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SYNOCPSIS

Optimal power (load) scheduling is an important problem
for any electric utility system. Its importance has been further
enhanced with the development of large integrated power systems.
The solution of optimal power scheduling problem qives aeneration
schedules at various generating plants, such that power demand is
met at minimum possible operating cost and the system conctraints
are satisfied. The problem has assumed increasingly higher
importance and priority as the operating costs continue to
escalate and the main thrust of the system analysts being on the
conservation of conventional fuels such as coal and oil. For
these reasons, the optimal power scheduling problem still continues
to be an important subject for carrying out extensive research

for finding newer algorithms and methods for achieving the above

mentioned objectives,

Early work in thls area was that of Kirchmayer in fiftees
who golved an all-thermal system problem, employing coordination
equations derived by the Lagrange multiplier technique. 1In this
formulation, the effects of the equality and inequality cons-
traints imposed by the transmission and generating systems were
elther approximated or completely ignored. Carpentier in 1962
for the first time advanced an exact formulation of an all-thermal
system dispatch problem, taking into consideration the several

equality and inequality constraints of the system, which were
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not considered by the earlier researchers. Subsequently, several
algorithms for solution were proposed in the literature to solve

the problem as formulated by Carpentier.

Despite the extensive research focussing on optimal power
scheduling, most of the efforts to-date have been mainly centred
around development of deterministic models anplicable to steady
state conditions. The system data has normmally been assumed to
be known with complete certainty i.e. deterministic. However,
in practice the power demand and water inflow at various hydro-
plants do wary randomly with time., 1In addition to this, there
are several inaccuracles and uncertalnties in the input-output
characteristics of thermal units that may lead to deviations from
the optimal operation. Thus it is escential to find cut as to what
extent the economy is influenced by these deviations. It is the
intent of this research to develop and refine methodoloagies which
can be applied to optimal power schedulina procedures while recog-

nising stochastic nature of phenomenon.

2 more rational approach to the optimal power scheduling
problem has been attempted by incorporatinog quantitative renresen-
tation of the inaccuracles as uncertainties in terms of probability
and statistics followed by a quantitative evaluation of the

influence of these uncertainties in generation schedules.

The objectives of investigations carried out in this
thesis are: 1) generalise the existing ontimal scheduling
procedures in order to take into account statistical uncertainties
in the input data for optimal power scheduling problems and ii)

evaluate the potential economic significance ot optimal power
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scheduling considering statistlcal uncertalnties. More speci-
fically, the alm is to schedule the power ocutput of each

generator considering stochastic fonmulation of the input-output
cost curves in a practical way with procedure of mathematical

" programming and minimise the expected value of fuel costs within
the recognised constralnts. The introduction of randomness in the
optimal power scheduling calculations cannot reduce uncertainty,
but it can lead to more realistic solutions in the system analysis.
Therefore, stochastic analysls provides a valuable aid in power

gystem planning and operation,

The thesis brlefly reviews the past work in the area of
deterministic optimal power dispatch problem and lays down the
objectives and motivations for this research by identifying
several inaccuracles and uncertainties which lead to deviations
from deterministic optimal power schedules, A stochastic
model of the objective function for the optimal power scheduling
problem of a thermal system i1s formulated giving quantitative
representation of inaccuracies and uncertainties in terms of
probability and statistics., The stochastic model is reduced
to its deterministic equivalent and the optimisation problem
solved by an efficient algorithm, which is a direct extension
of exlisting methods of analysis. An example demonstrates the
sultability of this method for application to actual power systems.
A sultable interpretation is assigned to the possible deviations

in the value of costs associated with the two sets of schedules,
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Optimal scheduling of hyﬂ;pthermal system 1s tackled next,
A long range stochastic hyﬂrntﬁermal scheduling model is formu-
lated. The problem variables are treated as stochastic rather
than deterministic, The optimisation problem is solved using
an efficient decomposition technique. Intervalwise decomposition
is carried out so as to reduce the complexity of the problem, 1In
each sub-interval, hydro sub-problem is solved separately using
conjugate gradient method and thermal subproblem using conventional
A-dispatch. A numerical example of 2-hydro and 2-thermal plants

is solved and the results presented.

Generality of the stochastic formulation is next illustrated
by applying it to solve an optimal scheduling problem consisting

of a conventional as well as cascaded hydro-plants,

Variable metric minimisation algorithms require the deter-
mination of step size accurately in each iteration such that
maximum reduction in function value is achieved in each iteration.
Accurate minimisation along each search direction can be expensive
in function evaluations and their gradients, Much more work
recently has been devoted to the development of algorithms when
accurate line searches are dropped in favour of. stability
requirement: that function must decrease at every step. Fletcher's
modified varliable metric method requires approximate step size
and makes use of convex <class of updating approximate inverse
Hessilan matrix. In Chapter 5, this method has been applied for
the first time to the best of the author's knowledge to solve the
problem of hydrothermal scheduling.
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Finally, the maln results of the thesis are reviewed

and future lines of research are indicated.

L



CHAPTER - 1

I NTRODUCTION

i B INTRODUCTYON AND MOTIVATION

Minimisation of the costs of generating electric energy
has long been a concern of electric utilities., Optimal power
dispatch problem allocates output among a group of generating
units in a manner which minimises costs while satisfying a given
set of constraints. Because of the large, complex and integrated
nature of a modern electric power system, contemporary optimisa-
tion procedures use computers to make accurate analysls. With
the continuing increase in the prices of the fuél and ever
increasing emrhasls o©on energy conservation, the need for more
accurate analysis is emphasized. In real world situation, the
criterion of perfection is never met and there are deviations
between the model and the reality. This research increases the
accuracy of the presently available optimal dispatch procedures
by incorporating the effects of uncertain (stochastie) innut
data into the computer algorithm for analysis, This additicnal
information permits optimal dispatch procedures to account for
the random nature of the uncertainties which unavoidably affect
the input data and which can cause significant changes in the

solution ¢f the economic dispatch problem.

1.2 STATE OF THE ART OF THE PROBLEM

Optimisation procedures for attaining the desired solution

to the constrained optimal dispatch problem are divided into two



general categorles, viz. (1) approximate model, and (ii) rigorous
model. Each of the two categorles are differentiated by the
type of variables manipulated. Aporoximate models utilise
REDUCED SET of variables in which only the control variables
appear in the mathematical program. The effects of network are
modelled by mathematical functions involwving only the controlled
varliables, Classical economic dispatch problem is formulated
using reduced set of variables. Rigorous models utilise a FULL’
SET of variables consisting of all voltage magnitudes, phase
angles, bus P and Q loads and P and Q generations. Methods
using a full set of varlables are termed as optimal power flow
dispateh., Such methods require complete power flow solutions,
The area of economlc operation of electric power systems is

explored fully froem a tutorial point of view in [2-7, 147 1.

1.2.1 Approximate Optimal Dispatch Model:

All thermal system dispatch ignoring losses:

When the electric energy losses are small as in compact
small networks, then the dispatching problem appears in its
simplest form. The dispatch problem is to minimise fuel costs
while serving the total load, and with all units operating between

thelr minimum and maximum ocutput limits.

Minimise: I FUEL COST o

all operating
units

subject to: I POWER = LOAD (1:2)

all operating
units



PMIN ¢ POWER £ PMAX for all operating units (1.3)

POWER = O for all non-operating units (1.4)

The FUEL COST for each power generating unit is a function of
the POWER output,

As early as 1933 it was recognised that generating units
should be operated at equal incremental cost [1] . The electric
utility industry refers to this incremental cost as the system
"Lambda" acknowledging its origin in the proof using Lagrange
multipliers. A digital computer determines the dispateh by
iterating on lambda using the incremental cost ecquations. Once

the outputs of the generators add to the total load, the lterations

Stﬂpr

Equal incremental dispatching is discusnsed in detail by
Kirchmayer [2] ana is also available in several other books such

as Stevenson [3], Knight [4] , El-Hawary and Christensen [5]
and Nagrath and Kothari [ 6 ].

With the development of interconnected power systems and
interconnections between electric utilities for the purpose of
economic interchange of power, it became necessary to consider
the transmisslon line losses in the system for achieving better
economy.

Dispatching with transmission losses duly considered:

Transmission of electric power is always accompanied by
energy losses. The largest loss component is heating computed by
the cufrent-snuarp times the resistance. The greater the

distance the higher the resistance, and the greater the power



the higher the current at a gilven voltage. Therefore, when

the generating units and loads are dispersed in a network, it
is more economical to generate power at slightly higher incre-
mental cost closer to the loads and incur lower losses, than to

generate at the same lncremental cost at a distant location.

The transmission losses enter into the constraint eqn.

(1.2) as follows:

T_ POWFR = LOAD + LOSSES {1.5)

All units

where the ILOSSES are a non-linear function of the POWER variables.
The practical method for handling this nonlinear constraint has
been to fit a quadratic function of the POWER variables to the
LOSSES function and derive penalty factors to modify each unit's
incremental cost before eruating it to the system lambda., It

was first proposed in 1943 but became practical only after Gabriel
Kron developed a series of loss invariant transformations,

making it possible to compute the loss formula coefficients,
termed as "B" constants[ 2 ]. The inclusion of transmission

line losses for the optimal operation led to the incremental
transmisasion loss formula [2,8 ]which when incorporated with
incremental fuel cost led to the classical "“Coordination equation
method" [ 2-12 ] for optimal power dispatch. The implementaticn

of loss formula dlispatches showed a saving of about 1,50,000
dollars on a system with loads wvaryving from B00 ta 1900 MW

and served by eight thermal plants [2 ] . The loss formula

approach has galned wide popularity and is still belng widely



used by utilities [9,13,14] but does recuire some important
judgements and approximations [15,16] « Recently, Aokl et al
[1?] have proposed many new algorithms using parametric
quadratic prcgramming,modifieﬂ parametric guadratic programming
and recursive quadratic programming for the solution of classic

economic power dispatch problem.

1,2.2 Rigorous Optimal Dispatch Model

Overcoming the loss formula approximations require solving
power flow equations representing steady state model of a power
system while minimising the fuel costs, The power flow equations
are obtained by equating the power injected into each node (by
sources and sinks) with the power removed from the node (by
network elements) and recognising that under steady state condi-
tions the power system network can be represented by an admittance
matrix. The single egn. (1.5) is replaced by two SLFE (steady
state Load Flow Equations) (1.6) and (1.7) for every node/bus

in the network.

(INJECTED REAL PDWER}mDExEuB-{REAL POWER GENERATED) yo e gyg =

(REAL LOAD CONNECTED) = ) LINE FLOWS (1.6}

211l lines connected
to the node/bus

NODE/BUS

where LINE FLOWS are the real power flows away from the node/
bus.
Eq. (1.7) implies that the reactive power summation around each

node must equal zero,



INJECTED BUS GENERATED LOAD
( Reactive power) ® ¢ vars ) = ( yars) = L LINE VARS (1.7)
All lines
connected to
the bus

where GENERATED VARS are the reactive power generated at the
bus, LOAD VARS are the reactive power demanded at the bus, and

LINE VARS are the reactive power flows away from the bus.

In an oridinary load flow study [18 ], the power output of all
generators (except one) are specified as well as all generator
voltages, generator VAR limits, load WATTS and VARS are also
specified. The load flow program based on any well known LF
(Load Flow) methods such as Gauss-Seidel, Newton-Raphson,

Fast Decoupled Load Flow etc. solves eqns. (1.6) and (1.7) to
determine the unknowns sﬁch as generator VARS, bus voltages,
andgles, and all line flows alongwith system loss. The load flow
is one of the earliest developments in the application of digital
computer for power system studies and undoubtedly the most valued
of all programs avallable to a power system analyst. An

optimal power flow for optimising real power generation only,
solves pcwér flow eqns. (1.6) and (1.7) just like an ordinary
load flow, with the exception being that generator powers are
not specified, and instead min-max ranges for each generator
power are given. The optimal load flow, using the fuel cost
curves of the units, determines the optimal allocation of
generation and thus the economic power output of the units
through non=linear programming techniques, since the power

flow eqns. (1.6) and (1.7) are inherently non-=linear in nature.



Optimal power flow (OPF) has been the subject of conti-
nuous intensive research and algorithmic improvements continue
since its introduction in the early sixties, The 1951 work
of Kuhn and Tucker [19] provides the ground work for most
of the optimal dispatch theory associated with power systems.
Carpentier LG] 1s generally accredited with the first to
formulate rigorously an exact optimisation problem using NLP
techniques taking into consideration the system equality and
inequality constraints. The problem is based on Lagrange-Kuhn
Tucker formulation, The solution of the necessary conditions as
derived from the Lagrangian gives the optimum strategy for
economic load dispatch. The method is, however, qulte slow
and had convergence problems in the general case. It now only

keeps an historical interest.

For finding the optimal power flow solution for optimal
power dispatch, the actual constrained prﬂhlam_has been solved
by using unconstrained minimization techniques like those of
optimum gradient, conjugate agradient and Fletcher-Powell. These
techniques are used for minimisation of cost after reducing the
constrained problem to an unconstrained one with the help of
Zangwill, Powell or any other . tandard transformation techninue.
The minimization techniques based on gradient methods obtain
the minimum of an objective functicn by using the first and/
or the second order derivatives. The 1968 work of Dommel and
Tinney [21] presented a practical computer method for solving

the OPF problem. There are various important contributions of



this work such as a step by step procedure for implementing

the optimal solution method on the computer, the expression

of the ¥uhn-Tucker conditions in terms of power system parameters,
the equations for various sensitivity matrices, and a computer
flow chart. The method of Dommel and Tinney uses a first

order gradient technique. Except that it suffers from the
necessity of choosing an appropriate step size, the method is
very efficlient since the computational procedure is constructed
around the very fast Bonnville Power Administration's Newton-
Raphson load flow program incorporating sparsity techninue,
optimal ordering scheme, compact storage scheme and therefore
recquiring less computer storage even for large systems., Among
the other methods using gradient information, mention can be
made of the efforts by researchers such as Abadie [ZEJ ’
Peschon [23), Alsac and Stott [24 ] and Padmore [ 25]. These
methods wvary in their generality, and in their treatment of
inequalities on the dependent variables, which are accounted
for through penalty functions [21, 24] through generalised
reduced gradient method [22,23] , and through the gradient

projection method of Rosen [25,26] .

