CONSTRUCT LINE POWER FLOW FROM ARC FLOWS
IN THE NETWORK FLOW MODEL
CALL CONFLO,
SUM THE LINE COSTS

¢
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RLCOST=RLCOST+BRCOST
LENGTH=TLENTH
' ARRAYS UP,PF,IC STORE DATA FOR PLOTTING
OUTPUT
WRITE(64908) LINENR,STTBUS,ENDBUS,DEVOLT,LENGTH,
1BRICSTSUP(IB),PF({IB)sSNAME, TNAME
908 FORMAT(S514,FT7.4,4215,2X3y2A5451%,2A5)
506 CONTINUE
OUTPUT TRANSFORMER AND SERIES REACTOR
. DATA AND POWER FLOWS
READ{5,902) HEAD
XFMSER=XFMRS+SEREAC
XRCOST=0C.

TEST FOR NO TRANSFORMERS OR SERIES RFACTORS

IF(XFMSER.EQ.0) GO TO 73
WRITE(6,917) XFMRS,SEREAC
917 FORMAT(///1X,30HTRANSFORMER AND SERIES REACTOR/
11X+,20HDATA AND POWER FLOWS/I4,13H TRANSFORMERS,14,
216H SERIES REACTORS)
WRITE(6,902) HEAD
DO 507 IX=1,XFMSER
IB=LINES+IX i ' '
READING TRANSFORMER AND SERIES REACTOR
DATA FROM SCRATCH TAPE
READ(3) XFMRNR,UP{IB),SNAME, TNAME,HV,LV,A
CONSTRUCT TRANSFDRMER AND SERIES REACTCR
POWER FLOWS FROM ARC FLOWS IN THE
: NETWORK FLOW MODEL
CALL CONFLD
SUM TRANSFORMER AND SERIES REACTOR COSTS
XRCOST=XRCOST+BRCOST
QuUTPUT
WRITE(6,908) XFMRNR,STTBUS,ENDBUS,HV,LV,BRICST,UP(IB),
1PF{IB),SNAME,TNAME
507 CONTINUE
73 GNCOST=0. i
WRITE POWER SYSTEM PARAMETERS ON
LINKING TAPE .
WRITE(4) LINES,XFMRS,GENS,DEMS,BUSSES,»GENBUS,SEREAC
COMPUTE BRANCH INDEXING PARAMETER
NRBRAN=LINES +XFMRS+SEREAC
WRITE BRANCH DATA ON LINKING TAPE
WRITE(4) (ICLILXS),UP(ILXS),PF{ILXS),ILXS=1,NRBRAN)
OUTPUT THE GENERATOR DATA AND POWER
SCHEDULE BY BUS NUMBERS
READ(5,902) HEAD
WRITE(649918) GENS
918 FORMAT({1H1, 31HGENERATOR DATA AND POWER QUTPUT/

llx- | A iliL«! (‘EMEQI\THDC\
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WRITE(65902) HEAD

LINK=LINK+1

ITGP=0

DO 508 IG=1,GENS
READING GENERATOR DATA FROM SCRATCH TAPE -

READ(B) TNAME»STANAM, SETNR,COSTIN, SCINCO,GMAX
CONSTRUCT GENERATOR POWER.-FLOW AND FIND
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ITS DISPOSITION FROM THE NETWORK FLOW MODEL
CALL CONGEN
. FLOAT AND STORE FOR INCREMENTAL COST PLOT
GENPWR{IG)=G(IG) )
SUMMING THE GENERATED POWERS
ITGP=ITGP+G(IG)
SUMMING THE GENERATOR COSTS
GNCOST=GNCOST+FCOST
ONE, OR TWO-COST GENERATORS
IF(ECR.EQ.GMAX) GO TO 44 '
DUTPUT FOR TWO-COST GENERATORS
WRITE(6,911) BUSNR,STANAM,SETNR,G(IG),GMINsECR,GMAX,
1COSTIN,SCINCO, TNAME
911 FORMAT(14,A2,13,414,2F5.2,8%X,2A5)
GO TD 508 .
ODUTPUT FOR SINGLE-COST GENERATORS
44 WRITE(6,930) BUSNR,STANAM;SETNRG(IG),GMIN,GMAX,COSTIN,
1TNAME
930 FORMAT(I43A2y13y214,4Xy141F5.2,13X,2A5)
508 CONTINUE
PRINT TOTAL GENERATED POWER
WRITE(6,932) ITGP
932 FORMAT(/7Xs164525H MW TOTAL GENERATED POWER)
WRITE GENERATOR DATA ON LIMNKING TAPE -
WRITE{4) (ICGLIG),GUIIG),G{IG),GLIIG),IG=1,GENS)
IALARM=0
) OUTPUT THE DEMAND DATA
READ(5,902) HEAD
WRITE(65919) DEMS
919 FORMAT(LHL, 21HDEMAND DATA AND CHECK/
11Xy 14, 8H DEMANDS)
WRITE(6,902) HEAD
SINK=BUSSES+2
DO 509 ID=1,DEMS
LINK=LINK+1 : '
: READ DEMAND BUS NAMES FROM SCRATCH TAPE
READ(3) SNAME
TEST FOR THIS DEMAND SATISFIED.
IFIX{LINK)+EQ.UILINK)) GO TO 42
IALARM=1
ALFD=ASTRSK
GO TO 43
42 ALFD=BLANK
TEST FOR IMPORT OR EXPORT
43 TFISILINK).EQ.SINK) ‘GO TO 40
- EXPORTS ARE POSITIVE DEMANDS
BUSNR=S{LINK) :
DEMFLO=X{LINK)
GO TO 41 S . '
IMPORTS ARE NEGATIVE DEMANDS
40 BUSNR=T(LINK)
DEMFLO=-X(LINK)
41 WRITE{6,912) BUSNR,DEMFLO,ALFD,SNAME
912 FORMAT(I14415,A%4,2A5)
IMPEXP({ID}=DEMFLD
509 CONTINUE
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TEST FOR A FAILED OEMAND, PRINT ALARHM
IF(IALARM EQ.1) WRITE{&,920)
920 FORMAT(9X,28H * THIS DEMAND NOT SATISFIED)
READ SUMMARY DATA FROM SCRATCH TAPE
READ(3) TL,TU,TDEMAN
PRINT TOTAL NET DEMAND
WRITE(6,921) TOEMAN
921 FDRMAT{/19,20H MW TOTAL NET DEMAND)
WRITE DEMAND DATA ON LINKING.TAPE
WRITE(4) {(IMPEXP({ID),ID=1,DEMS)
REWIND 4
QUTPUT THE MERIT-ORDER TABLE INDICATING
GENERATOR DISPOSITIONS AND INCREMENTAL
COSTS AT PRESENT GENERATION
READ(5+902) HEAD
WRITE(6,922) GENS
922 FORMAT(1H1, 17HMERIT-ORDER TABLE/
11XyI4,11H GENERATORS)
WRITE(64902) HEAD
SET SPACES TO BLANK IN DISPOSITIONS CHART
DO 521 IA=1,5
521 OPINDR(Z#IA})= BLANK
DO 518 IG=1,GENS
. READ MERIT-ORDER TABLE FROM SCRATCH TAPE
READ(3) TNAME,STANAM,SETNR,COSTINsJBUSNR
J REFERENCES UNSORTED TABLE OF GENERATORS
TEST GENERATOR OPERATING DISPOSITION
DO 519 IA=1,6 ’
OPINDR{Z#TA-1)=BLANK
IF(OPDISP({J ).EQ.ALPHAB(IA})) OPINDR(2#IA-1)=ALPHABI(IA)
519 CONTINUE
- OPINCS{J)=FLOAT(ICG(J)}/CSCALE
WRITE(6,914) BUSNRySTANAMySETNR,;G(J),COSTIN,OPINCS{J),
10PINDR, TNAME '
314 FORMAT(I44A2,13,14,2F5.252X911A1,11X,2A5)
518 CONTINUE . ‘
READ(5,931) SCALMW
631 FORMAT(F5.01
PRINT THE GENERATOR DISPOSITION-
! INCREMENTAL COST-POWER QUTPUT DTIAGRAM
CALL COSPLT{(GENPWR,0OPINCS,0PDISP,SCALMW,GENS) |
PRINT DATA AND RESULT SUMMARY PAGE .
CALL SUMMRY
RETURN
END
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SUBROUTINE CONFLO
CONSTRUCTS BRANCH POWER FLOWS FROM THE ARC FLOWS IN
THE MNETWORK FLOw MDDEL OF THE BRANCH
COMMON /BKLX / L(1200)1U(1260)1C(1290):S(1200)9
1T{1200),X(1200)
COMMON /BKTBG/ CSCALE,LINK,BUSNR
COMMON /BKRCNFL/ STTBUS:ENDBUS:IB:NSPB BRICST,PF{300),
1IC{300),A,B8RCOST
INTEGER SEGU»CeSsTsX sSTTBUS ENDBUS’PF
PRECOMPUTE SEGMENT SIZE
LINK=2#%NSPBx{IB-1)+1
LSAVE=LINK
I1SAVE=]
STTBUS=S{LINK)
ENDEUS=T{LINK)
SEG=U(LINK)
DG 800 1S=1,NSPB .
COMPUTE ARC INDEX FROM BRANCH INDEX
LINK=Z22{NSPB=(I8-1)+IS)-1 .
DETECT POWER FLOW LEVEL
IFIXILINK) o GT+0.0R.XILINK+1).GT.0) GO TGO 1
GO TO 8GO
1 LSAVE=LINK
ISAVE=IS
800 CONTINUE
COMPUTE THE PIECEWISE LINEAR
INCREHENTAL cCasT
IC(IBY=C(LSAVE) .
BRICST=FLDAT(IC(IB))/CSCALE
DETERMINE POWER FLOW DIRECTION
IF{X{LSAVE+1).GT.0) GO TO 2
POWER FLOW IS POSITIVE {FORWARD DIRECTION)
PFIIB)=X{LSAVE)+{ [SAVE-1)}*SEG .
GO 70 3
POWER FLOW IS NEGATIVE ([REVERSE DIRECTION)
2 PFILIB)=—(X{LSAVE+1)+(ISAVE-112SEG)
. COMPUTE THE POWER FLOW COST,
QUADRATIC COST CURVE )
3 BRCOST=A#FLOATI(PF(IB))})»=2
RETURN
END

