ABSTRACT AND INTRODUCT ION

Load flow calculations provide voltages, power flows and
power losses for a specified power system subject to the regula-
ting capability of generators, condensers, and tap-changing-
under-load transformers as well as specified net power interchange
between individual operating systems. This information is essen-
tial for the continuous evaluation of the operating performance of
a power system and for analysing the effectiveness of alternative
plans for system expansion to meet the increasing load demand.
Ioad flow studies are also necessary for power sSystem state esti-
mation, contingency evaluation ard economic operation. The sig-
nificance of these studies has becOme more relevant .in the modern
time due to control and operation of interconnected large-size

power systems in the real-time environment.

The start towards the digital solution of load flow problém
dates back to the early 1950's in terms of the work by Ward and
Halel, Clair ard Staggz, Henderson3 and Jordan4, Hale and ‘
Goodrichs, Glimn and Stagg6, Brown and Tinney7 besides many
others. Over the last 25 years,an ernormous amount of effort has
been expended in research and development on the numerical cal-
culation process and several hundreds technical papers had been

written.

The first really practical automatic digital solution
approach was based on the admittance (Y) matrix formulation of
the network. Y-matrix iterative methods were well suited toO the
first generation computers and small systems. Although, these

algorithms perform satisfactorily on small systems, they tend to



create convergence problems on large systems. The incentive to
overcome this deficiency led to the development of Z-matrix
methodsg—lz, which converge more reliebly. However, the difficul-
ty associated with these methods is that they sacrifice some of .
the advantages of Y-matrix methods, notably storage and speed
‘when applied to large networks. Around the same time, thg Newton-
Raphson (NR5 method was shown to have very powerful convergence
propertiesl3-l4, but was computationally incompetitive. Major
breakthroughs in power system load flow computation came in mid-
1960's, with the development by Tinney et. al., of a very efficient

15’16. One of

sparsity programmed ordered elimination technigque
its earliest success was in dramatically improving the computing
speed and storage recuirements of the NR method, which has now
to be widely regarded as the standard gereral-purpose load flow
approachl6, and has been adopted by most of the power industry.
However, the practical difficulties associsted with this method
are that for large size networks, the storage and computing time
tend to be prohibitive. This is more so in the real-time environ-
ment where a number of computations are carried out simultaneously.
In addition, recent investigations have revealed that the NR me-

thod does not perform well on ill-conditioned networksZG.

In early 1970's,attention was paid to the exploitation of
the loose physical interaction between MW and MVAR flows in power
systems. This led to the emergence of a decoupled methodla. The
algorithm is simple, faster and has lower éore recuirements com-
pared to the NR method. A further apvproximation and simplifica-

tion of the decoupled method resulted in an algorithm, named fast

decoupled‘(FD) methole, which is considered as 'the state of the



art method'. The computational recuiremerts (storage and time) of
this technicue are the minimal among the known load flow algorithms,

and hence seems to enjoy wide acceptance,

The FD method works cuite well on majority of networks.
However, recent investigations have revealed a number of limita-
tions of this method whenever the decouplinc and other assumptions
are not complied with. |

In summary, these limitations are?3-30

(i) Slow or oscillatory convergence is encountered at buses

conrected to branches with R/X ratios of unity or higher23'24.

(ii) Convergence rates of P8 and (V decoupled algorithms are
determined by how well B' and B'' matrices2l approximate to the
slopes of functions £ P/V and AL/V, respectively. These approxi-
mations are excellent around the €6 =0, V =1 p.u. point. At high
system active or reactive power loadings (large 8,,.'s and poor

V's)the approrimations deteriorate24.

(iii) The rates of convergence are strongly influenced by the
coupling between P& and @V mathematical models., This coupling
increases with system loading levels and branch R/X ratios,and

23,24
conseguently convergence rates decrease ' 2 .

(iv) ©On ill-conditicned power systems, the method either fails

to provide a solution or results in oscillatory convergence25’26.

(v)  The method also fails with most of the load flow equiva-
lancing technigues due to the emergence of a large value of shunt
and series admittances, contributed by an equivalent of the exter-

nal (unohservable) parts of an intérconrected power systeng’ao.