The important methods for the economic dispatch problem
based on second derivative informaticn are the works of
Sasson [27 ], Reld and Hosdorf [28 ] , Nicholson and Sterling
£29], and Rashed and Kelly [30] « In addition, Dommel and
Tinney [21] have also reported exprriences with the use of
the reduced Hesslan in various approximate forms. The above

methods vary primarily in their treatment of inequality and



equality constraints, which is done either implicitly through
penalty factors [2?,3ﬂ] and explicltly through projection
techniques [30] or quadratic programming [ 28,29]. These
algorithms have in common the fact that the search direction

at each iteration 1s obtained from the second derivative
information, The definition of the Hessian matrix and its
dimensionq’however, vary depending on which variables are
defined as controllable. In [27] , both equality and inequality
constraints are added to cost through penalty functions, thereby
eliminating the need to differentiate between controllable and
dependent varlables, Essentially, all state variables are
inderendent and controllabkle, and the dimension of the Hessian
is then defined by the dimension of the stote vector. In [28 )]
and [ 29] the general simplex-based quadratic programming
methods of Wolfe [28,31] and Beale [29, 32] are used to expli-
citly account for the ineguality and equality constraints and

to minimise the cost. In [30] an approximation to the reduced
Hesslian 1s explicitly computed with respect to the controllable
varlables which are defined as the voltage magnitudes and phase
angles at the generation buses. The cost is then reduced
through a Hessian search procedure. Equality constraints are
handled wla the Lagrange multilplier approach, whilst inecuali-
ties are accounted for by a projection method for controllable
variables, and via penalty functions for dependent variables,

In {33, 34 | advantage is taken of the sparse structure of a power
system. Rather than updating the full inverse of Hessian at

every step, the sparse triangular factors of the Hessian matrix
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are updated at every stage of the optimisation process. Only
the non-zero elements of the triangular factors are updated and

this procedure results in a more computationally efficlent method.

Linear programming (LP) formulations have also been
applied. An excellent survey on formulation and sclution
methods for the linearised problems is given in [35] . These
formulations rely on the linearisation of both the constraints
and the objective function, Some examples of these methods
are found in Stott and Marinho [36 ] , Lugtu[ 37] , and Chan
and Schweppe [ 38] ., These approaches vary in the generality
of the problem formulation and to some degree in the type of
LP algorithm usged., A dual LP formulation is given by Shen and
Lauaghton [39] who obtalned a fast solution for the problem of
an all-thermal system under inequality constraints. This was

a contribution to the on-line dispatching problem.

The literature does not seem to be unanimous in its
preference for any of the three maln methodologies described
above, and much less for any particular technique. Many
factors enter into a comparlson of various approaches. 1In
general ,gradient methods are susceptible to slow convergence
if the Hessian eigenvalues are widely spaced which is the
case when the incremental generation costs have widely varying
slopes [40,41] . Thelr advantages lie in the relatively simple
computation of the gradient and thelr good compatibility with
easlly avallable Newton load flow alcorithms. Second deriva-
tive based methods can be very efficient, but the computation

of the Hessian 1s subject to some drawbacks. If the constraints
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are handled implicitly via penalty functions, the Hesslan

1s sparse, but of higher dimension than necessary. Further=
more, the adjustment of the weighting coefficients of the
renalty factors when a constraint 1s violated, is a non-systematic
step which may lead to numerical difficulties| 27, 42 ] and
suboptimal solutions. If on the other hand the reduced Hessian
is exactly computed with respect to the controllable variables
only (by explicitly eliminating some of the varizbles through
equality constraints), its computation is in general very
involved and the resulting matrix is non-sparse. The Simplex
based quadratic programming approaches used in [ 28,29 ] avoid
the explicit computation of the Hessian but are computationally

very demanding for large systems [29] .

Linear programming algorithms have gained increased
popularity in the area of real-time control of power systems
because of their characteristics namely rellability, speed and

adecquate accuracy and scope for most enalneering vroblems,

It 1s obvious that a great deal of research effort has
aone into the solution of CPF problem. Much of the effort
has been devoted to the improvement of convergence, the reduction
of computation time and computer storage requirements.
Algorithm improvements continue to emerge to deal with large
system requirements., A two=stage procedure proposed by Wu et al
[43 Jexploits the structural properties of the OPF problem while
incorporating some features of the generalised reduced gradient
method. Many recent proposed solution algorithms [ 44-49 ]

decomnpose the problem into the real and reactive subproblems
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by exploiting the decoupling characteristics between the network
voltage and phase angle. The real power optimisation (P-problem)
ig to minimise the production cost under the assumption that
system voltaces are held constant, and the reactive power
optimisation (0-problem) is to minimise the transmission loss
under the assumption that real power generation 1ls held constant.
Due to loose coupling between two problems, the sequential
optimisation of these provide a considerable advantage over the

simultaneous optimisation of all control varlables.

More recently, practical algorithms for energy control
centre implementation have been developed and reported by Sun
et al [50 ] and Burchett et al[ 51]. The results of a detaile”
study assessing the benefits to the Ontario Hydro system due to

OPF implementation is reported by El-Kady et al [52] .

1.3 APPROXIMATE VS RIGOROUS MODEL

Frecquent recalculation of a new dispatch (2 minutes to
2 seconds) and limited computer size require that the applied
method be simple in structure and fast in calculation [53] .
The classical economic load dispatch method has provided a
sirmple and fast solution procedure, making it an attractive
technique for both real time dispatching and study programs,
The disadvantages of approximate model are the need for genera-
ting updated B-matrix as system configuration or load level
changes and the inability to include functional constraints,
The inherent advantage of the rigorous model 1s the simplicity
with which voltage, and reactive power as well as real power

conetraints can be formulated. An additional major benefit
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realised by the rigorous methods is that an ordinary load
flow is executed as a byproduct, in addition to the dispatch,
which closely resembles the actual system conditions, a
securlty benefit is thué obtained. Since the load flow
equations must be solved iteratively in rigorous methods,
the disadvantages to these methods lie in the requirements
of large computer memory and the amount of computation per

iteration to reach a solution,

Happ [lﬂ] has conducted a comparlison study to determine
the difference in savings obtalned by using the classical and
rigorous dispatch procedures. He has shown that no sianificant
difference in production costs 1s reallsed using either of
these models. Happ in his excellent review paper [ 9] has
reported the "Directions of Industry Concerning Economic Load
Dispatch" in which it 1s stated that, 'The reason for employ-
ing more advanced techniques cannot be on the basis of savings
alone, but because more rigorous models are required for
executing different functions associated with the security of
operations', The security constrained economic load dispatch

algorithms are presented in [36,37,54].

However, since the capaclty of transmission lines is
designed with sufficient margin, limits on transmission lines
are not needed for the normal operating state. In the case
of emergency states such as circuit ocutages of transmission
lines, transmission line capacity limits will be treated in the
emergency control to maintaln the safety of the system, Since

the chief aim of the optimal power dispatch is to operate the
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system economically, 1t i1s assumed in this thesis that classical
economic load dispatch formulation is emploved, and the economic

operation and the emergency control may be treated separately,

1.4 HYDRO THERMAL COORDINATION

Falling water is valuable source of energy, but when it
is limited in quantity its use for power generation is cocordi-
nated with thermal plant operation to minimise costs. The
procedure for integrating the operation of hydro and thermal
generations in a hydrothermal system for minimum cost of thermal
generation has been referred to as hydrothermal coordination
or scheduling., The coordination of hydroplants with the thermal
rlants recuires the study of an year to days of operation in
order to use the water to minimlse costs, The dispatch problem
now becomes time dependent, and includes the limits on the

hydroplant energy output,

Minimize J_ ] FUEL COST (1.8)
Time All Thermal
units
subject to: ) _ FOWER = LOAD for each time period (1.9)

AlT units

T_ J_ ENERGY ¢ ENERGYMAX for each set (1.10)
Time All hydro- of hydro-units,

units

where ENERGY 1s the integral of POWER over time. Egquations
(1.8) and (1.9) replace (1.1) and (1.2), which do not involve

time. The total energy generated by the hydrosystem is limited
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to the maximum energy for the period as given by ean. (1.10).
The solution to the hydrothermal economic dispatch problem
consists of detemnination of a plan for withdrawl of water
for hydropower generation and the corresponding thermal gene-
rations s0 as to minimise total cost of thermal generations
over a specified period while satisfying all the equality and

inequality constraints imposed on the system,

The hydro=-thermal coordination has been classified
as long range and shortrange scheduling problems. The long
range problem considers the yearly cyclic nature of reservolr
water inflows and seasonal load demand and correspondingly a
scheduling pericd of cne year is used. The solution of the
long range problem considers the dynamics of head variations
through water flow continuity equation, The water inflows and
load demand are expressed deterministically i.e. assumed to be
known with complete certainty. On the other hand, the load
demand on the power system exhibits cyelic variation over a
day and a week and correspondingly scheduling interval for short
range problem is either a day or a week. As the scheduling
interval of short range problem is small, the solution of the
short range problem can assume the head to be fairly constant.
The amount of water to be utilised for short range scheduling
problem is known from the solution of the long range scheduling

problem,

Several researchers have tried to investigate the complex
problem of hydrothermal coordination. An extensive, biblioqgrarhy

is presented in [55, 71]. The number of research papers in
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this field is so large that a critical review of all of them
is beyond the scope of this thesis, A gcod overview with an
extensive bibliography is presented in [56,57] . Only a brief

presentation of some of the investigaticons is given here.

Various optimisation techniques have been used in the
past for hydro-thermal scheduling. Among these are the
variational calculus principles, the method of dynanic program-
ming and the Postryagin's maximum principle. 1In 1940, Ricard
(58] obtained a set operating schedules for a hydrothermal
system with no lasses. His work was continued in 1953 by
Chandler et al [59]) who included transmission losses but with
constant hydraulic head. The latter method was improved in
1958 by Glimn and Kirchmayer [60] who included variable head
plants., They also reported the work of Kron, who developed
equivalent equations., A set of scheduling eguaticns was
developed by Cypser [51] . These were developed under the
assumption that variations in elevation and plant efficiencies
can be neglected. Carey [62] suggested an approach that would
linearise Cypser's equations. Watchorn [63] gives a set of

equations to be satisfied in order to achieve maximum economy,

The above mentlioned investlgations employed the Euler
equation of the calculus of varlations. The work of Arismunander
and Noakes [ 64] dealt wlth short range optimisation of hydro-
thermal systems. All the necessary and sufflcient conditions
for optimality of the variational calculus were employed. 1In
1962, Drake et al [65] presented a dispatch formula based on

the calculus of varlations., This formula is restricted to the
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case where all the hydroplants operated with constant head.

The system considered has series plants, multiple chains

of plants, and intermediate reservoirs, Kirchmayer and Ringlee
[ 66) presented a dlispatch formula for a hydrothermal power
system in 1964, Head variations were considered. The formula
applies for power systems having one hydroplant., Discussing
the work of Drake et al LES], Watchorn [63] points ocut the
importance of considering varlable head for the optimisation of
such systems. In separate discussions of the same work
Watchorn and Arimﬂunanﬁar point out that a river time delay

of a couple of hours 1is highly important for accurate optimi-

sation of many power systems.

Using dynamic programming Bernholtz and Graham [67,68 ]
and Singh and Aggarwal [69] have shown how to obtain the
optimal instantaneous operating policy of a hydrothermal power
system, Dynamlc programming was successfully applied to dis-
patching of two hydroplants in series on the Susquehanna river
[IG] s but variaticnal methods were considered to be more
appropriate for large hydro-systems [ 66]. Successive arproxi-
mations of dynamic programming are applied in three different
cases and compared in a two hydro-unit system [72] . Rees
and Larson|[ 73] deseribe a dynamic programming application to
the scheduling of a pumped storage hydro unit, two hvdro plants,
sixteen thermal plants, and three interchange contracts over-
time spans from two days to one year. The algorithms based on
Dynamic Programming as pointed by Dahlin and shen [74] suffer

from a 'Curse of Dimensionality', Moreover, the computaticnal
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time required for the solution of a realistic size problem
becomes prohibitive, In 1970, however, Arvanitidis and

Rosing [ 75,76) have shown how dynamic programming can handle
networks of several hydroplants located on the same river,
Their idea is to convert the water stored at each plant into
its at-site and down stream generating capabllity and to sum
over all plants., The result is a one-dam network which receives,
stores and releases potential energy. However, it should be
pointed out that although this technique is a useful approxima-
tion, 1t does not always describe the system adecquately, in
the sense that local constraints are ignored. For example, if
the distribution of the water reserve between the reservoirs
1s uneven, spillage may occur when it is not predicted by the
aggregated model, So once the 5ptimal operation of the aggre-
gated reservolr has been found, there remains the difficult
combinatorial problem of distributing the total reserve of

potential energy among the real reservoirs.

Calculus of variations is useful for the constrained
power systems., Computer solutions for constrained power
systems may be obtalned for the speclal case wher= the operat-—
ing region for all power sources in the system forms a
convex set, This 1s not possible when, for instance, some
of the power sources have a plecewise continuous or discrete
type of coperating characteristics [?4,7?] One method that has
been successfully applied to constralned systems of several

hydro plants 1s the Maximum Principle of Pontryagin {??-81 1.
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In fact, Dahlin and Shen [TT}havE shown that thls method arnplies
equally well to systems with unbounded, bounded, continuous,

plecewlise continuous and discrete operating characteristic =,

Dahlin and Shen's results, however, are only valid for
systems with run-of-river plants, If reservolrs were included,
inequality constraints of the type G(x) £ O would be required,
and these are difficult to incorporate in a M;ximum Principle

solution, Thus they did not consider systems with reservoirs.

Narita [ 78] did not ignore the reservoirs. In fact, his
paper 1g the first serious attempt to solve the long range
scheduling problem with the Pontryagin's Maximum Principle,

Its main drawback 1s that it solves a discrete problem with

a continuous optimization technigque, when the discrete version
is easy to apply and is much more efficient [81]. Dillon
and Morsztyn [Bﬂ] have extended Narita's model in an interest-
ing way. They have, for instance, included restrictions on the
power transiticns along the transmission lines so as to take
into account the system stability regquirements. They have also
carried out the optimisation with respect to both active and .

reactive power simultaneously.