“h
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SUBRGUTINE CONGEN
CONSTRUCTS GENERATOR POWER AND FINDS ITS DISPOSITION
FROM THE NETWORK FLOW MODEL
ONE AND TWO~-COST GENERATORS
COMMON /BKTBG/ CSCALE,LINK,BUSNR
COMMON /BKLX / L(lZOO)sU(lZOO) C(lZCO):S(lZOO)o
1T(1200),X{1200)
COMMON /BKGCON/ GMAX,GMINaECRyG(ZOO)'ICG(ZOO".
10PDISP(200),GL(200),GU(200),IG,NSPG
2+ FCOST,SCINCO,COSTIN
DIMENSION ALPHABI(S6) -
INTEGER UyC3Sy T XsBUSNR,,GMIN,GMAX,ECR GaGU’GL
ALPHABETIC ALPHAB,0QPDISP
DATA (ALPHAB(I}, 1= 1,6)/1HL71HD:1HR,1HE 1HH, 1HU/
LINK=LINK+1
GMIN=L(LINK)
BUSNR=T{LINK)
GU(IG)=GMAX
GL{IG)=GMIN
TEST FOR ONE OR TwWwD-COST GENERATOR °
IF(UCLINK).EQ.GMAX) GO TO 1 .
TWO-COST GENERATOR
ECR=U{LINK]}
GUIG)=X(LINK)+X{LINK+1)
COST OF GENERATED POWER IN L/HR
FCOST=FLOAT(C(LINK)#X({LINK)+C(LINK+1)=#X(LINK+1)) /CSCALE
DETERMINE WHICH COST IS OPERATIVE
IF(G(IG).GT.ECR) GO 10 3
GENERATOR OPERATING 1IN FIRST CUST RANGE
ICG(IG)=C(LINK)
DETERMINE GENERATOR DISPOSITION
OPDISP{IG)=ALPHAB{2)
IF{G{IG).EQ.GMIN)} OPDISP(IG)=ALPHAB(1)
IFIG(IG).EQ.ECR) OPDISP(IG) ALPHAB(4)
LINK=LINK+1
RETURN : .
GENERATOR OPERATING IN SECOND COST RANGE
LINK=LINK+1
ICGUIG)=C(LINK)
DETERMINE GENERATOR OPERATING DISPOSITION
OPDISP{IGI=ALPHAB(S)
IF(GIIG)EQ.GMAX) OPDISP({IG)=ALPHAB(6})
RETURN
) - ONE-COST GENERATOR
GILIG)=X(LINK) )
ICGIIGI=CILINK)
DETERMINE GENERATOR DISPOSITION
UPDISP(IG)—ALPHAB(3)

IF{GUIGI.EQ.GHIN) DISP{IG!I=ALPHABI(])
IF(G(IG).EQ.GMAX] DPDISP(IG{‘ALPHAB(b)
ECR=GMAX

COST OF GENERATED POWER IN L/HR -
FCOST= FLDAT(ICG(IC)*G(IG))/CSCALE :
RETURN

END
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SUBROUTINE COSPLT{GEN;COST,ALF,SCALMW,N)
GENERATOR INCREMENTAL COST PLOTTING SUBROUTINE
DIMENSTON AL(121)55(13),GEN(N),COSTI(N) yALF (N)
DATA BLANK/6H /+BLH/6HI / s ALH/ 6H+
0/P FIRST LIiNE ON NEW PAGE
WRITE(6,1)
1 FORMAT(7HLS/MWHR )
MW SCALE TAKEN AS SCALMW PER INCH FOR 12 INCHES
COST SCALE FIXED AT 1.0 $/MWHR PER 10 LINES
XMAX=12.0%SCALMW
D011 I=1,54
CLEAR TO BLANK LINE
DO 3 J=1,121
3 AL(J)= BLANK
IFLAG=0
L=55-1
DECIDE I OR + START FOR LINE
AL{1)=BLH
IF(L.NE.(L/10)%10) GO TO &
IFLAG=1
. AL({1)=ALH
4 CONTINUE
TOP= FLOAT(L)/10.0 +0.05
BOT= TOP = 0.10
DO 2 J=1,N
TEST EACH GEN INSIDE COST QUANTUM
IF(COST(J).GT.TOP.OR.COST(J)LE.BOT )GO TO 2
QUANTISE MW INTO CELL ALONG LINE
K=IFIX{{GEN{J)/XMAX) %120, +0.5 ) +1
IF(K.LT.1.0R.K.GT.121) GOTO 2
WRITE ALPHANUMERIC REQ. INTO CELL IN LINE
ALIK)= ALF(J)
2 CONTINUE
IF(IFLAG.GT.0) GO TO 6
0/P LINE BEGINING *I' ETC.
WRITE(6,5) AL :
5 FORMAT(5X,121A1)
GO TO 11
6 W= FLOAT(L)/10.
0/P LINE BEGINING 3.0 + ETC.
WRITE(6,7) W,yAL
7 FORMAT(F4.1s1X,121A1).
11 CONTINUE
0/P X AXIS LINE INC. M W
WRITE(6,8)
8 FORMAT(5H 0.0 312{10H+———==m=-= )y S5H+ MW )
DO 9 1=i,13 . -
9 S{I)=ABS(FLOAT{I-1)=SCALMH)