The NR and decoupled algorithms are based on lst order de-
rivaties of polar version power flow ecguations in Taylor ScCries,
the second and other higher order derivatives have been neglected
for mathematical conveniences and efficient numerical computations.
Inclusion of 2nd order derivatives of Polar version power flow ecu-
ations in Taylor series does not hold much promise due to the pre-
sence of Sine and Cosine terms, which are to be computed in each

iterationSl.

Recently, a method based on full Taylor series expansion of
load flow ecuations in Cartesian Coordinates has been proposed by
Roy32’34, Iwamoto an? Tamura33. The fact that the rectangular co-
ordinate version of pover flow eguations in Taylor series contains
terms upto 2nd order derivatives only (the other higher order
terms being zero), led to the development of an exact solution
model, named exact second order (ESO) method in which the Jacobian
matrix is constant and is reguired to be computed and factorized

once only in the iterative process. This. leads to considerable

saving in solution time.

More recently, the effect of second order derivatives on
the performance characteristics of the ESO method has been thorough-

ly examined by El-Hawary and his associates42.

Initially, it appeared that the ESO method is several to
more than ten times faster than the NR method and has the same
memory recuirement. However, on closer examination, it was recog-
nised that the ESO method is only 2.5 to 3 times faster and revui-
res about one-third more computer storage34—36. Further, it was

identified that the inclusion of control adjustments on generator

and transformer alters the constant character of the Jacobian



. 37~ : .. s
matrlx3 41. When a @Q-limit is exceeded, the corresponding vol-

tage controlied bus has to be converted to a lead bus. This
changeover necessitates modification and refactorization of the
Jacobian matrix, and the essential feature of the ESO method,
nameiy ite improved computational efficiency is lost. Also, the
change of a tap on a tap-changing transformer alters the nodal ad-
mittance matrix. This modifies the Jacobian matrix and the effe-
cts are the same as in the case of ¢g-limits on generators as men-
tioned above., In additiﬁn, the ESO method, inspite of being
evxact and faster than the NR method, does not stack-up well aga-
inst the most popular FD method in terms of computational effi-
ciency. In fact, Stott et. al%5’36 have estimated the time and

storage recuirements of the ESO method to be about twice of those

of FD method.

For the past several years, the FD method has been acknow-
ledged in the power industry to be superior to other load flow
methods as far as computational speed and storage reguirements
are cor.cerned. Hence, any new load flow method must eventually
demostrate significant advantages over the FD method in order to
find extensive practical use. Probably, due to its inability to
compete effectively with the FD method as a viable practical ‘

alternative, the ESO method was not adeopted by the power industry.

Since the FD method does not appear to be suitable for all
power systems under all operating conditions, and the computation-
al requirements of the ESO method are large, there appears to be
a need for developing a new method which is devoid of such limi-
tations of the FD and ESO methods. Such a method is developed

and experimented in this thesis. The new method is based on a



complete Tavlor series expansion of nodal performance ecuations in
Cartesian coordinates and reorganization of ESO solution models,
The mathematical model of the proposed method, named, fast exact
second order (FESO) is of the same size as that of the FD algori-
thm, and so both the methods recuire comvarable storage. As the
coefficient matrices are constant, and the solution model is of

the same size, computation time reguirement by both the methods in
each load flow iteration is almost the same. Also, the coefficient
matrices are constant, and hence need to be computed and factori-

sed once only in the iterative process.

The following outstanding features characterizing the pro-
posed method have been identified on the basis of digital simuia~
tion studies conducted on several sample power systems. They are
summarised below in comparison with the performance of the D

method.

(i) Under normal operating conditions, with no system ill-
conditioning, the performance of the FESO and FD methods are com-
parable in all respects, viz., accuracy, computational time, sto-

rage and convergence rate.

(ii) TFor ill-conditioned networks, FESO method performs as effi-
ciently and reliebly as it does for well-behaved power systems
under all loading conditions, unlike the FD method which genera-
1lly diverges. In addition, its computational recuirements are sig-
nificantly less due to better convergence characteristics which
could be attributed to the exact (without approximation) formula-

tion of the method.



(iii) ©On well-behaved networks, under unusual operating modes
(which could conceivably occur due to loss of large generatlion or
loads, or transmission line outages), the FESO method still reta-
ins its cuadratic type convergence and provides a reliable solg-
tior, vhereas the FL method not only suffers a sigrificant deteri-
oration in corvergence rate but also gives at best an erroneous

solution.