Narita's problem has also been solved with the
Discrete Maximum Principle to vield excellent results [81] .
In fact, Oh [81] claims that the use of discrete version of
the Maximum Principle (DMP) instead of the continuocus version
results in a considerable saving of computer time even when
applied to continuous problems, In addition, Ch states the

Discrete Maximum Principle is much more effective than
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Dynamic Programming because the number of time and state
variables does not have to be increased 1n order to improve the
accuracy of the solutions, Nagrath, Dayal, and Kothari[ 82 ]
have also used DMP for solving hydrothermal scheduling problem

with transmission losses duly considered.

Various nonlinear programming techniques have also been
applied to the solution of hydrothermal scheduling problem.
sokappa [ 83] has formulated the long rancge problem as a non-
linear programming problem., The gradient of the cost function
was evaluated and the steepest descent method used to obtain
the solution of the problem, starting from a known initial
schedule, Such a procedure becomes impassible‘in view of large
dimensional recuirements for problems of multireservoir hydro-

thermal problems,

Agarwal and Nagrath [ 84] presented a new algorithm based
on conjugate gradient technicue for the solution of multi-
storage hydro and multi-thermal system. Lagranglan multipliers
take care of egquality constraints while inequality constraints
are considered using Powell's penalty fpnction in the formula-
tion., This formulation uses decomposition technique to conserwe
memory requirements of a large system. Hicks et al [ 85] have
applied the same technique for the solution of a large scale
problem of Bonneville Power Administration System with 38
reservolrs and 45 run-of-river plants. & study of 49 time
neriods produced a dispatch with nearly 1 percent more energy
output than a cut-and-try solution, Saha and Khaparde [BE]
have used the method of feasible directicns for the problem

501y e Thelr metiod ensures the satilofactiocon of active
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constraints while determining the direction of the move towards
the optimum, Augmentation of the objective function is auto-
matically avoided, The earliest work on optimal load flow

for hydrothermal systems is probably due to Ramamoorthy and Rao
[87] « Head varilations are neglected and the problem is solved
using NLP technlques. The discretisation process makes the
problem one of large dimension, However, a method of splitting
the problem into one of smaller dimension is proposed. The
main difficulty with thelr approach 1s handling of some of the
constraints imposed by the hydro subsystem. The minimum norm
formulation of a hydrothermal optimal load flow (HTOPF) with
isolated hydroplants is given by El-Hawary et al in[88] . In

a recent paper [89] + El-Hawary et al discuss the formulation
of HTOPF and derive the necessary conditions for optimality of
the problem, Newton's method has been applied to solve for
the optimum operating strategles. However, the method is compu-

taticnally very slow.

More recently, Vemuri and Hill [90] presented a sensi-
tivity analysis algorithm based on the successive sweep method,
The feasibility of using the algorithm is demonstrated for a
system with two thermal plants and two hy roplants, Other
methods used include the method of local variations [91] ’

and the principle of Progressive Dptimality[_gﬁ].

Wan et al LBE} presented an approach based on the marginal

cost method for problem formulation, It is demonstrated that

compared to dynamic programming approach, this method rrouired
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much less memory and one=sixth of computation time, Shaw and
Bertskas [94 ] formulated the problem as large nonlinear mixed
integer optimisation problem. Execution time of the algorithm
was found to be linear in number of thermal units and roughly

quadratic in number of coupled units,

1.5 LITERATURE SURVEY OF STOCHASTIC METHODS USED IN
SOLVING POWER SYSTEM PROBLEMS

Consideration of the electric power systems as a network
characterised by random varlakles has been studied to various
degrees for many years., Smith and Benner [95,96] are a few
examples of an early attempt to consider uncertainty associsated
in the power system, Generation failures and line outages were
tabulated. The tabular results formed the basis for evaluating
system reliability., The methods employ a statistical equili-
brium approach whereby, in a large group of networks, the
probagbility of loss is related to the probability of restora-
tion, Benner determined both single and multiple time outage

hours per year.

Various other segments of power system analysis have
partially included the effects of uncertainty. Power flow
calculations were treated as functions ¢f random variables
for the first time by Borkowska [97) . 1In this approach,
various well known probabillity densities including Gaussian
and binomial were employed to model the load demand at varicus
busses, Independence among real and reactive.components of

the loads were assumed. A linearised approximation to the
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load flow solution in conjunction with convolution techniques
were utllised to determline solutions. A more recent analysils

of the stochastic load problem was made by Sauer [98]_ A major
advantage of this method is that independence ©f random vari-
ables need not be assumed. The Gram-Charlier Series was used

to obtain p.d.f.'s for the line loading thus allowing for a more
accurate representation, The overall result of Sauer's approach
is a more accurate analysis of a realistic load flow problems.
The maln drawback of the method appears to be the storage
requirements assoclated with retaining many terms of the multi-

variate Gram=Charlier series [99] -

During the same perlod as Sauer's work, the problem of
power system stablility under uncertalnty was analysed by
surchett [100] . The method relies on the calculation of the
joint probability that all eigenvalues (of the linearised
system) lie in the left hand plane., The works of Burchett and
Saver were similar in the sense that both incorporated the
multivariate Gram=Charlier series as a model for the general
pP.d.f. Both were successful in utilising the series apprcximéton
for a practical example,

The area of multivariable probabilistic analysis has
been one of the increasing interest during recent years. The
survey paper of Heydt [101] provides a good overview of current
topics in the fleld of stochastic analysls of power systems,
Time serles analysis technlques [ 102,103 ] are sometimes consi-
dered for use in modelling time varying processes such as power

system demands. A recent work by Manichaikul and Schwerpe [104]
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illustrates the importance of random variahbles in power system
analysis., Manichaikul and Schweppe consider the problem of
determining a stochastic model for electric power demands
based on physical considerations., Two basic physical aspects,
"the stochastic aspects of the use of individual pleces of
equlipment and the product flow and storage structure of the
individual prDCEESE§:ara considered., FPower demands are modeled
by a two state Markov process [105] . A model proposed in
referance L;de is utilised to represent product flows and
storage., The proposed technigue is tested utilising data from

several industrial consumers.

1.6 OUTLINE OF THE THESIS

The central theme of the work is the introduction of
statistlical uncertainty in the optimal power dispatch aloorithms
in order to obtain realistic solutions to the complex problem
of load (power) schedullng in power systems. A brief outline
of the material discussed in the following chaﬁters is given
below.

Chapter 2 deals with load s=cheduling of an all-=themal
system, The chapter describes several inaccuracles and uncer-
tainties that lead to deviations from the optimal operation. A
critical survey of the earlier work incorporating the effects of
these inaccuracies and uncertainties in the economic dispatch
procedure is then given. The deterministiec version of clgssical
economic power dispatch problem is formulated and the solution

strategy outlined, A stoch: tlc model of the objective function
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representing fuel costs 1s formulated, giving quantitative
representation of naccuracles and uncertalnties in temms of
probability and statistics. The optimisation problem is

solved by reducing the stochastic model to its deterministic
ecoulvalent, The new method is illustrated by first anplying it
to a simple 2-plant sample system nealecting tranasmission losses.
The versatality of the method is then illustrated by applying

it on a systan[.zl with loads varying from 800 to 1900 Mw

and served by elght thermal plants, The costs assoclated with
generation schedules obtained from the proposed methed are
compared with costs assoclated wilth generation schedules obtained
from classical economic thermal power dispatch. A suitable
interpretation is assigned to the possible deviations in wvalue
of the costs assoclated with the two sets of schedules. The
Chapter 1s appended with a possible method of Monte Carlo
simulation to oktain sample estimate of the expected value and
varlance of generator output variable via incremental production

cost model incorporating random coefficients.

Chanter 3 addresses itself to the stochastic approach
to the problem of scheduling a hydrothermal sfstem. The
chapter commences with critical review of existing stochastic
formulations of the problem. A long range stochastic hydro-
thermal scheduling model is then formulated considering statis-
tical uncertainties in hydroreservoir water inflows, system
load demand, and thermal power generations because of inaccu-
racies in a thermal plant operating cost curve. The problem

variables are treated as stochastie rather than deterministic.
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The possible deviations in the values of the stochastic variables
from thelr respective expected values are incorporated as
penalties in the objectlve function. The optimisation problem

is then formulated as minimisation of the expected value of the
sum of fuel costs and penalty costs subject to the system
equality and inequality constraints. The aptimigation problem

is solved by an efficient decomposition technicue, Intervalwise
decomposition is carried out so as to reduce the complexity of
the problem, Each subproblem 1s separately solved by using
conjugate gradient method, A numerical example of a power system
consisting of two hydro and two thermal plants is solved and

the results are presented,

Chapter 4 shows the generallty of the stochastic formnula-
tion of Chapter 3 by applying 1t to solve a optimal scheduling
problem consisting of a conventiocnal as well as cascaded hydro-

plants. MNumerical example illustrates the proposed method.

In Chapter 5 Fletcher's modified variable metric method
of 1970 has been applied for the first time to the problem
of hydrothermal scheduling, The minimisation algorithms require
the determination of step size accurately in each iteration
such that maximum reduction in function value is achieved during
the iteration, Fletcher's modified method requires approximate
step size and makes use of convex class of updating the
approximate inverse Hessian matrix whereby the optimal solution
1s always assured and computational time greatly reduced. An
algorithm based on Lagrangian formulation for optimal hydro-

thermal scheduling is given. Intervalwise decomposition has
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been carried out so as to reduce the complexity of the problem,
Each subproblem is separately solved by using Fletcher's
variable metric method., The potential of the algorithm presented

has been fully demonstrated through a sample system study.

The sixth chapter gives overall conclusions of the work
reported in this thesis alongwith few suggestions or possibi-

lities for further research in thils important area.

ok
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CHAPTER ~ 2

THEORETICAL DEVELOPMENT, FORMULATION AND SOLUTION OF
THE STOCHASTIC OPTIMAL THERMAL FOWER DISPATCH PROBLEM

2.1 INTRODUCTION

The economic thermal power dispatch problem calculates
least costly loadings of the generatinc units, It is, therefore,
quite natural that it has attracted a great deal of research
efforts during the last three decades. The input to the optimal
power dispatch calculation consists of parameters describing
the individual units and the transmission network, the output
provides comnands for changes in covernor settinas. Wwhen
the input information 1s inaccurate or commands are not

followed exactly, a loss of performance occurs.

Despite extensive research focussing on optimal thermal
power dispatch problem, much of the effort to date has involved
the development of deterministic models applicable to steady
state conditions, Most of these attempts assume the system
data to be deterministiec, It means that all ipput information
is known with full certainty and that the optimal plans of
dispatch are always realised exactly. In practice,it is not
so, Looking at the process of operation planning Fig,2.1
one can see that several inaccuracies and uncertainties lead
to deviations from optimal operation, These are mainly on
the one hand the inaccuracies and uncertainties in the input
information which is needed by the operation planning procedure

and on the other hand the modeling and solution inaccuracies
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in the unlt commitment and economlic dispetch procedures. The
effects of the inaccuracies in general result in an increase
in the overall cost [90 ]. From thls situation the question
arises as to what extent the economy is influenced by these
deviations, It has only been in comparatively recent times
that researchers have been successful in modelling elements
of the non-deterministic nature of optimal thermal power
dispatch problem, It is the intent of the present research
to develop and refine methodologles which can be applied to
optimal thermal power dispatch while recognising stochastic
nature of the data. The value of the stochastic model lies
in the fact that due consideration can be given to uncertain-
ties. The results obtained provide a useful dguide to decisicn
making concerning the plant operaticn, which 1s a judicious

combination of engineering and management judgements.

In this chapter first the basic model of the deterministic
optimal thermal power dispatch problem i1s described and then
the sources of varlability in the operating cost functions of
the problem are listed. The limited existing work in this
area 1s critically reviewed. Stochastic optimal thermal power
dispatch problem 1s then formulated and solved by direct
extension of the existing methods of analysls., The method is
illustrated by applying it to a sitple lossless 2-plant
system., The possible economic significance of the method
1s 1llustrated by carrying out studies on a large sample
system, In these methods a prior knowledge of thermal generat-

ing unit commitment has been assumed.
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242 BASIC MODEL

In optimal load dispatch problen, ocenerating operating
cost characteristic is the most lmportant factor. The major
component of generating operating cost for fossil plants is
the cost of fuel input per hour, whlle the cost of malntenance,
water etc, contribute only a negligibly small portion [2] .
The operating characteristics of fossil plants can be expressed
in terms of million calories/h, or directly in terms of Rs./h
versus output in megawatts. If Psi is the real power output
of the 1th generating unit, Iifpsi} 1s the heat input of that
unit and ¥ the fuel price, then the operating cost of the

plant is

Fi{l'-'si'.l = “\LIi{'Psi] +Ki{I‘$i} E0L %)

where Ki{psi} is the additional costs for maintenance, sunplies
and water etc,

Since 1t is difficult to express the costs of labour, mainte-
nance, supplies etc. as a function of the output, it is usual
to assume these costs as a fixed percentage of the fuel cost
at that ocutput,

The power output of the plant 1s lncreased by séqUentially
opening a set of valves at the inlet to the steam turbine. The
throttling losses in a valve are large when it is just opened
and small when 1t 1s fully opened. As a result, the operating
cost of a plant has the form shown in Fig.2.2. For dispatching
purposes this operating cost per unit for generator 'i' is

usually approximated by quadratic polynomial [ 2 ].
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2
Fy(P_ Ju(ayP , + by P, +¢y) Rsh (2.2)

where ay, by, ¢y are positive constants,
The above approximation is presently used by many utilities.
It is believed to be a good approximation, considering the

limited data on units cost performance.

243 CHARACTERISATION OF CLASSICAL OPTIMAL NDISPATCH PRORLEM

Classical economic dispatch problem is formulated using

the vector of controlled real power generations Ps and a B

matrix equation to represent the system losses as a function

of P,
=]

Minimise F{PE} = FilPEi] A 2:3)

n
L
i=1

where n is the total number of thermal generating units.

n
Subject to: § P_, = P 4P (2.4)
iml si DL
Poiwind P $-Pai.max iamlyeeesn | (2.5)
Here transmission loss Py = Pz B Pq (2.6)

Fi[Psi] in eqn.(2.3) is given by egn. (2.2)

2.4 SOURCES OF VARIABILITY

The operating cost functions representing the performance
characterlstics of thermal plants are computed by calculation
of overall thermodynamic performance of a unit consisting of

boiler, turbine, condenser, heat cycle and assoclated plant
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auxiliaries., Such cost functions are inaccurate in most cases.
The inaccuracies are deviations from input information civen on
the data sheets from thelr values during actual operaticn., They
are caused due to the following reasons [106] :

- inaccuracies in the process of measuring the basic
data used for computation of thermodynamic perfor-
mance of the unit.