0/7P XAXIS SCALING . MARKS

WRITE(6,10) S
10 FORMAT { 2X,12{(F5. Oq 5X)sF5.0)
RETURN

S END

SN 4 | s e e - fv e e om a8 e e et e et
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SUBROUTINE SUMMRY

PRINTS DATA AND RESULTS SUMMARY PAGE

COMMON /BKTBG/ CSCALE,LINK,BUSNR

COMMON /BKCNFL/ STTBUS,EmDBUS,IB.NSPB,BRICST PF{300),
11C(300),A,BRCOST

COMMON /BKGCON/ GMAXsGMIN, ECR,G{200),ICG(200),
10PDISP(200),GLI200),GU(200),1G,NSPG
2sFCOSTsSCINCO,.COSTIN ) _

COMMON /BKSUMY/ TITLE,LINES,GENS,XFMRS,GENBUS,SEREAC,
1BUSSES,DEMS, TU, TDEMAN, TLyRLCOSTy XRCOSTyGNCOST,
2NODES+AVINCO, ARCS

DIMENSION TITLE(1Q)

INTEGER GENSsXFMRS, GENBUS:SEREAC,BUSSES.DEMS TU,
1TDEMAN, TL, ARCS,TBT, TNST

ALPHABETIC ALPHAB,OPDISP,TITLE

READ(3) MINF,SECF,TBT,TNBT

REWIND 3

NRBRAN=LINES+XFMRS+SEREAC

WRITE(6,923) TITLE,LINES,GENSsXFMRS, GENBUS,y SEREAC,
1BUSSES s NRBRAN, DEMS

923 FORMAT(1H1, 35HECONOMIC SCHEDULING BY NETWORK FLUN//
11X,24HDATA AND RESULTS SUMMARY//1X,10A6//
25X s 5HLINES, 10X+ 14,2Xy LOHGENERATORS16Xy14/
35X 12ZHTRANSFORMERS y 3X3 144 2X 3 16HGENERATOR BUSSES, 14/
45Xy 15HSERIES REACTORS,I4,2Xy 6HBUSSESs10X,14/
55X 14HTOTAL BRANCHES»1X,1442Xy 7HDEMANDS,9X,14)
POWER SUMMARY
WRITE(64924) TU,TDEMAN,TL
924 FORMAT(//1X,13HPOWER SUMMARY//
15X 24HTOTAL MAXIMUM GENERATION,16,3H MW/
25X 20HTOTAL DEMANDED POWER4X,1633H MW/
35X 24HTOTAL MINIMUM GENERATION, 16,3H MW)
COMPUTE SYSTEM COSTS

TOCOST=RLCOST+XRCOST+GNCOST

TOTDEM=TDEMAN

AVCGEN=GNCOST/TOTGEM

AVCSUP=TOCOST/TOTDEM

COST SUMMARY

WRITE(6,926) RLCOST,XRCOST+GNCOST,TOCOST,AVCGEN,AVCSUP
926 FORMAT{//1X,12HCOST SUMMARY//

15Xy SHLINE COST,26XyF11.3,5H L/HR/

25Xy 35HTRANSFORMER AND SERIES REACTOR COST,F11.3,5H L/HR/

35X+ 1 5HGENERATION COSTy»20XsF11.3y5H L/HR/

45X, 10HTUTAL COST,25X+F11.345H L/HR/

55X +31HAVERAGE COST OF GENERATED POWER4X;F1l.5,7H L/MWHR/

65Xy 3CHAVERAGE COST OF SUPPLIED POWER »,5XyF11.5,7H L/NMWHR)

~ WRITEL6,928) CSCALE,AVINCO ' '

928 FORMAT({5Xy LOHCSCALE - yE10.37
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15X, 10HAVINCO 1£10.3)
PROGRAM TIMING
CALL TIMER(MINT,SECT«MINI,SECI}) |
WRITE(6,927) MINF,SECF,MINT,SECT
927 FORMATI(//1X,14HPROGRAM TIMING/
128Xy 3HMIN,3X+s3HSEC/
25X 22ZHNETWORK FLOW ALGORITHM,I14,F7.27
35X 18HTOTAL RUNNING TIME:#X:IQ’F7.2!
NETWORK FLOW MODEL SUMMARY N\
WRITE(65,933) ARCS,NODES,TBT, TNBT,NSPB,NSPG
933 FORMATI{//1Xy26HNETWORK FLOW MDDEL SUMMARY//
15Xy 4HARCS,I5,5Xs SHNODES, IS/
25X+ 13HBREAKTHROUGHS s 15, 5X, 1 6HNDONBREAKTHROUGHS 15/
35X+ 19HSEGMENTS PER BRANCH,; I3,45X,
422HSEGMENTS PER GENERATOR,1I3)
RETURN
END
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SUBROUTINE DIGRAM
- INPUTS PLOTTING DATA, ASSEMBLES AND PLOTS POWER SYSTEM
DATA AND RESULTS FOR SEMI-GEOGRAPHICAL DIAGRAM
COMMON /BKPARS/ LINES,XFMRS,GENS,DEMS,BUSSES,SEREAC
COMMON /BKPLT/ IHB(300),IVB{30G),ISB(300),IHG(200),
1IVGI200)41SG{200)+IHD{200),1VDI200),ISD(200)+NRSHTS
DIMENSION IAA(100),I8B{100),ICC(100},IDD(100},IHOR(100),
1IVER(100),ICOD(100) -
DIMENSION IC(300)1UP(300),PF(300):166(200).uU(ZOO)y
1G1200).GL1200), IMPEXP({200)
INTEGER XFMRS,GENS,; DEMS, SEREAC,UP,PF,GU,GL,G
IF THERE IS NO DIAGRAM, RETURN
READ{5,930) IDIGSHW
930 FORMAT(IS)}
IF(IDIGSW.EQ.O0) RETURN
SCALES COST DATA FOR THE DIAGRAM
READ(5,930) IPLTSC .
READ DATA AND RESULTS FROM THE LINKING TAPE
READ(4) LINES,XFMRS,GENS,DEMS,BUSSES,GENBUS,SEREAC
NRBRAN=LINES+XFMRS+SEREAC
READ(4) (IC(ILXS),UP(ILXS)sPF{ILXS),ILXS=1,NRBRAN)
READ{4) {ICG(IG)sGUIIG),G{IG),GLIIG),IG=1,GENS)
READ{4) {(IMPEXP(ID),ID=1,DEMS)
INPUT THE PLOTTING DATA
CALL PLDAIN
DO 301 ISH=1,NRSHTS
N=0
‘ SELECTS LINE, TRANSFORMER, AND SERIES
REACTGR DATA FOR SHEET IS ‘
DO 302 1ILXS=1,NRBRAN
IF(ISBLILXS).NE.ISH) GO TO 302
N=N+1
IBB(N)=IC(ILXS)/IPLTSC
ICCIN)=UP(ILXS)
IDD(N)=PF{ILXS)
IHOR(N)=IHB(ILXS)
IVER(N)=IVB(ILXS)
ICOD(N)=3
302 CONTINUE :
' : SELECTS GENERATOR DATA FOR SHEET ISH
DO 304 1G=1,GENS :
IF(ISGIIG).NE.ISH) GO TO 304
N=N+1
IAA(NI=ICG(IG)/IPLTSC
IBB{N)=GU(IG)
ICCIN)=G(IG)
IDD(NI=GLIIG)
IHOR(N)=IHG(IG)
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IVER{N)I=IVG(IG)
ICOD(N)=4
CONTINUE A ’
SELECTS DEMAND DATA FOR SHEET ISH
DO 305 1D=1,DEMS
IFUISDUID)JNEL.ISH) GO TO 305
N=N+1
IDD{NI=IMPEXP(ID)
IHOR(IN)=TIHD(ID)
IVER(N}=IVD(ID)
ICoD(MN)=1
CONTINUE
PLOTS DATA ON SHEET ISH
CALL PLTOUI(IAA,IBS,ICC,IDD,IHOR,IVER,ICOD,N)
CONTINUE
RETURN
END