(iv) Even more importantly, the FESO method assures convergence
to the right solution even when an unmonitered part of the system
is replaced by a load flow ecuivalent, unlike the FD method, which

either fails or encounters convergence problems.

Thus, because of its ability to perform accurately, effici-
ently and reliably on well - as well as ill-conditioned power sys-
tems under all operating modes, the proposed method is seen tO be
a practicelly viable and preferred alternative analytical tool for

load flow solution of pover systems.

The thesis develops an approximate mathematical model which
is faster and more economical than the FESC method. The result-
ing algorithm is obtained by neglecting the “block diagonals of
the constant coefficient matrix of the FESO approach. The aporo-
ximation reduces the computational recuilrements considerably with-
out sacrificing the accuracy significantly. Although, the propo-
sed method is approximate, it provides a solution that could be
acceptable for power system planning and operation. The new algo-
rithm is guite suitable for the contingency evaluation of power
systems, where a number of repeat load flows are recuired and where

the accuracy recuirement is moderate. ' It could also be well suited
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for repeat computations in the real-time environment. Numerical
investigations indicate that the proposed method works guite well
not only on well-behaved systems but even on ill-conditioned net-
works where the FD method encounters convergence problems. The
success of the new algorithm could be attributed to the fact that
it is derived from a complete Taylor's series expansion of power
flow equatiors and the nature of approximations made is different

from that in the FD method.

One of the problems encountered in PowervSystem is the ge-
neration of unbalanced voltages and currents in the presence of
long transmicsion lines with few or no transpositions, including
possible unbalances arisirg in source and load conditions, or
indeed in any items of plant such as shunt and series reactors.

To analyse the effects of these unbalances in any detail, a 3-
phase load flow solution that alloys representation of all possi-
ble unbalances as they exist in power systems without making any
assumptions, 1is essential. The development of accurate models of
power system components using phase-coordinate parameters made it
possible to integrate such models with the NR and FD technicues
for application to 3~phase load £lows?3™ %8, While these methods
do provide solution to the load flow problem of unbalanced power
systems, their computational recuirements tend to be enormous as
compared to their singlé-phase counterpért, thereby rendering them
impractical for large-size networks. This is primarily due to the

number of non-zero elements in 3-phase admittance and Jacobhian ma=-

trices being nearly nine times as many as in the single-phase case.

The success and adoptability of a digital method depend-

upon its speed and core revuirements. Conseguently, application



of the phase coordinate technicue to analyse unbalanced load flows
is restricted due to large storage and long computation time requi-
rements by the available algorithms. To overcome these limitations,
a method is suggested in this thesis., The proposed method involves
full Taylor series expension of 3-phase load flow eguations in car-
tesgian coordinates, and is referred to as the exact 3-phase method
since no approximation is involved in the formulation of solution
model. Previously reported methods have used only first order de-
rivatives in the polar form, and are referred to &s first order 3-

phase methods.

On the basis of a digital investigation on a number of pow-
er systems, the exact 3-phase method is found to possess the foll-

owing characteristics :

(i) It provides the same solution as is obtained by first
order 3-phase load flow methods, but is three to five times faster.
Also, the storage recuirement is comparahle with those of the first

order methods.

(ii) Convergence characteristics are nearly independent of the

size a@nd configuration of the system,

(iii) The method is suitable for on-line computer control of
power systems, where a number of tasks is performed simultaneously.
(iv) The larger the system is,the more advantageous the proposed
method beccmes.
{(v) Programming is easier because the Jacobian matrix and table

of factors can be computed off-line and are constant.

(vi) The proposed algorithm makes possible the solution of

large networks on relatively small computers.
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The development of the subject matter of investigation re-
ported in the thesis has already been described above. However,

the organisation of the thesis is briefly as follows :
Chapter 1 =

A fast version of the evact second order load flow method,
without irvolving any approximatior or assumption is developed. The

proposed method is demonstrated to have the following characteris-

tics (in addition to those outlined earlier) :

(1) The saving in solution time increases with the system
size, and finally levels off at 50 per cent, makinjy the new version
twice as fast as the initial one. In addition, its computational

efficiency is comparable to that of the FD method.

(2) The coefficient matrix storage requirement of the new
method is nearly one-half of that of the ESO method. However, as
the nodal admittance matrix is of the same size in both the cases,
the overall saving in core storage is of the order of 35-40 per

cent.