- deviations fromn the computed thermodynamic perfor-
mance ©f the unit because of errors encountered in
operation due to operating at other than standard
pressure and temperature.

- effect of time on emuipment conditions which
influences some of its operating characteristices,
notably its efficiency.

- inaccuracies résulting from inability to hold
generation at exact desired output,

- fuel cost varlations

- load forecasting errors

- inaccuraclies introduced by various types of

transmission loss equations.,

Further, because of the great difficulty of determining
the dependency of maintenance costs from the power output P_,,
the addition costs for maintenance, supplies and water are

very inaccurate.
L

All these factors taken together can mean inaccuracles
of great magnitude in the steady-state operation. As a conse-

quence, instead of having a single opersting cost curve representing
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the bogey performance of the unit what really exists 1s a
narrow band such as shown in Fig, 2.3 in which the real curve
would lie. Operating cost functicn isg, therefore, knowm © only

as a statistical distribution,

From such data it 1s not possible to get a determinlstic
minimum but only that such a minimum obtalned from the calcu-

lation performed has a statistical distribution,

The deviation in the operating cost characteristics
results in a new optlmum schedule and hence a new optimum cost,
% « The original optimum generation schedule is no longer an
optimum one and using this set of schedules one geis an operat-
ing cost, F for the period considered. This results in the

loss of economy, &F, given by

N
AF = (F - F) Rs/h (2.7},

2.5 REVIEW OF LITERATURE

The accuracy considerations in economics of power systems
with only thermal plants were first studied by Glinn et al [106]-
Appendix A presents an analytical determination of the loss
of economy resulting from an incremental cost displacement
multiplier (14+e) for one of two identical units on the same
bus and (1-€) for the other unit, The following conclusions
are drawn for the two source system investigated:
(a) The loss in hourly economy varies as the square of the
per unit error € in the representation of the incremental
operating cost.

(1) ¥or a given wvalue of €, the loss in hourly economy



36

varies directly as the square of the incremental-cost
level and inversely as the average sloupe of the incre-

mental-cost characteristics of the sources.

The authors also studied the effect of error from inability

to hold generation at exact desired output, The output of one
source was displaced by +&PSMH and the output of another
source by —aPs MW from the deslred economic values., It was
found that the loss of hourly economy varles as the souare

of the-ﬂPSMW deviation from the optimum schedule. The main
limitation of thils analysis is the consideration of two identi-
cal units with no transmission losses. A sensitivity study
of the optimal dispatch was reported in Ref, [1GT] « The paper
analyses the senslitivity of the total operating cost with
respect to unit cost functions, tranamission loss formula,
load varlations and control error. The information and control
errors are translated Into several classes of mathematical
variations, The contribution of this paper is a set of

slmple expressions which provide good estimates of the cost
penalties with various types of errors. The benefits of any
pronosed improvements can be evaluated by simply subtracting
cost penalty assoclated with system having that improvement
from the cost penalty obtalned without the improvement. Appro-
ximate calculations, based on sample data supplied by AEP

show that cost penalties of the order of one percent of the
total operating cost may result from (a) errors in the unit

cost functions, (b) absence of the transmissicn losses from
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the dispatch formulation, and (c) unit operating limit changes.
An investigation of the cost penalties assoclated with load
variations and errors in the derivatives of the transmission
losses show that the total oper-ting cost is rather insensitive

to these factors.

Russian engineers M.,Keel et al [ 108] discuss the problem
of optimal scheduling of thermal power systems with due consi-
derations of varlous risks. In such situations, the thermal
generation powers, Psi' in the cost functions are treated as
random variables [109] . This implies that optimal generation
schedules are reallised on the average. The deviatiocns, aPsi, of
random varlables from thelr expected values Fsi are treated
as statlonary stochastic processes at fixed ﬁsi' The stochastic
objective function is reduced to its deterministic equivalent
in tabular form, The authors employ numerical differentiation
for the determinatlion of incremental cost rates. The paper,
however, does not elaborate the type of stochastic processes
used, Nevertheless, the authors claim that the Eansideration

of random factors enables to give economy of fuel.

Edwin et al in their paper [110] analyse the extent to
which the economy of short term operation of thermal power
systems is influenced by (a) the approximation in the operation
planning method and (b) by the inaccuracies of the steady-state
operation costs, start up costs and locad forecast. In order
to reduce the computation time and storage r-guirements, the

operation planning problem 1s decomposed into unit commitment
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and loading which are then treated sequentially. The operation
planning methods compared are (a) Method I-heuristic method
using priority lists for committing units ("merit order")
followed by loading of the committed units by the principle

of equal incremental costs and (b) Method II-investigated is

the one using the mathematical optimisation technicue of dynamic

programming using the penalty search précess.

The above two oOperation planning methods are compared
on the basis of 12 thermal power systems of different structures
using two typical load curves for each system. The number of
units per system varied from 6 to 24. The authors considered
the stochastic nature of the inaccuracles in all types of inmut
data using the Monte Carlo simulation technique., In the first
step, which has to be repeated several times, inaccurate input
data are simulated by taking random wvalues from given density
functions around the exact value of each input information
by means of a random number gencrator, With this set of simu-
lated inaccurate input data the schedules are determined, the
operating costs of which are calculated with the accurate input
data which represent the unit performance during actual opera-
tion. Thus during each simul ation the operation costs are
determined which are dependent on the stochasticcombination
of the inaccuracles, The difference in the cost increase
caused by the inaccuracies of the input data is then calculated,
The set of the n cost differences of the n simulation runs is
analysed statistically. The lnaccuracies are as-cumed to be

normally distributed. The investigations which were carried
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out by simulation for the 12 systems reveal that average cost
increases were 1.59 percent for operation planning method I and
1.56 percent for operation planning method II, Thus the opera-

tion costs were shown to be very much dependent on the accuracy

of the input data.

The second influence investigated was the inaccuracy of
start up cost functions., As these costs are only about one
percent of the total operation costs the effects of these
inaccuracies are very small, Yet if start up costs were
neglected completely, oOperation costs would increase upto one
percent, Finally, the inaccuracy of the load forecast was
varied and again the inaccuracies of the remaining input data
were held at thelr medium values. The economy of operation 1s
influenced by this inaccuracy more than by those of the other

two types.

Method I and method II were also compared under the assumnp-
tion that all input data are accurate, Operation cost decreases
by 0.3 percent on average by means of more sophisticated method
of dynamic programming using penalty search procedure when
compared with method I, In most systems the cost decrease
was not affected by lnaccurate input data. Therefore, it is
economically clearly justified to employ more sophisticated

unit commitment methods wherever possible,

Viviani et al in an interesting paper [111] successfully
applied probabilistic method to optimal power flow problem,

The nroposed procedure is essentiallyv an optimal vower flow
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followed by an evaluation of the statistical properties of
the control vector U, glven the gtatisticn of uncertain para-=
meters such as load demand, The uncertainties are accounted
for by treating load demand PD at different buses as random
variables, The deviations, APD, of random wvariables from their
expected values ﬁn are treated as stationary stochastic
processes. The algorithm minimises a quadratic cost function
to find optimal walue 0of control vector U* subject to the
random fluctuation of PD‘ These random fluctuations in Py

are approximately linearly related to the control vector U*
allowing the p.d.f. of U to be calculted from the p.d.f. of
ﬁf&ﬂ The stochastic optimal dispatch solution, therefore,
results in a p.d4.f. representation of the changes in the optimal
control vector au* about an operating point U*. The alagorithm
employs the multivariate Gram-Charlier series to ﬁtatistically
model the p.d.f. of the control vector in terms of the statis-
tical moments. The p.d.f., of AU* provides useful information
about the likelihood of certaln events assoclated with U*. The
probability of events pertaining to U* are valuable in assess-
ina the ability of a system to perform at minimal éost. The
algorithm proposed is primarily a planning tool rather than

an operating procedure since computation time, while not

prohibitive, is not fast enough to be on=line,

2.6 CHARACTERISATION OF THE STOCHASTIC OPTTMAL
THERMAL, POWER DI SDATCH PROPLEM

A more rational approach to optimal dispatch is quanti-
tative representation of the lnaccuracies as uncertainties in

terms of probahilit+v and statistics followed by a amantitative
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evaluation of the influence of these uncertainties on generation

schedules,

(a)

(b)

2.6.1

The objectives of thils investigation are:

generalise the existing load dispatch procedures in

order to take 1lnto account statistical uncertainty in

the system operating cost; and

evaluate the potentlial economiec significance of optimal
power dispatch considering statistical uncertainty. More
specifically, the aim 1s to schedule the power output of
each generator considering stochastic cost curves in a
practical way using mathematical programming techniques
and minimi se the expected operation costs within recog-
nised constraints., It may be noted that the introduction
of randomness in the economic dispatch calculations cannot
reduce uncertainty, 1t can lead to more preclse statements
about uncertainty and, hence to more realistic economy

in system operation,

Stachagﬁic Modelingt

Stochastic models evolve through two main routes. Some

stochastic models can he derived by directly employing probabi-

listic concepts to small sub-divisions of the system. An alter-

native method of obtalning stochastic model is to take a

deterministic model and transform 1t into a stochastiec model

by:

- introducing random variables as inputs or as coeffi-

clents or both

- introducing equational errors as disturbances.
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Neither route of approach is more “correct" than the other,
because both types of models are approximations in any case.
what is important in each approach is to make the randomness

reflect a more real world siltuation,

2.6,2 Formulation:

A stochastic model of function Fio is formulated by
taking the otherwise deterministic cost coefficients ay, by
and ¢y as random variables, A specific way of reducing a
stochastic model to its deterministic equivalent one is to

take lts expected value. Therefore, the expected operation cost

is agiven by

F = EL% (ai Pii + by Psi + ci}] (2.8)
- — 2 — -
F = Ii;(ai Py + by Py + cy) (2.9)

The deterministic equivalent set up of the objective function
as given by eqn., (2,9) in which all the random variables have
been replaced by their expected values is ineffective. Therefore,

it is necessary to pose the problem differently,

It 1s possible to use different objective functions in
risk taking situations [108, 109] . In risk taking situations
it is also necessary to take into account the random deviaticns
of values of controllable varlizbles from their exnected values.
It means, that controllasble variables, Pﬁi. must be regarded as
random variables, &ny possible deviation of operation cost
coeffleients and load demand from thelr regpective expected
values is manipulated through the randomness of generator power

P _,« The randomness of Pﬂi implics that power balance eqne (2.4)
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is not a rigid constraint to be satisfied. Wwhatever the
proposed solution will be, only deficit or surplus probabilities
of generated power can be estimated. The random variables are
assumed to be normally distributed and statistically indenendent.
In practice these density functions have to be established with
reasonable approximation, In the case of normal distribution,

the expected value must be characterised by a standard devi-

ation obtained from engineer's experience,

The expected operation cost is gilven by

~ 2
F=E [E (ag PLy + by Py +c4) ] (2.10)

= I GGy Bl 4By Py 48 + 5 var Py )
- 2 - - - 2 iy
U lai Psi + by Psiwi+ai Csti Poi ) (2.13)

where CvPsi is the coefficient of variation of random variable F;rItis
the ratioc of standard deviztlon to the mcan and ls a measure
of relatlve dispersicn or uncertainty in the random variable,

A coefficient of variation of zerc implies no randomness, oOr

in other words complete certainty about the wvalue of the random

variable,

2.6.3 Representation of System losses

The economle importance of representing transmission
losses in scheduling of generation has been well estabhlished

and this can be most convenlently achieved bv the use of loss
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formulae [ 2] . The transmission loss being function of random
variables Py is itself random. The B-matrix can be advanta=-

geously used to evaluate the expected transmission loss. Wwith
Psi as statistically independent, the expected value of trans-

mission loss as derived in Appendix-C 1s given by

EL = E [PL}

- E[_L'i zj Py Eij st] (2.12]
- ii I:j Py Biy Pgy +i Dyy var P_y (2,13)

The variance of transmission loss has been neglected for ease
of analysis, Thils is a reasonably justified assumption to the
extent that even in the deterministic case the B-matrix repre-
sents but only anproximate transﬁission loss which 1s never
more than 5 percent and usually less than » percent of the
total power transferred from gencrators to the using sub-

stations,

g CETERMINISTIC EQUIVALENT

One classical approach in stochastic programming [112]
for the random resources problem is to transfer the expected
value assoclated with deficit or surplus of random constraints
to the objective function, with appropriate penalty factors.
Therefore, the expected obkjective function iT representing
the combined system cost is formulated as the sum of (i)

expected operating costs, and (1i) expected cost of deviations,

a penalty term proportional to the expectation of the sauare
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of unsatisfied load because of possible variance associated

with random variable Fsi' This penalty term is given by

D.E LL'ﬁDﬁL - fi Psilz J (2.14)

Therefore
= 2 2
T = E[Ei (ag PZ +byP o +cy)) 4+ poe [ BB - LPyy) ]
- 2 - - 2 2
= E By PLy+By B y4Ss 43) C%pgy B5y) ) + 0B
= ik 2
[{pD+PL-Ei P ] (2,15)
The optimisation problem is formulated as follows:

" 2 . e w w2 2 .
Min F, ==[E (a; P, + by P 4ci+a; CJ B )4p.E { (PP

PEi
Z 2
= i Pgi} }] {2.15}
subject to % ﬁsi = ?D + Py (2.17a)
and
" % R )
Poi,min £ Pgi & Poy oy 1=le.o0n (2.17b)

With equality constraint defined as in ern. (2.17a), the ohjec-

tive function simplifies to:

- o @ e e e w wd =2

p.E.{ L (B 4-P_ )% }]
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- 2 = - =D 2
=£§_{ai PLythy P+ oy + oy Cvpsi ?Ei} iy

p{ a‘(var Psi}}]

5 TR > 2
= Eif ag Py + by P y4cy + e, Gy B, ] (2.18)

Thus, the nroblem simplifies to minimisation of ﬁT as in enn.