SUBROUTINE PLDAIN
INPUT PLOTTING COORCINATES FOR EACH SYSTEM COMPONENT
PLOTTING DATA IN SAME ORDER AS POWER SYSTEM DATA
COMMON /BKPARS/ LINESyXFMRS,GENS,DEMSsBUSSES,SEREAC
COMMON /BKPLT/ IHB(300),1VvB{3001,1SB(3001,IHG(200),
11VG(2001,ISG(200), IHD(200),1VD(200),1ISD(200)4NRSHTS
INTEGER XFMRS,GENS,DEMS, BUSSES, SEREAC

INPUT THE PLOTTING DATA
READ(5:;9501 NRSHTS
FORMAT(IS)
NRBRAN= LINES+XFMRS+SEREAC

LINES, TRANSFORMERS AND SERIES REACTORS

READ(5,951) (IHB{ILXS),IVB(ILXS),ISB(ILXS),ILXS=1,NRBRAN]}

GEMERATORS
READ(5,951) (IHG(IG):IVG(IG, ISG(IG’vIG=1!GENS)
DEMANDS
READ(5,951) fIHD(ID)yIVD(ID)yISD(ID)rID lyDEMS)
FORMAT{6X:213+3X+13)
RETURN
END
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SUBROUTINE PLTOUI(A,B,C,sD,IHOR, IVERT,ICODE,N)

NORRIS ROUTINE FOR AUT

OMATIC SPATIAL PRINTING OF DATA

TO GO WITH A LINE DIAGRAM OF THE PHYSICAL PLANT.

DIMENSIGN A(NI},BIN),C{

V)yD(N),IHOR(N).IVERT(M);ICODE(N)

DIMENSICON LINA{2B),KHOR(26), I0P(26)

INTEGER AyB,CyD
DATA LINA{1) /6H{1H=,"

/s LINA(28)/76H ) /

DATA IFEVEX /6H 5Xs /+IFIVE /76H I54 7/

WRITE(6,2)
FORMAT( iH1)}

REPEAT EACH SET OF 4 LINES 14 TIMES FOR A PAGE

DO 100 KLINE=1l,14
KEMPTY=0

GIVEN ONE SET OF 4 LINES, INSPECT COORD DATA FOR
OCCUPANCY OF EACH CELL OF 26 ACROSS THE PAGE.

D0 21 K=1,26
KHOR(K)=0
DO 20 1I=1,N

IF{IHOR(I}.EQ.K.AND. IVERT(I) EQ.KLINE) GO TO 10

GO T0 20

STORE THE INDEX OF THE DATA VECTOR WHICH OCCUPIES CELL K

KHOR(K)=1
KEMPTY=1
CONTINUE
CONTINUE

IF A COMPLETE SET OF 4 LINES IS BLANK THEN WRITE AS
BLANK SET AND SAVE wWORK
IF(KEMPTY.EQ.0) GO TO 30

DO 99 LINE=1l,4

REPEAT EACH LINE OF 4
LINEG=5-LINE

LL=0

DO 50 K=1,26

WITHIN A SET

FILL EACH CELL OF 26 ACROSS THE PAGE WITH RELEVANT

FORMAT DETAIL

FORM BASIC BLANK FORMAT{1H#,5X35X1eee95X)

LINA(K+1)=1IFEVEX
I=KHOR{K)

REDISCOVER IF CELL IS
IF(1.EQ.C) GO TO 50

FULL DR EMPTY

IF(ICODE(I}.LT.LINEG) GO TO 50 4
CELL TAKEN AS EMPTY DEPENDING ON ICODE AND OVERRIDING

COORD DATA.

FULL CELL REQUIRES 15,
LINA(K+1)=IFIVE
LL=LL+1

STORED IN FORMAT(1H#%,5X3I5).4435X)

GO TO {(110,120,130,140),LINE
EACH LINE IN SET OF 4 HAS RELEVANT DATA 70 BE OUTPUT.

5
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FOR ICOODE(I)}=4, 4 LINES OF OATA OUTPUT IN A BLOCK.
FOR ICODE{I)=1, ONLY LAST LINE IN BLOCK IS OQUTPUT.
REFERENCE POINT REGARDED AS LOPER RIGHT HAND OF BLOCK.
I0P(LLY=ALT)

GO TO 50

IoP(LL)=8B(1)

GO 7O 50

1gP{LLI=C(I)

GD TO 50

IOP{LLYI=D(])

CONTINUE

IF A LINE IS STILL EMPTY, DUE TO ICODE EFFECTs WRITE
A BLANK LINE.

IF(LL.EQ.DO) GO 7O 61

WRITE A COMPLETE LINE OF CELLED DATA

WRITE(6sLINA) (I0P{J),J=1,LL)

GO TO 99

WRITE(6,62)

FORMAT { 1H=)

1H* REQUIRED IN ALL FORMATS FOR EDGE CAPABILITY.
CONTINUE

GO TO 100

WRITE(6+31)

FORMAT(//77)

CONTINUE

RECYCLE TO FILL PAGE WITH 4=14 LINES

RETURN

END



261
Appendix 4 TEST POWER SYSTEMS
IV GHKSS5 Glimn, Habermann, Kirchmayer, and Stagg

5 bus system.

The snmallest of the test Eystems, GEKSS5 is a selgc-
tion of flve relatiﬁely isolated busses from the third
American test system, XKS28,. GHKSS was selected for several
reasons., The small number of busses and generators makes
1t easy to do exploratory studles using CMLFP. . However
1ts geographical extent of about 300 miles suits.it for
economic scheduling studies that include transmission
losses. GHKSS has appeared as the test, example in recent
papers on economic scheduling. (15,16) briginally it
was glven 1in a paper on loss formulas, and takes 1ts name
and bus numéering from that work.(23)

A peculiarity of the line data is that the shunt sus-
ceptances are all listed as zero. This 1s done to conform
to the test system of reference 15, so as to allow com-
parison of results. The actual values of line shunt sus-
ceptance may be extracted from the line-data of test sys-
tem KS28. Line thermal 1limits and number of paraiiel
eircults per branch are assumed values.