(3) The coefficient matriy remains constant even after in-
clusion of the control adjustments on generators and transformers.
This eliminates modification and refactorization of the coeffici-
ent matrix, and results in significant computational efficiency

enhancement,

(4) The effects of control adjustments on the convergence
behaviour of the proposed method are similar to those of other po-
pular (NR, FD, ESO) methods.

(5) The new method possesses all the attractive features

of the FD method, while remaining exact. In addition, unlike the
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FD method, it is found to provide a solution even in ill-condi-

tioned cases because Of the exact nature of the method.

(6) 1In situations where a fast, reliable and efficient a.c.
load flow is recuired, as in real-time monitoring, contingency stu-
dies, etc. the proposed method would seem to have considerable po-

tential.

Inherent drawbacks of the existing methods to provide a so-
lution tO the power flow problem of ill-conditioned net-works are
identified. It is found thct most of the algorithms encounter con-
vergence difficulties. FEver those methods which do converge recuire
considerable computation time and storage, and hence tend to be im-
practical, especially on large power systems. On the other hand,
the TFESO algorithm developed in this Chapter is found to be
effective for the solution of ill-conditioned networks. The suita-
bility of the method is examired on a number of known ill-condition-

ed power systems. The ill-conditioning is cdue toO :
p Y g

(a) position of reference-slack bus

(b) existence of negative line reactance

(¢) certain types of radial systems

(d) large ratio of long-to-short line reactance

(e) lines with R/X ratio of unity and more than unity.

On the basis of digital simulation studies, it is found that
the FESO method is not only effective on ill-behaved networks,
but even its computational recuirements are comparable to those of

25,26_ n

the best known FD method, which fails on such networks
essence then, this chapter endeavours to demonstrate the practical

viability of the FESO technique as preferred analytical tool for
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ill-conditioned power systems also.

In conclusion, this chapter develops a new load flow method
and establishes its computational superiority over known popular
methods.

Chapter 2

A method is suggested in this chapter for contingency test-
ing. The proposed method is developed from the " FESO algorithm
by neglecting its block diagonals. The mathematical model is of the
same size as that of the ¥FD method. The suitability of the new
method has been examined on well - as well as ill-behaved networks.
On the basis of elaborate numerical investigation, it is found that
the new algorithm performed guite well on all kinds of systems étu—
died, unlike the FD method which encounters convergence problems
on ill-conditioned networks. Further, the computation efficiency
of the proposed algorithm is higher than that of the FD method,
thereby making the new algorithm computationally more attractive

and general.

Essentially, then, the objective of this chapter is to put
forward a new method for repeat load flows and contingency evalua-
tion which, while retaining all the desirable features of the FD
algorithm,is free from its limitations (failure to converge on ill-

conditioned systems).

The load-flow solution of unbalanced polyphase power systems
is obtained using the phase-coordinate technigue in which only the

1st-order derivatives of load flow eguations in polar form are used.
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However, the use of these previously developed methods is corsi-
derably limited because of the long solution time and large core-

storage reguirements.

This chapter develops and presents an eract method for sol-
ving the load flow problem of unbalanced electrical networks in
which full Taylor series expansion of load flow equations is used.
The load flow ecuations are expressed in cartesian co-ordinates.

The new algorithm is. exact as, unlike previous methods, no approxi-

mation is involved in its formulation.

The applicability of the new method is demonstrated throuch
digital simulations on a number of sample networks, for load as well
as structural unbalances. Finally, these results are compared with
those of currently available three-phase load flow algorithms. These
investigations. revealthet the proposed algorithm is threec to five
times faster than the lst-order 3-phase method but reguires compa-
rable storage. Owing to the high computational efficiency, the new
method could be more suitable for real-time studies, especially on
large systems, A detailed characteristics of the proposed algori-

thm is described earlier in the synopsis.

A part of the work reported in the thesis has appeared in

the following papers :

(i) ' 1Secord-order, 3-phase load flow'', International Journal
of Electrical Power and Energy Systems, Vol. 3, No. 1, Jan. 1981,
U. K., pp. 50-56.

(ii) ''A Fast Evact second order Ioad Flow method for large
power systems'' Proc. Large Engineering Systems 4, pp. 35-41,June

1982, Canada.
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