(2.18), subject to the constraints in eqn, (2.17).
The constrained minimisation problem is transformed to an un-

constralned one by application of Kuhn-Tucker theory involvi:

Lagrange multipliers [19 ] .

- 2 - 2 - -
les si

P

-A[i P_y- Pn-i Ej Py E” si

T - ) 2 -2
- By chSi B2, ]

Differentlating the Lagranglan function with respect to ﬁqi

leads to the following set of coordination equations:

L=

B anm & 2
(By+2ay P )+ A? (2By 4 By)+ )2 Byy Cyp_, Pai *

~ 2 - :
E{Ei‘i‘p} CVP PSi = }i B I P y ) {?-19]
si
The first two expressions in the set of coordination equation

(2.19) are the inersment-l production cost and the incremental
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transmlssion cost similar to those in traditional coordination
equations of conventional deterministic economic dispatch [2].

The expression

ol

P,y st

2 g 2
A2 By Cop P42 (& +p)c)
=i
results in increasing the incremental cost of received power .
This expression depends upon the fluctuations of Psi and is
the risk premium in the risk taking situation posed in the
economic dispatch formulation, The risk premium is also directly
proportional to the amount of generator output Psi'
The scheduling of an n-plant system recquires the solution

of the set of n-simultanecus eqns. (2.19). For a more direct

approach to the solution, egn. (2.19) has been re-arranged

as
by A
B, (2.20)
# (231+2(Ei+p}cipqi

2
+ 2B, {14C )
';\ ii v‘Psi

Equation (2.20) for the net generation at a given plant is

readily evaluated by the iterative form of solution[ 2 ].

2.8 APPLICATION OF THE METHOD

For the sake of analysis, the value of the penalty cost
is assumed to be two times the value of 'a' coefficient in the

operation cost curve equation of a generator.
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To illustrate the new method, 1t will be first applied
to a simple Z-plant sample system neglecting transmission

losses., The plant incremental cost cofficients are 2

by= 2.0, = 0,005, 52 e R a.= 0,005

b | .

Lorl

P w2 32 = 0,01

Assuming that (1) both units are connected and operating, (2)
minimum load of each unit is 20MW, and (3) maximum capability of
each unit is 100 Mw,

Using this data and the appropriate values of coefficient of
variation in eqn. (2.20) the resulting exnected deneration
schedules are shown in Fig, 2.4. The particular values of
coefficient of varlation used are also indicated ther«in,
Consecquently, expected schedules that are different from deter-
ministic schedules are obtained when Cyp 5 is other than zero
for any of the two generators, There issa shift in generation
from cne generator to the other depending upon the wvalues of

coefficlent of varlations.

The Increase in producticn cost in dollars per hour for
different schedules is shown in Fig. 2.5 as a function of the
system load of the two sets of wvalues of ch " « The curves
indicate an increase in cost of operation whzn both generators
are operating at schedules other than thelr maximum or minimum
limiting values. When either generator is opersting at its
limiting wvalue, the deterministic and stochastie solutions

are ldentical.
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2.8.1 Studies on Large Sanple System

A large system is now used to illustrate the method
and to evaluate the possible econcmic significance of the
method. The data [2,113] for the loss formula coefficients
as well as the incremental production cost coefficientsof a
simplified representation of a system are given in Tables 2.1
and 2.2, respectively, The coefficlents in Table 2,2 were
valid for the ranage of loadlng presented in the study. The
additional data assumed are the wvalues of the penalty costs,
For deterministic cases, all cvrri are set equal to zero. In
the two non-deterministic cases ;tudied, the values of coeffi-

clent of wvarlation are:

Case=1: CVF = 0,10, CVP52 = 0,10, Cv BRI IR =0,10,
sl 83

= = i =,
CVPEE 0.10, CVPEE = 0,10, va = 0,10, LVP 105

Penalty cost p = 0,0120

Case=21 ch = 0,10, C

sl

[ = 0,10 C =_10, C = 0,10, C = 0,10
VPES 4 vPﬁE v

vPszﬂllﬂ' ch = D'lﬂj‘ Cv = D.lﬂ‘

Penalty cost p = 0.0240.

The non-zero values of the coefflclent of wariation studied
in the above two cases are typically those obtained Ly the
possible method of Monte Carleo simulation as described in
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Table 2.1: TRANSMISSION LOSS FORMULA COEFFICIENTS

(B4 x107)
& b By j 1 9 Eij i 1 Eij
1 1 0,07863 1 7 -0,02892 4 5 0.00179
2 2 0,06098 1 8 =0.03292 4q 6 -0.,00707
3 2 0.09163 2 3 0.04624 4 ) -0,00876
4 4 0.02646 F'4 4 C.01246 - 8 -0,00992
5 5 0,0231] 2 5 =0,01218 5 6 0.01224
6 6 0,03723 2 6 -0.01810 5 7 0.00721
7 7 0.06285 2 7 -0,01750 5 B 0,00378
g8 (&) 0,12140 2 8 -0,01754 & 7 0.,02166
1 2 =0,0C999 3 4 0.01243 6 8 0,01682
| 3 =0,01402 3 5 -0,.,01198 T 8 0.,05768
1 4 =0,00695 3 & -0,02204
1 5 <0.01136 3 7 -0,02530
1 & =0,02076 3 8 0.02841
Table 2.2: TABULATICON OF PLANT DATA
Plant ay by

8

1 0.004100 1.280

2 0.002200 0.756

3 0,000950 1.809

4 0.002145 0.657

5 0.001110 C,.889

& 0,006000 0,300

7 0.010400 C.635

H 0.006350 0,572

Flg., 2.6 gives the time varying system load used in

studying the optimal dispatch of the sample system. The shape
of the lozd curve 1s believed to be reasonably typical of that

experienced over the hlgh load portion of the day by an electric
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utility system, Table 2.3 lists the various loads on the
system and their duration in hours,

Table 2.3: SYSTEM LOAD DURATION

R e S T . S S T

S.No. load (Mw) Duration

(Hrs)
1 1240 1
> 1280 2
3 1300 1
4 1320 1
5 1340 4
6 1360 2
g 1380 3
8 1400 1

The deterministie generation schedules obtained from
the solution of eqn. (2.20) for the zero wvalues of coefficient
of variatlon are alven in Table 2.4.

The exnected generation schedules obtained for the
values of coefficient of varlations and penalty costs in case 1

and case II are given in Tables 2,5 and 2,6, resrectively.

Plants 2 and 5 remain at their maximum loads of 210MW
and 310MW respectively and are not included in the Tables.
There is a shift in generations as is evident from these
Tables. This has a definite effect on the excess cost incurred
in deviation from the .dets.-rm‘inistir: schedules, Floure 2.7 shows
the excess cost incurred in deviation from deterministic

schedules,



CosT ($/nh)
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Fig. 2.7 Excess cost incurred in deviation
from deterministic schedules.
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Table 2.4: OPTIMAYL DETERMINISTIC SCHEDULES

PEZ """""""""""""""""""""""""""""""
PD lﬁ@f Psl FEB Pﬂd Fsﬁ FIT p?ﬁ
(Mw)y,
1240 137.20 sl.05 27p,76 ' 145,93 65,25 101,17
1280 145.49 72.91 282.81 151.48 68, 26 105, 30
1300 149.67 78,80 287,87 154, 34 69.78 107,39
1320 153,87 B4 .66 292.95 157 .23 o B & 109,48
1340 158,10 90.46 208,05 160,15 T2.B5 111.57
1360 162.36 96. 24 032,17 163,08 74.40 113,68
1380 166,64 101.99 308, 30 166,05 75,96 115,79
1400 170,94 107.71 313.46 169,04 77.53 117 .52
Table 2.5: STOCHASTIC OPTIMAL SCHEDULES
CASE-I Cop =0.1 FOR ALL GENFRATORS
PENALTY COSTw 0,012
Psi P P P P P P
pD (Mw) al 53 sd s6 s7 s8
s s S B e S
1240 138,18 66,43 266,06 145,65 66.13 101.46
1280 146,55 78.07 276,15 151,40 69,21 105,64
1300 150,77 83.84 281,22 154,31 70,76 107.75%
1320 155.02 B9, 58 286,32 167,25 T2a33 109.86
1340 159,29 95.28 231,43 160, 21 73.90 111,98
1360 163.58 100,96 296.57 163,20 75,49 114,11
1380 167 .90 106 .60 an1.,72 166,21 77,09 116,24

1400 172.24 112.21 306.89 169.24 78.69 118,38

S —————— A S S S T e T S
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Table 2.6: STOCHASTIC OPTIMAL SCHEDULES
CASE=II Cvp =0.1 FOR ALL GENERATORS

PENALTY COST® = 0,024

S S e T i e S o e S o o S

Psi

PD{MW} Psl PSE 554 Pﬂﬁ Ps? PSB
(W)

1240 138.93 69,68 260,39 145,70 66,91 101, HE
1280 147,36 81,14 270,46 151,51 70,04 106,08
1300 151,61 86.82 215,52 154,45 T1.62 108,20
1320 155,8G 92,47 280 .60 157,472 T3.21 110,33
1340 160,18 98,08 285,70 160,41 74,81 132,47
1360 164,49 103,67 290,81 163.43 T6,43 114.61
1340 168,84 109,22 295,95 166,47 78.05 116.76
1400 173.20 114,75 01,10 169,53 79.68 118,91

Savings (in dollars per hour) ficures would be still hicher
by a factor 2 to 3 if the o0ld data used in this sample study
1s updated by escalating the incremental production cost

curves by a factor of 2 to 3,

Consideration of stochastic curves in the economic
dispatch problem may significantly alter optimal aqencrator
outputs. Optimal values of generator outputs depend upon the
values of coefficients of varlation and the value of penalty
cost 'p' and the penalty cost, in turn, denends upon the
subjective decision of the power control engineer. More
important, however, i1s an evaluation of the potential econcmic
value of the consideration of stochastic curves in the economic
dispatch, Such an evaluation is summarised in Table 2,7 where

the cost of oOperating the sample system to supplv the 15-hour
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load of Tahle 2.3 according to deterministic and stochastic
cost curves is given. The combined no<=load production costs
for the 8 generators in the system are $1057 pér hour. Savings
attributable to stochastlc curves would ampear to be economi-
cally attractive if the welghtage to penalty costs amount

to more than about 2 percent of the total operating costs
under conventional dispatch. This conclusion is based on the
fact that the inclusion of the effect of transmission losses
in the conventional economiec dispatch is widely justified by

savinos of a few tenths of one percent in total fuel consump-

tion [ 114] .

Table 2.,7: COMPARISON OF DISPATCH CONSIDERING DETERMINISTIC
AND STOCHARSTIC PRODUCTION COST CURVES

Value of coeffi- Fenalty Welaghtaqge Saving in total

cilents of variation cost to Penalty fuel cost(sto-
costs chastic

schedules)

Values Expressed as Percen-
tage of total Fuel cost
(Deterministic Schedules)

CASE-I C =0, 1

vPs

for all generators 0.012 Z2.71 C.1044

CASE=-TT Cvpsgm.l

for all generators 0.024 2.98 0.1180

CASE-ITT CVP =0, 2 c.012 1.11 C,.1670

sl
Cw,_,J ?=G.17,Cvp 3=G.13 G.,024 1.79 . C.3230
s2 8

All other values zero 0,048 2.74 Q.7840

R S e S S e S e e S S 55 S e o s e S S e S S .
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2.9 CONCLUSTIONS

Conventional economlc thermal power dispaleh method
allocates generation schedule to the individual thermal
generating units based upon deterministic cost function
ignoring inaccuracles and uncertainties. Such generation
schedules will result in the lowest expected cost but this
cost is also assoclated with a relatively large variance which
can be interpreted as risk measure. Deterministic schedules
may, therefore, render the solution non-optimal to a power
control engineer who may like to avoid the risk element. The
nroposed method has the desirable features of incorporating
inaccuraclies and uncertainties in the economic dispatch
procedure. The method proposes that to generate @ robust
economic dispatch procedure, the power control engineer should
take account of a second best but deterministic approach which
is to minimise simultaneously the expected cost and 1ts sensi-
tivity to deviations, Thus, an additional penalty cost is
imposed. The proposed stochastic model results in an enhancement
of the ontimal value of the expected cost over the deterministic
conventional dispatch model, The resulting increase in the
value of expected cost has been interpreted as the risk premium
which a power control engineer is expected to pay in making

risk aversion declsions for accounting of the inaccuracies in

the input data for optimal power dipatch problem, Results
for a system conslsting of eight thermal units have been presented
using the new approach which has been found to be extremely

simple and easy to implement.
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CHAPTER = 3

THRORETICAL DEVELOPMENT, FORMULATION AND SOLUTION
OF THE STOCHASTIC OPTIMAL HYDROTHERMAL DISPATCH PROBLEM

3.1 INTROLUCTION

A hydrothermal generating system is composed of a
thermal system and a hydroelectric system, linked to the load

centers through the transmission lines, as shown in Fig. 3.1.

The objective of optimal system operation is to deter-
mine a generation schedule for each plant of the system which
minimises the operating cost over a planning period. The
operation costs include fuel costs for thermal units, purchase
costs from neighbouring systems, and penalties for fallure in

load supply.

The availability of limited amounts of hydroelectric
energy, makes the optimal operation problem very complex,
because it creates a link between an operating decision 1in a
given stage and the future consequences of the decision, That
is, 1f we deplete the stocks of hydroelectric eneray, and low
inflow volumes occur, it may ke necessary to use very expen-
sive thermal generation in the future, or even fail to supply
the load. On the other hand, if we keep the reservoir levels
high throuvch a more intensive use of thermal Qeneratimn, and

high inflow volumes ocecur, there may be splllace in the system
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Fig 3.1. Schematic diagram of a hydrothermal
system.
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which means a waste of energy and consequently, hicher operat-
ing costs. Therefore, hydrothermal scheduling is basically

a multl-stage decision process. The existance of multirple
interconnected reservoirs characterise the problem as larqe
scale and complex also because (a) the objective function
which comprises operating costs of thermal plants is non-
linear and, (b) the expression for the hydropower generation
is nonlinear due to the product of outflow and head in the
expression, Further, for a long range scheduling problem with
a planning period of one year, it is impossible to have
nperfect forecasts of the future inflow sequences and in a
certain measure, of the future load itself. Therefore, the
operation problem is essentially stochastic as ldentified by

the IEEE Group on Operating Economics [115].