Tab;e IIT of reference 15 is the source of the gen;
erator data on costs and limits, -Omitting the constant,
no-load cost of generation, the quadratic functions ap-

proximating the generator cost characteristics are:
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0.0055 + 2,45g;  TWIN BRANCH

)
e
H]

fy = 0.00553 + 3.89g5 FORT WAYNE

£y = 0.00Sg% + 3.51g4 PORngOUTH

f 1s in units of dollars per hour, and g in mégawatts.
From data in Table III thé ng-load geﬁeration cost for

each generator can be calculated: 106.0, 40.6, and 44.4

dollars per hour, respectively; totalling 191.0 dollars

per hour. Synchronous capacltors are installed at busses

4 and 5, so all busses are voltage-controlled.

The 266 MW demand pattern is that of Table Ii, in
the paper by Dopazo, et al.(15) The reactive demands and
the bus voltagé magnltudes are included with the listings
of optimal and check solutions in Chapter 3. They are
from Tables II and V. -

The base.case system dlagram of Figure l,'referenée
23 1s the source of the 186 MW demand data, as well as
the reactive demands and nominallvoltage profile, Check
solutione for this second.case are not given in the the-

als,

A4,2 SQlQ Squires' 19 bus system

In his paper on econémic scheduling, (53) Squires
gives reduced data for the entire high-voltage system of
a midwestern utility company. Squireé“bus numbering 1s
used wlthout change, buﬁ geogrépﬁipal némes are lacking.

The branch seriles admittances, included in the system
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dlagram of Figure 5, have been converted to series im-
pedances in per cent on a 100 MVA base. An attempt has
besn made to re-distribute theJline shunt susceptances,
ﬁréviously lﬁmped at each bus. BSix shunt-suséeptances
left over are listed with fthe data fof completeness of
the complex model. Line lengths and thermal 1limits have
been estimated, but can only be approximaﬁe values.

The author presents four linear incremental cqst of
generatlon curves, one per generator bus. Integrating,
we have the equivalent cost of generation functions:

16 = 0.00167356 + 1.517g8, 4
f19 = 0.0028333?7 + 1.483g,4
= 0.00062558 + 1'263518,

5
=
o8]

|

fi19 = 0.005559 + 1.20879
Generation limits are not avallable from his pépef, :Xe)
values wlde enough not to influence the economlc dlspatch
were assumed, 4

Figure 6 of the paper lays out his 100% load pattern
on the system diagram. Reactive demandé are included, but
no bus voltage magnitudes or line power flows,. donse—
quently, a nominal voltage profile was assuméd; with no .
attempt or check for optimality. Generator bus voltage
magnitudes were all four set at l;O Peuese This data may
be found with the optimal generat;on schedule in Chapter
3« The 10 real power demands total 310,7 MW. For the

network flow model, each was rounded to the nearest mega-
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watt, to total 311 Mw,

Squires'.TO% load point was. chosen as the second
teat problem. The previous demands were scaled down in
ﬁrOportion, totalling 217 MW; and the same nominal volt-
age profile was applled.

A4.3 KS28 Kirchmayer and Stagg AEP 28 bus system

This early version of the American Electric Power
system was taken from a paper on transmission losses,(34)
The system's 132 kV transmigsion network extends over
appfoximately 400 miles. The authors have introduced
some physlical simplifications to reduce the model size,
yet have retained the essentlal characteristics of the sys-
tem as 1t was in 1950, KS28 was the largest test systen
that could be conveniently checked in the CMLFP. It
turned out; in addition, to be the sternest test of the
scheduling method, and thus the most interesting gystem
of the test serles. Busses are ldentifled by their or-
1ginal geographic names, and the generator bﬁs numbering
is also kept.

The 1iné parameters were taken from Figure 2, ihg
system lmpedance dlagram; and converted to per cent on
a 100 MVA base. Line lengths were estimated from a sys-

tem map. The number of parallel circults per line was

deduced from tue line parameters. Thermal limits were
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approximated from other data. The three-winding @rans~
former at Windsor is represented by an equivalent tee
circuit with centre point bus number 3, the Windsor
generating bus. .

Generator operating cdsts were derived from Table 5.2

of Kirchmayer's book on economic system Operation.(32)

£, = 0.0082g§ + 1.28g)  TWIN BRANGH
- 2

f, = 0500&452 + 0.795g, TIDD

£y = 0.0019g§ + 1.809g, WINDSOR

£, = 0.00429g7 + 0.657g, PHILO

£, = 0-00222g§ + 0,889g; SPORN

£ = 0-01252 + 0.300g,  CABIN CREEK

£, = 0.0208g5 + 0.635g, LOGAN

fg = o.0127g§ + 0.572gg GLEN LYN

Real power generation limits were not avallable for these

plants, so arbltrary values were assigned, leaving en-

ough generatlion range to schedule the 1139 MW and 1730 MW

demand patterns. The quadratic cost curves and the power

limits were Sriginally derived from the primary data of the

individual sets, more than one of which was bresent at

each location. The Loraln and Burger planis of the Ohio

Edison System are not part of thls load dispatching exer-

cise and thﬁs have thelr generstions fixed. They gener-

ate 18 MW and 111 MW respecti%ely for the 1139 MW loadling.
As with real power, the generator reactive power

limits vere not known. The assumption was made that the
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generators could deliver reactive megavars at the high-
voltage bus to the value of one-halfl ﬁhe real power Eap-
acity. For example, at Twin BFanch 200 MVArs can be del-
iféred to bus 1. |

Nine synchronous capacltors of uﬁknown limits are
connected to the system for voltage control., They are
located at busses: 9, 10, 13, ;4, 15, 17,'19, 22, and 25,
Representative reactive generation capaciilies are 24,

40, and 50 MVArs. Transformers were operating on nominal
taps.

The first set of demands, totalling 1139 MW, are
for a typical éummer Sunday daytime average load. They
are taken from Figure 4 of the paper by Kirchmayer and
Stagg, (34) and are referred to there as the D-1 loadling,
The values glven there were rounded to the nearest mega-
watt so that the rounded sum, 1139 MW, came closest to the
unrounded sum, 1138.5 MW._ The optimal solution listing
in Chapter 3 includes the D-1 real power loading with
reactive demands as well. These demands are a result of
netting local demand, transfers over 1nterconnections,
and the local generation not being scheduled. The voltage
profile given in Figure 4 was checked for optimality and
no improvement could be made in it, Qonsequently it was
‘used 1n the scheduling studies? and may be found with the
other bus results and data in the optlimal solution of |

Chapter.3.
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The second demand pattern, a much heavier total load
of 1730 MW, is representative of a summer weekday after-
noon. The geographlical dlstribution éf this loading, nam-
ed B-1 in the paper, 1s slightly different from that of
the D~1 load pattern., Table VII contains this infofma—
tion, and was used, along with Judicious guessing of the
divislion boundarles, to develop the actual B-1l loads fronm
the D-1 loads,

A voltage profile similar to the one given in Table V,
B-1 loading, was found for this heavier system loading.
Some adjustment was required to satisfy reactlve genera-
tlion constrainps and also to avold a low voltage condi-
tion at some load busses. No attempt to optimize the
voltage—contfolled bus sett;ngs was made. An optimal
real power schedule Qas found, But is omitted from the
thesls, )

The third 1istihg of demand daﬁa incorporates the
41 MW system losses for the D-1 demands into those demands

in proportion to thelr size,

A4, 4 MB23 CEGB 275/13%2 kV 23 bus system

The configuration of this test system 1s rédial in
character, with a generating station located at the end of
each of the four arms. Four transformers are situated at
thé central polint, connecting the high and the low volt-

age parts of the system.. The greatest geographlcal spread
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of the system 1s 160 mlles from extremity to ext;emity.
Shen and Laughton (50) used thils test system to confirm
their method of economlic scheduling.