This chapter proposes a novel approach to the hydro-
thermal scheduling problem that deals with stochastic nature
of the data in a more general and precise way. The approach
is to characterise the random nature of the data by random
variables and analyse the problem by develonina stochastic
decision model, An equivalent deterministic problem based on
the stochastic characterilsation of the data is obtained., The
principle of duality decomposition [123] is then applied to
separate all the production units of the problem into thermal
subproblem and hydro subproblem, 7The thermal subproblem is
solved by classlical dispatch. The hydro subproblem is optimised

using the conjugate gradient method of Fletcher and keeves [1151*
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k- ) HYDRO-PLANT PERFORMANCE MODEL

A basic physically based relationship between the active
power generated (in MW) by a hydro-unit and the rate of water
discharge, Q(in ma/sec}, and the effective head, h{in metres)
is given by

P, = 0.0085 Q.,h.7M-(Q,h) (3.1]

The efficiency Mis a function of both variables Q and h. Due
to diversity of installaticn characteristics, numerous varlants
of model agiven by eqn. (3.1) exist., In the present work, model
proposed by Narita et al [11?] characterising variable hoad
hydroplant performance is used. The corresnnnﬁinm expression
for hydro generation at.the j=th plant during the m-th sub-
interval relating the water head, the storage of the reservoir
at the beginning and end of the interval, and the discharqge

rate iz given by a relation of the form
m

c
P = hj [1+r~l

1+1 m
i > O+ M) @ - (3.2)

b

wheres cj is a known constant,

The state equation representing the hydro gystem dynamics is

41 m ;
)J]j = )Jnj + Jj; - QJ {3.3)

Substituting eqn. (3.3) into enn. (3.2) we get

m - m
P”j =hy [1+ o.ﬁcjizx@ +J? -ij] {o?ﬁﬁl (3.4)
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3.3 CHARACTERISATION OF DETERMINISTIC LONG
RANGE SCHEDULING PROBLEM

A power system consisting of 'n' thermal plants and
{p=n) hydro-plants is consldered. A discrete-time representation
of the continuous time optimal scheduling problem is presented
here, The total interval of optimisztion is divided into M
equal subintervals, each subinterval being assumed to be of
unit length for simplicity. The hydrostations are assumed to
be operating with reservoirs which are independent of each
other, In the deterministic formulation it is assumed that the
load demand ﬁg, reservoir inflows J? , m=1,...,M), over the
optimisation interval are known ac&urately enouqh.in advance,
The iniltial and final storages represented by the vector Ki
and X?+1 respectively are specified. These values represent
the constraint on the amount of water to be consumed over the
optimisation interval. That is,

AP - Xy -2 I 2o =0, ge1, .., onds

. o M=l,e0a,M (3.5)

represent the total water availability constraints.

The power balance equality constraint is

n P
p‘g = I P+ I p"!'; % PTJ T R (3.6)
i=1 ® j=n+1 ]

This constraint implies that the total power generated should

be egual to the sum of total load demand and transmission losses

in any subinterval m.

The upper and lower bounds on the rates of water discharge, water
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storage and thermal generations in each subinterval constitute

the inequality constraints,

Im
Qjmin 5. r'}lj i- Gjmax j=1; !!IrP"n: T‘II=],...,T~T E’.?}
:{jﬁliﬁ i s f— HJI‘Hax :I="]f"“"fp_“: M=1, s,k (3.8)
» Jm = - — 2] k!
Psi;min -E Tﬁi""‘ psi,max v ) (PR o Mm=l, eee,M (3.9)

) r
The optimisation problem is to determine the discharges Q; G
and the thermal generations ﬁ:i' such that the objective function,

representling the total thermal power generation cost,

n
iz FitP';i} (3.10)
1 =1

!
]
ne=E

m

is minimised subject t0 the constraints of egns. (3.3) to (3.9).
The function Fi{ﬁ:i} for the i-th thermal station is considered

to be a quadratic of the form
3y Vi, + By B, +7Ty) Rs./h (311}

In egn. (3.6), PE, transmission losgs during the m=th sub-
interval, 1s expressed Iin terms of hvdro and thermal gencra-

tions [5,8] {1isted in Appendix-C) as

n n P F ‘
= ¢ g P B, P, + g r B B_ P
ol ¥ j=1 st "33 "sf wsmELoyenEL o MY RY
n B ﬂ“ m
+2 X L a1 Byy Py (3.12)

J=1 wv=n+1

The loss coefficients Eij and 131,”.r are assumed to be availahble

for the given power system,



65

Equations (3.3) to (3.12) constitute the deterministic
model of the hydrothermal scheduling problem. Using these
equations and starting with initial feasible values for water
discharges, the optimisation problem can be solved efficiently.
However, this model being lnherently deteministic is inadedquate
to account for the random nature of the uncertaiﬁties which
unavoidably affect the input data and which can cause signi-

ficant channes in the solution of scheduling problem.

Next section briefly reviews a few of the papers avalle-
ahle in the literature which treat some of the aspects of
gtochastlie scheduling problem,

3.4 REVIEW OF LITERATURE ON STOCH2STIC
HYDROTHERMAL SCHEDULING

A review of literature reveals that attempts to account for
inaccuracies of the forecasted quantities such as system load
demand and water inflow at various hydroplants were first applied
to short range hydrothermal scheduling problem, These attempts
consider frequent updating of the system predispatch obtained
from the optimising method applied to the scheduling problem.
Ringlee [118] has developed a water usage monitor for making
on-line corrections for forecast error in load demand. Hara
at el {119] presented a procedure for determining a first-order
estimate of the change in the optimal schedule due to a small

order parametric change in load or water inflow,

For the long range shceduling problem, uncertainty about

river inflows and loads has been dealt with via two basic
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approaches:
- Methods based on stochastic dynamic progranming
- Methods based on non-linenr programming.

The list of references in [120-121] is rather comprehensive
in this area. In the following a brief review of stochastic

optimisation methods for multireservoir system is presented,

Aggregation of the multi reservolr and hydroplant
system into a single equivalent reservoir and hydroplant
model and solution by stochastic dynamic programming (spP)
is one of the earlier approaches that has been used E?ﬁ,lzz,
124] . The main disadvantage Oof this approach is a computa-
tional one, since full SDP for systems with more than three
or four reservoirs is computationally infeasible. Its main
drawback 1s that local constralnts on contents of reservoirs,
water flows, and hydroplant generapﬂrs are not accounted for,
Moreover, disaggregation of the equivalent reservoir release
policy and hydroplant generation among the actual reservoirs
and hydroplants in the system may not be straightforward. The
method does have usefulness, however, in a number of applica-
tions such as long range planning studles and can perform
satlsfactorily for systems where reservoilr and inflow charac-
terlstics and behaviour are sufficiently "similar" to justify

agaregatlon into a single reservoir and hydroplant model.

Application of SDP with successive approximations to a
parallel multireservoir hydro system has been reported in
[125~128]. The successive approximations involves a 'one-

at-a-time' stochastic optimisation of each reservolr, The
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procedure 1s repeated over all the reservoilrs until convergence
is attained. It converges monotonically in a finite number

of steps [125] . 'The SDP procedure yields “"locally" feasible
and optimal feedback reservoilr release policies. These
nolicies are not of the “global" feedback type and the solution
is sub-optimal in a global sense., However, when the SDP
successive approximations method is used to schedule the opera-
tion of the system in an “open-loop" mode, then the reservoir

release and cost policies are expected to be close to optimal.

A limited number of papers have reported the application
of non-linear programming to the problen of optimal stochastic
hydrothermal scheduling, Agarwal [129] presents an efficient
computational alcorithm using non-linear programming approach
with first-order gradlent technicues for long range hydro-
thermal scheduling so as to minimise the expected fuel cost
under the constraints of expected water avallable for hydro-
generation in a given periocd of time., The system varizhles
are in discrete form, and the water inflows and load demand are
stochastic, Duality decomposition [123] 1s arplied to separate
all the producticn unitg of the hydrothermal system thus
giving two simpler subproblems for sequential optimisation.
Thermal subproblem is solved using classical )\-dispatch
procedure whereas hydrosubproblem is solved by first order

conjugate gradient method,

No dimensicnality problem arises in this algorithm and

it can be used for multihydro and multithermal plants sche-

duling,
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soares et al [130] tackle the load demand uncertainties
using the technique of stochastic programming., Instead of
treating the load demand constraint of the problem a rigid
constraint, the authors of the paper define a new decision
variable which is the system total power supply. The objective
is.not only to find the optimal power generation levels at
each production unit but also the optimal value of the total
power supply. This is achieved by modifying the traditional
objective function of the problem by aucgmenting it with the
expected value of deficit and surplus of power supply over
the random load demand., The modified objective function is
optimi sed by forming the Lagrangian function which 1is defined
as a function of hydrogeneration, thermal production, Lagrange
multiplier and the new decision variable defining the system
total power supply. Principle of duality decomposition is
used to facilitate the partitioning of hydro and thermal
generation which are then optimised as independent subsystems
linked by a coupling equation. The proposed algorithm is illus-
trated throuch an example but is limited to an extent that trans-

mission losses are not taken into account,

Kothari [131] presented an alternate approach to the
stochastic optimal scheduling problem by considering the
water storages at the end of each subinterval as independent
variables inplace of water discharges. Thls formulation
reduced the number of constraints resulting in reduced computer

storage and computation time,
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3.5 PROBABILISTIC FORMULATICON

The review of literature reveals that most of the
algorithms incorporate uncertainties in the system load demand
and hydroreservolr water Inflows but choose a deterministic
objective functional representing thermal costs. & major
source of uncertainty in optimal dispatch 1s that associated
with cost coefficients ay, by, and cy [133]). Therefore, it is
of utmost interest to refine hydrothermal optimal power dis-
patch procedures which can consider the following:

- Stochastic cost curves for thermal power

generating units,

- Uncertainty in hy’roreservoir water inflows.

- Uncertainty in system locad demand.

The purpose of this sectlon 1s to provide a technigue which
permits scheduling of long range hydrothermal system probabi-
listically considering above uncertainties, The approach is
developed by posing a risk taking situation and considering
thermal power generations Pzi‘ water inflows J? and load
demand ﬁg during each subinterval as random wvariables, Any
possible deviation of operating cost coefficients and load
demand from thelr expected values is manipulated throuch the

randomness of variable P]:i'

With these wvariables stochastic, the optimisation is
formulated as the minimisation of the sum of:
- Expected value of thermal fuel costs over the

whole of the planning period
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- Penalty costs assoclated with the expected value
of the square of any possible deviations of the

random variables from thelr respective expected

values.

The objective function, therefore, can be written as

n 2 )
m =
E[:ﬁ {f_l (ay P':i + by Pr;i - ci}-!-p{?D +P!E ..zi PI.:i

- I Py2}] (3.13)
] 5y

2
The term EL{E’B -+ -I"l: -Ei Plzj_ - I_;j P:;j ) ] as derived in

Appendix-C.,1 simplifies to

n P p
I war Fmi + L L Cov{Pg PE )
im] - j=n+1 v=n+1 J* v

Variance of transmission loss has been neglected for conven-

ience of analysis.

The optimisation problem is formulated as follows:

- - n - 2 — — —
Min F, = ﬁ Lifl ( ay Pgi + by Fﬂi + Ccy+ay var ﬂzil

n
i L var P, + I L cov(e ,F") (3.14)
{1=1 si 7 4em wven Hy" Hy 2

subject to:

i) Expected load demand constraint

12::5 r}:i.l.jEHﬁE-E;_ﬂE =0 (3.15)
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This constraint implies that the sum of the expected values
of thermal power plant outputs and hydropower plant outnputs
mest match the expected value of the sum of system transmission
loss and system load demand at each subinterval. 'The expected

transmission loss iwm sub-interval m is given in Appendix-C,

ii) Expected storage continuity constraint,

?;*1-?5'-’-5‘;+u?=0 (3.16)

iii) Total expected volume of water available constraint,

¥H* ol M eidm =0 (3.17)
4 b W 3 omd

iv) Expected hydropower generation constraint,.

=T - =N Im m
PHJ = hy{ 140, 5¢, tz:-ﬁ; + 35 -0} @f- (3.18)
m
Qymin Qy -3 Qymax (3.19)
- < =m ¢
Psi.min - 51 = Psi'max (3.20a)
P CH <P (3.20b)
Hi,min = Hy = Hj max
Ejmin < E@ < ij masx (35491)
x; is assumed to be known with probability one for j€H and
M+1

expected final storage ij is specified,
The probability properties of different quantities for hydro-

rlants can be obtained as shown in Appendix-C,

3.5.1 Optimal Stochastlc Control Strateqgy:

The problem has been solved by forming the Lagrangian

function, obtained by augmenting the objective function of ean.
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(3.14) with various equality constraints expressed in terms

of expected values, through the respective dual variables, as

follows:
5 P | 3 EWE B, P 4o, +(3;4plct Fm’
.- = rﬁ { iﬂzs{ a4 Si+ L Ead ey +laj+p cvﬁ;i F‘si }
#0 F B covlP P, )= L LT E
jeH veH Hi® "Hv }1 ; =i i Hj

- = - m - . - =TT m (TI'I'
~BL-F 4 th Ay {pﬂj-hji.'lw...rcj{?.f}aj}mj}}}(Jr )

sy 5 BB 20PYS E g Ry ) -
5 3? 3 E"Q?} (3.22)
m m

During each subinterval, the control variables are the water
discharges through the turbines of the hydroelectrie rnlants,

The reservolr storages and the hydroelectric power aencrations
at the end of a subinterval are obtained from emns. (3.16)

and (3.18) respectively, Irrespective of the actual hydrogena-
rations, the thermal generations satisfy eqn. (3.23) for minimal
fuel cost and power transfer eagn. (3.15). These are taken as

dependent varlables.

The dual variables }.T. ),r;j and };r;j are obtained by ecuat-
ing the partial derivatives of the Lagrancian funection with

respect to the dependent variables to zero.