The 25 transmission lines in the system are all CEGB
standard, being one of two types:

275 kV, 2 conductor bundle, 0.4 sq. in. conductors

132 kV, 1 conductor per phase, 0.175 sq. in. conductors
Line 10 1s a double circuit line reduced to a single cir-
cult equivalent. } | ‘

The 180 MVA transformer 1s a standard type, and its
three phase full load loss was tabulated on a CEGB data
sheet., The three remaining transformers, rated at 155 MVa,
egach have an estimated loss of 773 kW. A single 90 MVA
serles reactor separates bus 1 from bus 2.

24 single-cost generétors supply power to the system.,
The flrst six, all in one B statlion, are evenly divided
between busses 1 and 2., The next four sets are connected
to bus 11, and have incremental costs qulte close to sets
5 and 6 of bus 2., All ‘six generators at bus 14 are fed
from nuclear reactors, and so are capable of only minor
load changes. The output of each generator 1s therefore
fixed ét its maximum, 83 MW. The remaining generators are
in reality all located at one geographlcal point. They are

large, economical to run, and are distributed between busses

20 and 23,
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‘Estimates of the reactive generation limits at each

voltage-controlled bus were made,

BUS LAGGING  LEZADING -

NO, MAXIMUM  MINIMUM
REACTIVE REACTIVE
MVAR MVAR

1 117 -66

2 117 . =66

11 148 -84

14 234 -192

20 409 -352

23 513 -578

The 2643 MW demand figures are the result of netting
local demands, and transfers to other parts of the 132 kV
and 275 kV systems., Negatiﬁe quantitles represent net
1mpofts. A pbwer factor of 0.95 was assumed in estimat-
ing the reactive demands from rezl power demand data aB-
stracted from a CEGB megawatt load flow study.

The permissable voltége level variation.at 132 kV
and 275 kV is $10%. Operating MB23, good practice would
be to attempt to hold all bus voltage magnitudes bétween
1.00 p.u;'and 1;05 Dele fhis was achleved by seﬂting aLl
generator busses at 1,05 p.u. and all transformer taps at
a ratlo of 1.03. Slight %oltage and reactive generation
constraint violations ma& be noted. fhe reactive part of
the transfers were not 1ncluded 1h.the 6¥iginal data, and

somewhat lnappropriate values may have been assumed. . AS a
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result, there was some difficulty in establishing a feas-
ible reactive power schedule and voltage profile.

The 2300 MW demand 1eve1'is'scaléd directly from the
2643% MW pattern. The optimal solution to the latter load-

Ing is the one glven in Chapter 3.

A4,%5 BCAS6 Automatic system control experiment tesgt

area 56 bus systen

Approximately one~third of the Bristol Grid Control
Area 1in the South-Western Region was the object of an
extensive experiment in automatic system control.(18)
Figure 5 of that paper shows the geographical spread of
this test area; 180 miles. A version of this system was
assembled for economic scheduling studles.

Of the 43 generators, 13 were older, two-cost sets.

The voltage profile and its corresbonding reactlve
power schedule, as well as the reactlve demands were dev-

eloped in the same way as those of MB23.

A4.6 GR142 @Grinstead Grid Control Area 142 bus system

Since, in CEGB practlce the smallest area scheﬁuled.
is a grid control area, 1t seemed appropriate to select
such a system for experiment with the network flow meth;d.
The Grinstead Grid Control Area in the South-Eastern
Region was made available for study in the following way.

Two standard CEGB programs, NASAP, and NELS were run on
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the same basic data set, yielding output listings. The
required data, pertaining to a lMarch weekday 9 a.m. load-
ing, was drawn from these results,

Detalled data on each branch was not obtainable,
and so the testé used the branch reactances and thermal
limits listed by NASAP. Pafallel circults vwere lumped
together. For simplicity, a few supergrid lines from the
national grid were included in the final data set,
NELS had ordered up €0 generators to supply the 9 a.m,.
load. 14 of these were two-cost machines.

Demand déta was only assembled after a meticulous
correlation of NASAP load, transfer, and generator data,
Data for a complete complex variable system model could

not be extracted from the file by these programs.

A4.7 SGl49 Supergrid 149 bus systen

To assemble the data by hand from printed records
was an arduous task. It was undertaken with the goal
of demonstrating the network flow hethod on an exanple of
national scale. The test system transmission network com-
prised the Supergrid of England aﬁd Wales as 1t was 1n
1965 at -the beginning of the conversion from 275 kV to
400 kV. Lower voltage transmission lines were omitted
from the study, with no attempt being made to include
their affect on ttfe golution. For this resson gengr‘ating

stations remote from supergrid points were not included,
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177 individual gensrating sets at 28 different local-
ities wefe delivering pover to the system at 59 generat-
ing busses. In effect then, this study was to schédule
most of the imporﬁant generators in the national sysﬁem.
The rather 1light total demand in the sourée data set ﬁas
therefore scaled up.to fall within the generation range.
True generator cogts vere impossible to get, so semi-flc-
tional ones based on set size and geographical position were
developed.

Complete branch data was assembled from sya&em dla-
grams and listings. Station dlagrams were bullt up from
tabulated connectlion data. Tﬁe system swiltching was mod-
ifled to accomodate the heavlier demand level. Although
sufficlent éata was avallable to complete the complex

model, thls time-consuming burden was avoided..

A4.,8 Test power systems data

The following nine pages 1list data for the power
gystems: GHKS5, SQ19, K528, and MB23. Unfortunately the
daﬁa for the other three systems BCAS6, GRL42, aqd’SGth
is too bulky-to ‘be included. As far as NFESP 1s'concerng
ed, the data sets of this appendix are complete for each
system, .However, only thé branch data for the complex

~model appears here.



GHKSS GLIMNes HABERMANNe KIRCHMAYERe STAGG S5 BUS SYSTEM

LINS XFMS GENS DEMS BUSS GBUS SERE SHRE MVAS.

5 o] 3 4 5 5 0 0 100
LLINE DATA
LIN STT END R X B LINE THERM 3PHAS START
NOes BUS gUS pcC PC PC LENG LIMIT FLLOS BUS
NOs NOo MI MV A KW  NAME
1 1 2 340 10,3 0,0 75 300 33780 TWIN BRANC
2 2 5 840 2642 0,0 47 100 9860 FT WAYNE
3 2 41045 3447 0,0 52 100 13800 FT WAYNE
4 & 5 33 11.8 0,0 35 100 3710 MUNCIE
5 3 410s6 40,3 Oe0 1904 140 31600 PORTSMOUTH
GENERATOR DATA
BuUS "BUS SSET GMX GMN INCR CMR ECR 2ND
A L/MR L/MR
MNAME NOs TNOe MW MW COST MW MW COST
TWIN BRANC 1 1 200 50 2,45 212 - Se
FT WAYNE 2 1 100 10 3489 106 Se
FPORTSMOUTH 3 1 100 10 3.51 106 Se
DEMAND DATA . DEMAND DATA
266MW TOTAL. NET DEMAND , 186MW TOTAL NET DEMAND
BUS BUS : REAL 8US BUS REAL
MNOs NAME DMND . NO» NAME DMND
. MW MW
1 TWIN BRANC 86 . 1 TWIN BRANC 86
2 FT WAYNE 80 ‘ 2 FT WAYNE 47
4 MUNCIE 70 4 MUNCIE 36
5 MARION 30 5 MARION 17

-

END

BUS

NAME

FT WAYNE
MARION
MUNCIE
MARION
MUNCIE

CDESCT
TvoLoy

S KVNP

313210
113210
113210
113210
213210

¢l2



SQ19 SQUIRES 19 BUS SYSTEM
LINS XFMS GENS DEMS BUSS GBUS SERE SHRE

24

LINE DATA

0

LIN STT END
NOes BUS BUS

NOe

1 2
# 2 2
3 18
4 18
S 18
6 1
7 10
8 4
9 6
10 16
11 6
12 10
13 12
14 19
15 19
16 19
17 16
18 7
19 8
20 9
21 17
22 17
23 3
24 17

NO o

1
3
2
1
10
10
4
o)
S
6
13
11
11
12
16
3
7
8
9
15
8
16
14
14

4

1450
1.80
2036
256
3.02
«57
«30
36
1632
lel15
1.0
026
19
«30
1450
+80
208
2¢70
130
100
3430
420
286

..a .20

10

4,20
5620
20480
22475
25490
3e21
«60
led7
3e68
320
3.0
«50
.45
60
4629
2030
6025
7660
6460
5400
17010
21640
Bed2
14420

LINE
LENG
MI
42
52
208+
227
259
32e

Se,

144
36
32
30
Se
“Ge
Ge
420
230
62e
T6e
66
SOe
1719
214
84
1424

6

THERM
LIMIT
MV A
250
250
275
275
275
<200
100
300
250
250
250
100
100
100
250
250
250
250
200
200
200
200
250
250

MVAB
100

3PHAS
FLLOS
KW
11200
13400
21700
24500
31700
3100
400
3490
9900
8500
6000
330
300
400
11400
6100
16600
20000
6300
4800
16300
20400
22100
34200

START END CDESCT
BUS BUS TVOLOY
NAME NAME S KVNP

O00D0D0DO0ODO000O0DCODOO0OODOO0O0O0O0OODOOO

wle2



GENERATOR DATA
BUS sguUs
NAME: NO.

16
17
18
19

DEMAND DATA

SSET GMX GMN INCR CMR ECR 2ND

TNO

A

e e b

Mw

55

A

300
60

311MW TOTAL NET DEMAND
REAL
DMND

BUS BUS
NOe NAME

NN~

Mw
13
43
26
53
10
16
14
37
39
60

MW COST

L/MR

‘51517
1014483
701 e263
15120

mw

60
50
330

65 -

"MW COST
L/MR
1e67

2833
. 062
5400

o —

DEMAND DATA

" 217MW TOTAL NET DEMAND

BUS gUSs

NOe NAME

REAL
DMND

mMw
9
30

18-

37
2
11

10 -

26
27
42

SHUNT REACTANCE DATA

BN
4
16
11
12
15
16

BSHUNT
7.37
17.01
11.55 -
11.65
66
7.3

Gle



KS28 KIRCHMAYER AND STAGG AEP 28 BUS SYSTEM
LINS XFMS GENS DEMS BUSS GBUS SERE SHRE MVAB

32 3 10 24 28 19 0 0 100"
LINE DATA

LIN STT . END R X B L.INE THERM 3PHAS

.NOe BUS BUS pC PC PC LENG LIMIT FLLOS

NOe NOo - Ml MV A Kw

1 1 9 340 1043 20, 70 270 23000

2 9 10 8,0 26,2 5.6 70 90 6700

3 9 221045 3447 7e2 80 90 9400

4 22 10 3,3 11.8 204 3Se 90 2300

5 19 G 442 1440 12.8 56e - 180 14000

6 13 19 3¢3 1044 Be4 54 180 12000

7 14 13 3,0 10,0 Be4 a5, 180 11000

8 4 14 349 1745 152 80 180 14000

S 5 4 Se4 179 1542 75+ - 180 19000

10 5 16 3¢9 1343 1142 60 180 13000

Il 15 22106 40,3 34,0 175 180 35000

12 16 15 243 7e7 6eb 35« 180 7800

13 17 16 33 10e8 10,0 526 180 12000

14 17 6 le2 3.8 648 20 270 9300

18 17 7 33 Ge2 Te6 42 180 13000

16 7 18 33 11,2 9.2 45, 180 11000

17 - 18 B 149 6e4 566 33 180 6500

18 4 25 S5e9 1647 20,8 75 270 46000

19 2 25 247 1241 10.4 504 180 8900

20 3 25 447 I12.8 10,4 . 60,4 . 180 16000

21 26 27 743 1264 O, 15 50 2400

22 21 131344 40,1 8,0 S0, 90 11000

23 11 21 442 1248 2e4 30 90 3700

24 20 11 3.7 10,66 Bed 42 180 13000

25 20 14 3425 967 O, 25 90 4000

26 23 20 3.3 9.3 4,0 22 90 4600

27 12 20 946 4745 1044 110 90 7800

28 12 23 844 7e2 7S 90 6850

34 ,0.

START
8US
NAME

TWIN BRANC

FT WAYNE
FT WAYNE
MUNCIE
LIMA
FOSTORIA
HOWARD
PHILO
SPORN
SPORN

PORTSMOUTH
SOUTH POIN

TURNER
TURNER
TURNER
L.OGAN

SWITCHBACK

PHILO
TIDD HV

WINDSOR HV

TIDD LV
SANDUSKY
LORAIN

ASHLAND
ASHLAND

MASSILLON

BURGER
BURGER

END

BUS

NANE

FT WAYNE
MARION
MUNCIE
MARJI ON
FT WAYNE
LIMA
FOSTORIA
HOWARD
PHILO

S0UTH POIN

MUNC1E

PORTSMOUTH
SOUTH POIN
CABIN CREK

L.OGAN

SWITCHBACK

GL.EN LYN
CANTON
CANTON
CANTON

WINDSOR L.V -
"FOSTORIA

SANDUSKY
LORAIN
HOWARD
ASHL AND
ASHL.AND

MASS [LLON

CDESCT
TVOL.0Y
S KVNRP'S
313210
113210
113210
113210
213210
213210
213210
213210
213210
213210

213210

213210
213210
313210
213210
213210
213210
313210
213210
213210
2 6610
113210
113210

- 213210

113210
113210
113210
113210

olz



29 12 24
30 25 23
31 24 25
32 5 17

TRANSFORMER
XFM STT END
NOe BUS BUS
NOas NOe
28 3
3 27
2 26

33
34
35

Be7
149
249
3e3

35

o2

Se4

8
11

o2
o0

AND REACTOR DATA

R
PC

.O
0
o0

GENERATOR DATA

BUS
NAME

TWIN BRANC
TIDD
WINDSOR
PHILO
SPORN
CABIN CREK
LOGAN
GLEN LYN
LORAIN
BURGER

BUS
NOe

[ ECo BEN I N R PR\

[P

3
2

X .
PC

2
«9

Te3

GMX
MW

400
240
160
455
310
220

a8s
136

18
111

Te2 82 90

1e2 12¢ 90

240 19 90

9eb SO 180

TAPTHERM

RGELIMIT

PC MVa

10 90

0 45

10 60

GMN INCR CMR ECR

MW COST MW Mw

L/7MR

50 1+28 420
60 +795 255
401,809 150
100 657 480
70 .889 330
116 300 235
45 4635 60
80 572 145
18 70 60
111 2.0 200

7700
2500
2600
11500

3PHAS

FLLLOS
Kw
600
300
400

2ND

COST
L/7MR
8e¢20
4440
1650
4029
222
1260
20.8
127
1S

240

BURGER
CANTON
ALLITANCE
SPORN

START
BUS
NAME
WINDSOR
WINDSOR
TIDD HV

HV
cP

ALL TANCE
MASS]LLON
CANTON
TURNER

END

BUS

NAME
WINDSOR CP
WINDSOR LV
TIOD LV

113210
113210
113210
213210

C HvV LVv.