F‘r)“('.l)
i) = by+23, T, +(3+p).c2 5B
5 M ies 17°%1 “si i vP_y si
i
=] -ﬁm .
m D
M (- =) =0 5
2P

si
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2a(...) .a'f:’“

( ) =)5y = A = =) =0 (3.24)
ET’E jEH Azj M fﬁ{':
J j
'auliln'] m—l m m m =
() = A - A3y = A5 bjcy @ PP =0 (3.25)
By éh Je
] mA1

Aéj = 0, since the eguations associated with this set

of dual wvarliables are redundant,

With expected value of transmission loss as listed in Appendix-

C-2, the gradient vector is,

oa(,..) o . o
( 20" }_‘]EH- .:'i3_1"')h45' .}kgj hy {140.5¢y [E)fj + J‘} =
b
iivar{Pm] a . f" )
20';4»;?_1]} +p j_____l_?p cov (B4 Fyy)
d Dj vEH d Qj
vA]
" dvar{Pm ) dco-.rlpﬂ ,F}S ;
/\1 813 TE). . Biv b '
dDj veH o
VA j
(3.26)
or 0(eesl o
BQ'; }jﬂf Mg * Mg - )i?j h; {140.5¢c {'ZX’;
4 var (F".)
2 G By «pe ) B,.) Hi
g* 4 M B ao‘j
d cov{PE ”
. i lw
o L 1 B ] (3u2T)
veH \px Al v J d Qj

vA]
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where

I
d var(PHJ}jEH ;

= Zhj ci Q.- %J { var {ﬁ;1+ﬂ.25 var{J?}}

ﬁQ';
(3,28)

and

d cov [PH .PHV}

dﬂ? ) vEH g By cvfﬁﬂ- P§] iccv[x@' XE]

+ .25 cov {J?. J? 13 (3.29)

The dual varlables Adj are to be adjusted to maximlse the
Lagrangian function of eqn. (3.22) under the constraints of
other optimality conditions, The corresponding gradient vector
is

oal...)
=M+1 1 —m m

Im

The upper and lower limlits on the control variables are taken
care of by making these variables equal to the respective
bounded values whenever such limits are violated., PFor the
dependent varlables, these limits can be considered by aun-
menting the cost function through Fowell's penalty functian

[132].

3.5.2 Computational Algorithm

In the previous sections the probhlem has been formulated
and the optimal stochastic control policy outlined, Based

upon this, the computational algorithm is illustrated in flow
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chart shown in Fig, 3.2, It starts with the assumption of a
set of ﬁ4j and a fearnible get of Q? for hydroplants, The
algorithm is based on conjugate gradient method employving

decomposition techninue,

3.6 SAMPIE SYSTEM STUDY

A long-range problem with two thermal generations and

two hydroelectrie plants is considered here,

Incremental costs of thermal plants:

9% 0.B0 + 0.04 P
aﬁsl = - + -i- 51
oF, o .
BPSZ - L-,':" 4 O L0 PSE
Cyp = Q.10
g1 penalty cost p = 0,12
c = 0,10
VPS2

Data in per unit for the two hydroplants are presented in
Table 3,1. The water inflows and the standard deviations for the
6 subintervals are given in Table 3.2 The correlation coeffi-

clent between the water inputs for the same subintervals is

agsumed to be 0,5,
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Fig. 32 Flow chart for the stochastic optimal scheduling

of hydrothermal system.
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Table 3.1: HYDROPLANT DATA IN FER UNIT

Hydroplant

| 2
h,pﬂ'-;P 1.0, 0,1, and 0,1 0.6,0,12 and 0,05%

respectively respectively

Initial storages 10 12
Final Storages 10 12
Minimum and maximum Q.5 3.5 Qb 3.5
allowable discharges respectively respectively

el e L e e e e e e L L L ————

Table 3.2: WATER INFLOWS AND STANDARD
DEVIATIONS IN PER UNIT

T S S e i S e S e S A S S S N

m i} 2 3 4 5 6
me an
Hydro-
By antsl value 0 0,6 1.2 .2 1.2 1.8
standard
deviation © 0,172 G, 24 O, 74 0,24 0,26
me an
Hydro=- value o (& o 1.5 3.0 4,5
Flant 2 standard
deviation © W] o 0.3 0.6 C.9

T ——— T ———— T — T S S T i — T T T ——— " S e e s

The load demand is 8 p.u. and the loss formula matrix is

0,05 -0,02 0.01 0,00
-0.02 .06 -0.02 0.01
0.01 =0,02 0.04 0.c0
C.00 c.C1 C.00 0,02

With the initial wvalues of wariables gssumed as agiven in

Table 3.3, the optimal wvalues obtained through the technique
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of Section 3.5.2 are glven in Table 3.4. Table 3.5 gives

the deterministic optimal values.

Table 3.3: INITIAL VALUES IN PER UNIT

S S e S R N T S S N M e G S S T S S S —————— - — -

Sub- Water discharge Hydroelectric Thermal Power
Interval Power

% % Pty Plio P51 Pag
1. 0.9359 1,1883 1.6315 1.6178 2.7663 2.6672
Za 00,9672 1.1990 1,6374 1,5343 2.,00773 27110
3. 1.C0000 1,2500 1.6918 1.4965 2.7857 2.7116
4, 1.1540 1.2128 1.9942 1.4098 2.6030 7.6499
S. 1.2473 1,3592 21707 1.6782 2+3302 2.4444
6. 1.4515 2.2061 2.,5713 3.0692 1.3574 1.6158

Table 3,4: STOCHASTIC OPTIMAL VALUES IN PER UNIT

S S SR W S NN M M S TS R M S N S S S S S S S ———— " f— T — - —— i ——— —————————— ——— -

Sub- Water discharge Hydroelectric Thermal Power
Interval Power

By 2, P Pz Pey Psa
1. 0.7190 1,2031 Low:2 05T 1.6382 3.0903 ?2.8192
2 ©.8073 1.2136 1.3566 1.5519 3.0194 7.8090
3. 0.9449 1,2525 1.6226 1.4970 2.0302 .l S of
4, 1.1024 1,2302 1.9427 1.4274 2.6320 2.6585
5. 1,0369 189523 1.8281 2+:3911 2a2112 2.1856
6. 1.4266 2.2250 2.6239 22,9941 1.3622 1,6388

o ———— i —— - —— S S e e W . S S S S S e e T

Fuel cost = 25,7663 p,u,
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Table 3.5: DETERMINISTIC OPTIMAL VALUES
IN PER UNIT

Sub= Water discharge Hydroelectric Thermal Power
Interval Power

T T I

9 92 Py Pz Pey P52
1. 00,7454 1. 1578 1,2668 1.5756 3.0724 2.8256
2. 00,8048 1.2139 1.3498 1.5560 3.0161 2.8040
3. 0,.9554 1,2083 1.6400 1.4476 2,.8459 247540
4, 1.0660 1.2250 1.8702 1.4289 2.6790 2.6807
6. 139565 242452 25587 3.0345 1.3806 1.6399

e S S S S S S S e S S S S S S S T S S -

3.7 CONCLUSIONS

The uncertalnties present in water inflows, system load
demand and operation cost equation coefficients affect the long
range hydrothermal schedules., These uncertainties have been
effectively accounted for by imposing risk taking situation,
any possible deviation of operating cost equation coefficients
and system load demand from thelr resnective exnected values
is manipulated through the randomness of generator powvers,. &
procedure to obtain deterministic equivalent of stochastic
formulation is outlined., The deterministic esuivalent problem
is solved using duality decomposition principle in order to
obtalin simpler subproblems. This makes the solution of the

large scale hydrothermal sysiem porsible. The decomposed
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thermal sub-problem is solved by classical )-dispatch and
hydrosubproblem 1s sclved using conjugate gradient method
of Fletcher and Reeves. The method has reasonable rate of

convergence and modest storage reguirements,

The practical viability of the formulation is illus-
trated through a numerical example, Because of the tremen-
dous annual fuel cost in themmal plants, a small percentage
saving can be considered to be significant, thus justifying
the need for more accurate analysis and consideration of
randomness in varlables. It is noticed in the numerical
example that the optimal power generations of each plant are
considerably different in various sube-intervals, even thoudh

the expected load demands are the same in each sub-interval,

e ek
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CHAPTER = 4

STOCHASTIC OPTIMAL HYDROTHERMAL SCHEDULING WITH
CASCADED PLANTS

4.1 INTRODUCTION

In Chapter 3, a novel approach for incorporating
uncertainties in water inflows, system load demand and operat-
ing cost coefficients has been developed for the solution of
hydrothermal scheduling problem where the hydro reservoirs
are considered to be independent of ecach other., Scheduling
of cascaded plants in another important problem in hydro-
thermal systems. The motivation in this chapter is to
demonstrate the generality, effectiveness and practical
applicabllity of the novel arproach of chapter 3 by applying

it to hydrothermal scheduling with cascaded plants.

4,2 SCHEDULING WITH CASCRDED PLANTS

In practical power systems, situations exist where
there are several cascaded reservoirs on the same stream. The
problem becomes much more complicated because of a time delay
involved in water transport from upstream to the downstream
reservolrs. In such a situation discharge in a particular
sub-interval from an upstream hydroplant not only affects the
schedule in that particular subinterval but also the schedule
in some later subintervals depending upon the water transport

time delay. If there is a series of cascaded plants on the
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same stream, then a change in discharge for the first upstream
reservoir will affect the schedule in many subseruent subinter-

vals thereby increasing complexity of the problem,

The problem of hydrothermal scheduling with cascaded
plants has been investigated by many researchers[ &5, 79, 85,
134-136 ] using different techniques. All these techniques
used deterministic input data. To the best of the author'%
knowledge Nagrath & Kotharil [13?] were the first to tackle the
problem of cascaded plants with probabilistic data. They
considered uncertainties in water inflows and load demand and
used nonlinear programming approach alonowith gradient technique
for finéing the stochastlic optimal schedules. Soares et al [130]
applied a decomposition and ceordination techninue.to deal with
optimal operation of large scale hydrothermal system consisting
of general hydraulic networks with cascade plants, time delays
and spilling. They consider stochastic load demand but assume
deterministic water inflows. Thelr approach has been briefly

reviewed in Chapter 3.

In the next section a probabilistic formulation of the
problem is discussed which takes into account uncertainties

in (i) reservoir water inflows, (ii) operation cost coefficients,

and (iii) system load demand.

4.3 PROBABILISTIC FORMULATICN

A few justifiable assumptions are required to be made

to make the problem more tractable, These are:
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(1) Water inflows into various reservolrs on different
streams are statistically correlated during the
same subinterval but are independent during different

subintervals.

(11) The power demand on the system ls assumed to be

statistically independent of water inflows.

(1ii) The mean values and covariance matrix of the water

inflows are known from the past history.

The=ze assumption are fairly common in the Water Management
Problems,

In the proposed probabilistic formulation, the input
variables representing the water inflows, cost coefflcients and
system load demand are taken as random varlables. A risk
taking situation is posed in the problem. Any possible devia-
tions of random varlables representing cost coefficients and
system load demand from thelr respective expected values are
manipulated by treating variables Psi' representing thermal

power generations as random varlables.

The objective in stochastic hydrothermal scheduling
problem is thus, to minimise the value of the objective function
%T representing the combined system cost consisting of the sum
{1) expected value of operating cost of thermal generatdons,
and (1i) expected cost of deviations, a penalty term proportional

to the expectation of the square of unsatisfied load because

of the possible variance assoclated with random variables By
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and Pﬁj' The minimisation 1s carried over the planning neriod
of one year, while utilising the expected volume of water
avallable over the planning pericd, and satisfying the expected
power demand on the power system during each subinterval of
time,

Mathematlically, the problem can be stated as
Minimise

[ ( ' ) +p(
E|L L a, P + b, P + c )+p(P +P, =L Pt
{i ] i *si i sl i b™L 7 "8l

-1 P, )%} - (4.1a)
j B E

As shown in Chapter 3 (egn. 3.14), the expected cost during

a subinterval m is given as

- n
-— =]l -
FT - g [iil(ai ng *'Ei Psi + a4 var ﬁgi)

> 20 z ) o -
fp{ies Yar Ty +ijjonH (vth)sHCGv{ HY v H
subject to
- L B el o o b,2
(1) § Taa *(yfoyen B =D FL (4.2)

This constraint implies that the sum of the expected values of
thermal power plant outputs and hydropower plant outputs must
match the expected value of the sum ol system transmission loss
and system load demand during each subinterval. ‘The expected

transuission loss in subinterval w is given in Appendix-C.
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+2 L L FmB- Fm + L 1ivaer

jes (vuv,)eH 8J "Jv "hv ies

z L 7., P® s
*(3ui.yen (vumoyen v &Y (g P (4.3)

(1i) Expected hydropower generation constraints

F‘ﬁa = hy {1+0.5¢; (25@ 0‘5‘)} ( - 8 (4.4)
and -
F}I;.jo & hﬂu {1+0'5ch (zzgﬁ * Jjo b5 dg-r = QJO)}(d;Cb- Pjn)
(&4.5)

where jo is the index of the first neighbouring downstream

reservoir to plant j.

The expected storage constraints

B =Bl 0 (4.6)
= Ml -
Rl - Ho = o =G e iy - (47)

Total expected volume of water availability constreints.

fg*l-% —nzng-auid”jau | (4.8)

fﬂ;i-:{l _};3“.'-503‘*“1:&?‘.0 (4.9)

Jo  "Jo Jo



Uuin S d.-'} S Qpax (4.10)
Fsi,min s ng 5 pIsi,max (4.11)
Xgnin £ X5 S %y pax (4.12)

1

3 is assumed to be known with probapbility 1 for JjeH and
expected final storage §§+l is specified. The probability
properties of different quantites of hydroplants can be obtained
as shown in Appendix-D.