T KV KRV
S

1132 0O
1 0 66
1132 66

liz



DEMAND DATA  DEMAND DATA DEMAND DATA

1139MW TOTAL NET DEMAND 1730MW TOTAL NET DEMAND 1180MW TOTAL NET DEMAND
BUS mUS RE AL BUS BUS . REAL BUS BUS REAL
NOe NAME _ DMND NOe NAME DMND ' NOe NAME DMND
MW, . MW ‘ . MW
1 TWIN BRANC 86 1 TWIN BRANC 157 1 TWIN BRANC 89
2 TIDD HV 51 2 TIDD HV 72 2 TIDD HV 53
4 PHILO 81 4 PHILO 115 4 PHILO 83
S SPORN =) 5 SPORN 7 o S SPORN . 5
6 CABIN CREK 117 6 CABIN CREK 170 6 CABIN CREK 121
7 L.OGAN 84 7 LOGAN 122 : 7 LOGAN ' 87
8 GLEN LYN 84 8 GLEN LYN 122 8 GLEN LYN 87
9 FT WAYNE 47 9 FT WAYNE 8é 9 FT WAYNE 49
10 MARION 18 ' 10 MARION 33 ' 10 MARION 19
11 LORAIN 28 . 11 LORAIN 46 R 11 LORAIN 29
13 FOSTORIA 15 13 FOSTORIA 21 13 FOSTORIA . 16
14 HOWARD 25 14 HOWARD 36 14 HOWARD 26
1S PORTSMOUTH 28 15 PORTSMOUTH- 40 g 15 PORTSMOUTH 29
16 SOUTH POIN 54 16 SOUTH POIN 77 ) 16 SOUTH POIN 56
17 TURNER 29 17 TURNER - a4l 17 TURNER 30
18 SWITCHSACK 55 : 18 SWITCHBACK 80 : 18 SWITCHBACK 57
19 L.IMA 32 19 LIMA 45 19 LIMA 33
20 ASHLAND 23 20 ASHLAND 38 ‘ 20 ASHLAND 24
21 SANDUSKY 17 21 SANDUSKY 28 21 SANDUSKY 18
22 MUNCIE 38 22 MUNCIE 70 : 22 MUNCIE .39
23 MASSILLON 17 23 MASSILLON 28 : 23 MASSILLON 18
24 ALLIANCE 30 24 ALLIANCE 50 Z 24 ALLIANCE 31
25 CANTON 127 25 CANTON 179 j 25 CANTON 131
28 WINDSOR HV 48 28 WINDSOR HV 67 28 WINDSOR 50

8lL2



"MB23 CEGB 2757132KV 23 BUS SYSTEM
LINS XFMS GENS DEMS BUSS GBUS SERE SHRE MVAB

25  a
LINE DATA

LIN STT END

NQOe 8US gUS

NOes NO

1 1. 3

2 1 4

3 2 5

a 8 5

5 2 7

6 3 6

7 4 9

8. 9 7

9 8 6

10 11 10

11 8 10

12 9. 10

13 13 14

14 1a {2

15 15 12

16 18 15

17 23 13

186 16 17

19 17 18

20 19 18

21 20 19

22 22 18

23 20 21

24 21 22

25 23 16

24

PC

2427
272
3:54
283
6.15
Se76
2466
2401
3e92
2.07
Se25
Se25
«39
,39
«35
32
79
10
19
«13

o411

22
«18
«12

~ «20

23

PC

5499
Te15
G433
Te4S
16,20
15416
7«00
Se29
10.03
5e45
13.80
13,80
3e56
3456
3612
2492
Teld

« 80
170
1419
4023
195
158
1406
164

23

B

)

1

LINE THERM 3PHAS START

0

100

PC LENG LIMIT FLLOS 8US

1¢26
1451
197
1e58
3ed2
3420
l1e4d8
lell
2018
4666
2091
2091
24 430

- 24430

21e24
19,84
48,471

Sed3
11456

8eill
2543
1328
10,80

720
11409

M1
158
1809
24¢6
197
4207
4060
185
139
272
291
36e4
36e4
539
539
4T e2
448

1087

125
2440
182
565
2945
250
160
252

mMva
100
100
100
100
100
100
100
100
100
200
100
100
620
620
620
620
620
620
620
620
620
620
620
620
620

KW  NAME

END
8USs
NAME

CDESCT
TVOLOY
S KVNP
113211
113211

113211

113211
113211

113211

113211

113211

113211

213211

113211
113211
127524
127524
127524

127524

127524
127524
127524
127524
127524
127524
127524

‘127524

127524

6L2



TRANSFORMER
XFM STT END
NOe BUS BUS

NOe NOo
26 12 8
27 13 8
28 12 9
29 13 9
30 1 2

AND REACTOR DATA

R X TAPTHERM 3PHAS START END
PC PC RGELIMIT FLLOS BUS B8US
: PC MVA KW NAME NAME
0, 1064 15 155 773"
O, 10,42 _ 15 155 773
O. Be36 15 180 . 864
0, 10464 15 155 773

0s 20,00 0 90 200

GENERATOR DATA

BUS
NAME

BUS SSET GMX GMN INCR CMR ECR 2ND

NOe TNOe MW MW COST MW MW COST
A /MR ‘ L/MR
1 B 1 61 15 3422 65
1 B 2 61 15 3.22 65
1 B 3 61 15 3.22 65
2B 4 61 15 3.22 65
2B 5 61 30 2,20 65
2B 6 61 30 2.20 65
11 1 57 43 2416 60
11 2 58 43 219 60
11 3 58 43 2.17 60
11 4 58 43 2414 60
14 1 83 83 0.85 87 '
14 2 83 83 085 87
14 3 83 83 0.85 87
14 4 83 83 0.85 87
14 5 83 83 085 87
14 6 83 83 0.85 87
20 B 5 112 "'22 171 120
290 C 10 334 135 1e42 350
20 € 12 357 143 1421 375
23 B 6 112 22 1467 120
23 B 7 112 22 171 120
23 B 8 112 22 1.67 120
23 C 9 334 135 1435 350
23 C 11 358 143 115 375

C HV LV
T KV KV
)

© 1275132

1275132

. 1275132

1275132

1132132"

oge



. DEMAND DATA : DEMAND DATA

2643MV TOTAL NET DEMAND ‘ 2300MW TOTAL NET DEMAND
BUS BUS REAL BUS BUS " REAL
NOe NAME DMND : NOo NAME DMND
MW ' MW
1 64 1 56
-2 101 ' 2. as
3 0 3 0O
4 47 4 41
5 51 5 ’ 45
6 41 6 36
7 48 7 42
8 1 8 1
9 150 9 133
10 177 10 157
11 130 11 115
12 S 6. 12 6
13 ' -4 13 . =4
14 480 14" ' 425
15° 201 : 15 . 177
16 132 - 16! 117
17 344 : 17" 304
18 104 18 .92
19 376 ; . 19" 333
20. + =100 ; 20" ~100
21 375 ‘ 21" 332
22 ~210 : f 22 . ~210
23 . 129 . 23, 114

1ge
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