4.4 METHOD OF SOLUTION

The problem has been solved by forming the Lagrangian
function, obtained by augmenting the objective function of eqn.
(4.1b) with various equality constraints expressed in terms of
expected values, through the respective dual variesbles, as
followsti

2

2 .
Gl san) mE [ K {Ei r"‘:i *51 F-:i +(Ei + p) Cﬁp F:i)}

m jies sl

#w I £ cov(Ph., R )= (z PU
(jujo)er (vUv,)eH HY* "Hv Al 1eg 81

Pay = FL = Fp) + Moy [ Byy = h{le

L
*(3l3,)en JeH
0.50,(2% W35 - BN - e 2 B o -



hjoilaﬂ.ﬁcjnizfz]a + .-I‘;n . d;“r s dgo)} {Q:;G_ o))

m +l m m +L
* B Aoy (X% - %5 - T3« qy o M0 (%30

R Mg d“;f + dio )+ &

30 = 33 dyy (™ - % -2 Tl q

H m Jm 3

+ I Mjﬂ(fj";l-xl - B T -]';: d“'r+£d‘“

JoeH Jo m Jo J m .jﬂ}
(4.13)

The control variebles, during each subinterval, are the
water discharges, and rest of the variables are the dependent
m \m m m m
variables., The dual variables hl' )23- Azjo' }33 and AiJD
are obtained by equating the partisl derivatives of the Lagrangian

function with respect to the dependent variables to zero.

rau - - -
{“,—(.'Lu)')ias - za.‘L F":ii + b+ 2( ay + p) C‘nsz F’mi -
ani al =
oFL
: ) =0 (4.14)
1=
My ¢ P53
3&(.-.) e ™ *}Fﬁ
(== =)oy = A1 (- ) =0 (4.15)
2By (Jugo)en A2 = M 2P,
sl m-1 &
( 'ai‘é‘ z:,u,ji»)ga A3y - 33 ~ )gj hy GJ(LG - fp=0
(4.16)
1

'h33 = 0, since the equations associated wifh the set of

dual variables are redundant.



The gradient vector is

a (.. wl
{-%QTL)JEH = N33 * Mug Az By{1e0.505 (2™ T3 -

J
2di + f4 )} w0 d yer () +2p I ¢ covlFyijePyy)
J J adt (vUv_)eH 4
J v;‘j ddy
B d var (Pﬁj) b2 1 . d cov(Py,Ppy)
M ToE 1(vby yen 3V &
VA J

- M50 = Masom M250 hyo{240.50 50 (d"5 = fio)}
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})ﬁ{---) m m Eu*l
(T)asﬂ = W33 * hug= Azy B5{140:5¢5(2R5™ 5
o d var (Eﬂj )
- Edg + PJ)}-a-{p-r M Bj,j} "y *[vﬁv - 2{p+
J vA
5 ij} d cov (Pﬁj. Pﬁv} U S sl T
a dg 330" Migo T A2jo "o
{140.5¢,, (-t - %0)} (4.17)
Ja

- - m m
( e ).j:_H - )”-I-.jﬂ'b)‘fr,jo =230 hjo{lm.ﬁch{z ?"[,!jln *

?gﬂ + Q?;#r - Ed.g@ + P:l )} + (p+ }&l B 0’:]0}(1 \F&I'(PSJQ)
d ﬂﬁ'o
2 m cov{?ﬂ , %)
+{\-'l£ JElL {p+ Al EJQJV} d dhju H__ [4-18)
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The dugl Variables )4y and )y, are to be adjusted to maximise

the Lagrengian function of eqn. (4,13) under the constraints

of other optimality conditions. The corresponding gradient

vector is

da(ss) &

(g ~HT ey -2 Ty ez d] (4.19)

Lol PR o et o=t ol el

g 230 ™ o " %0 ™ T Tho T n G g o
(4.20)

4,5 STOCHASTIC SCHEDULING ALUOR] THM

(a)
(b)
(c)
(d)

(e)

(£)

Assume a set of hhj for (jujo)eh

Set m=l

Assume a set of Qy for (jujo)eH.

Calculate the expected hydrogenerations from eqgns.
(4.4) and (4.5) and the covariance matrix from egns.
(D.21)and (D.12).

AssumeJ)? . Calculute the thermal generations from
eqn. (4.14) by Gauss=-Seidel iterative method. Calculate
expected transmission loss from egn. (4.3).

Check for power transfer egn. (4.2). If this is not
satisfied within prescribed accuracy, repeat from
step (e) for a different value Gi}h? till power-

transfer egn. (4.2) is nearly satisfied,



S0

(g) Calculate )\33 for (jujo)eH from egn. (4.15), An;j
for (JUJo)eH and m > 1 from egn. (4.16), and the
gradient vector from egns. (4.17) and (4.18). If
this does not satisfy the optimality conditions given
by egn. (Cel2) within a prescribed accuracy, adjust
the water discharges using first order gradient method
and repeat from step (d).

(h) Calculate the expected values and covariance matrix
of storages from eqns. (D.5) and (D.6)

(1) If m < M, substitute m=m4l and repeat from step (c).

() Te solution, although it satisfies optimality condi-
tions, may not satisfy egns. (4.8) and (4.9). Adjust
hﬁj for (jujo)eH by the first order gradient method
with gradients obtained from equs. (4.19) and (4.20).
Repeat the procedure from step (b) until eqns. (4.8)
and (4.,9) are satisfied within prescribed accuracy.

4,6 SAMPLE SYSTEM STUDY

The problem with one equivalent thermal plant and two
series hydroplants (i.e., on the same water stream) is considered

here. The system is shown in Fig. 4.,).

Incremental cost of thermal plant
df ( i
—pr—— = 0.8 + 0.1 Paa
sl
Data in p.u. for the two hydroplants are given in Table 4.,1. ‘lhe
water inflows and the standard deviations for the six subintervals

are given in Table 4.2,



X1 | Reservoir 1
——~ Hydroplant 1
P,
. .
> Yoo

Independent Q1
in flow to
reservoir 2

Xy [#———1—— Reservoir 2

Thermalplant

|
— e —— e

R [

Hydroplant 2

Fig.41. Schematic diagram of a cascaded
hydro thermal system.
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The correlation coefficient betwern the water lnputs for the
same sublintervals 1s assumed to be C,5, HNo time delay is
assumed, i.e., | = 0, The load demand is 10.0 p.u. and its

standard deviation is 1.0 p.u,

Table 4.1: HYDROPLANT DATA, IN PFER UNIT

e —————— T —— i ———————— T — —— T T — —" (" . — ——— — —————————

1 2

b ©.5, 0,05, and 0.1 0.4,0,06 and

respectively C,1 respecti-

vely

Initial storages 25,0 25,0
Final storages 20,6 20,5
Minimum and Maxi- 1.0 and 4.0 1.0 and 4.0
mum allowable respectively respectively
discharges

The loss formula matrix is:
Bij' 0.005 for 1 = j

Table 4,2: WATER INFLOWS AND STANDARD DEVIATIONS,
IN PER UNIT.

I e | B LY . Yo . S e
Mean value 1.0 2.0 3.0 3.0 2.0 1.0
z§§::'1 SEARARYA 2 B i e e

daeviation 0.04 0,16 0,36 0,36 0,16 0.04

Mean wvalue 0.5 0.5 0.5 0.5 0.5 0.5

Standard @ T TmTT s mmmT eSS ssme s msme -
deviation .01 0,01 ©¢,01 0,01 0,01 0,01
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The optimal solution 1s presented in Fig. 4.2.

4.7 CONCLUSIONS

The novel approach developed in Chapter 3 has been success-
fully extended to hydrothermal systems with cascaded plants.
Numerical results are presented in Fig.4.2. The generality of
the stochastic optimal power dispatch is established. Inaccu-
racies in the operating cost coefficients have been tackled

for the first time for solving the cascaded problem.

¥ % v



Optimum Generation in p.u & discharge
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1

L i | 1 ]
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Number of Subintervals

Fig4.2.0ptimal values in per unit for cascaded
hydro system.
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CHAPTER - 5§

HYDROTHERMAL SCHEDULING WUSING FLETCHER'S TECHNIQUE

5.1 INTRODUCTION

Varliable metrie minimisation algorithms, also called
quasl=-Newton iteration algorithms, have proved to be the most
effective class of general purpose methods for solving uncons-
tralned minimisation problems. Thelr develomment is continuing
s0 rapidly, however, that the vast array of possibllities open
to a researcher wishing to implement such a method is daunting,
Such minimisation algorithms require the dretermination of the
step size accurately in each iteration such that maximum redue-
tion in the function value is achievedduring each lteration,
Powell [ 138] establishes the superlinear converaence of ruasi-
Newton methods with exact line searches for a function where
Hesslan matrix 1s positive deflinlte everywhere. OQuite obwlously
accurate minimisation along each search direction can be exrensive
in function evaluations and their aradients. Much more work
recently has been devoted to the question of convergence of the
methods when the linear searches are dropped in favour of
stabllity requirement: that function must decrease at every
step.

Under certain conditions on the second derivatives
including positive definltness of the Hesslan at the solution
broyden, Dennls and More [139} estalillshed superlincar conver-

gence when each step length is taken as unity. Powell [140]
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establishes convergence of BFGS algorithm without line searches
for arbitrary convex functions and that thls convergence is
superlinear 1f the Hessian matrix at the solution is positive

datinlia )

The common procedure now is to try the full quasi-Newton
step first and if this unity step length fails tc.satisfy the
criterion in use, to backtrack in a systematic way along the
direction defined by the step. Computational experlence has
shown the importance of taking a full guasi-Newton step whenever
possible, Fallure to do so leads forfeiture of the advantage

of Newton's method near the solution,

This chapter outlines the und&rlyinq structure of
Fletcher's technique [141] which avoids an inwverse interpolation
in performing the linear search and suggests an acceptable point
search procedure which takes the first point in some generated
sequence which satisfies some acceptance criterion, The
technicue 1s then applled to the problem of optimal hydrothermal
generation scheduling. The review of literature reveals that
Wadhwa et al [142 ] were the first to apply Fletcher's technique
to the solutlion of electrical power system operation problems.
They successfully applied the algorithm to the optimal load
flow solution. Recently, Bhatele et al [143] have used this

algorithm in reactive power optimisation,

5.2 FLETCHER 'S TECHNIQUE

The importance of the full linear search is that it

furnishes a property which enables finite termination to be
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proved for quadratic functions., Obvicusly the special prorer-
ties of the conjugate gradient and quasi-lNewtcn algorithms

are related to their use on quadratic functions, and for such
functions a single step resulting from a ruadratic or cubic
fit attains the minimum along the line., Thus the guadratic
terminal convergence will not be impaired if only a single
such fit is made at each iteration, and since the special
properties do not apply in a non-guadratic region nothing is
lost by not continuing the minimum in this case. Fletcher's
technigue gives weak step lenqth{gi}emCEptance criterion that
performsg well both in theory and practice, Fletcher's
technique solves the problem of minimising a non-linear
function subject to the avallability of gradient ¢ and non-
avallability of Hesslan G. Fletcher replaced the prornerty of
guadratie termination by a property which reqgulres that for a
quadratic function with exact Hessian G{:T?EF(Kk}] strictly
positive definite, the elgenvalues of an approximating Hessian

H to G must tend monotonically to those of G"'1

in certain sense
(he calls this “Property 1"). The success of Fletcher's tech-
nique is attributed to Fletcher and Powell updating formula[ 144 ]

satisfying Property 1 of Fletcher's technique.

Fletcher's technique solves the problem of minimising a
nonlinear function subject to the availability of a gradient g

and nonavailability of a Hessian G.

Let xF be any point at kth iteratlon of the =solution,

Expanding the function around xk and using Taylor's series upto
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first order term

Pty o thk + aX) = F{Kk}+ v E Pi%y, o - (5.31)
aF = P - w0 =9TF ax
. T
AF =g t Koe2)

where, gT(Xk} VTF{xk] and t=ax = X1

In Fletcher's technique linear search is dispensed with,

The abandonment of linear search requires that -something is

done tc force a sufficlent large decrease In F at each iteration
to guarantee ultimate convergence. However, to ensure the effi-
clency of the algorithm without linear scarches, it is necessary
that only one evaluation each of F and g be made in an iteration,
except on rare occasions [141] « Many suggestions have been

k

made for the method of choosing step length a”., The requirement

that F[)e{ﬂ'] < F(}(k] is not sufficient on its own. Most use the

fact that

F(xX**) - p(xX9)

gt

to ensure that the step length is not too small and so prevent‘
premature convergence. Similarly the decrease in the wvalue of
the function should be sufficient to ensure that the line
minimum has not been too wildly overestimated., Equation (5.2)
implies that it is not desirable that F be very different in
magnitude from gT.t. Fletcher's [14IJ original suogestion is that

by choosing successively
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k

4 = 1U'-j

j*ﬂl 1;-1-; (5.‘]]
the change in F relative to th cannot become arbitrarily small
- &

L F
0 ¢ tolerance E ;f £ for tolerance ¢ 1 (5.5)

unless the minimum has been found,

This presumes

T

g t<0 (5.6)
to ensure 'downhill' direction. Fletcher recommends the value
of tolerance equal o 0,0001. However, if the point is not
acceptable, he uses a cubic inverse interpolation to reduce @,

with the proviso that ©.1¢ be the amallest value permitted to

generate the next step in the search,

In any practical program a test of the condition given by
egn., (5.6) is advisable before proceeding with any search along

t. It is also desirsble to insist that

(5.7)
k

where y =g - g

since this guarantees the positive definiteness of Hk+1.

In Fletcher's technique, the direction vector 4 is given
by
4 = - Hg (5.8a)

and the correction t is determined by

t = -a Hg (5.8b)

where the value of a 1is chosen to satisfy inequality (5.5).
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Fletcher 1ls confident that cholce of g=1 1s not too small.
Therefore, he tries the estimates of @ as given by eqn. (5.4) and
he accepts the first estimate that satisfies inequality of
expression (5.5) with choice of tolerance [ 141] equal to ©,0001,
In practice, he finds that in most iterations the value of g =1
is satisfactory. However, no guarantee can be given that these

values could be the optimum when applied to power systems.

Goldstein and Price [145] have shown that if the approxi-
mate inverse Hésaian H tends to the actual lnverse Hessian c~1
when converging to the minimum of a non-quadratic function then
eventually towards the end of the optimisation thé cholce of
a=1 will always be preferred and convergence will be superlinear.
It is expected that this behaviocur of the technique will occur
in most cases and so the efficiency of the method in eventually
rerquiring only one evaluation of F and g per iteration is

The only other recquirement imposed by the algorithm is that
H should be positive definite., Consequently, the most common
choice is to set H=I (Identity matrix) and this can usually be
expected to perform well. '"Property 1' defined by Fletcher as
has already been mentioned requires that for quadratic functions
the eigenvalues of H must tend monotonically to those of g >
and it is proved that FP updating formula given by eqn. (5.9)
satisfles this property and, therefore, becomes a sultable

candidate to update H in the algorithm envisaged [ 141),
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E X (< 1:k {Hk}T yk{ yk}T He
H" ™ s H * S PN i (5.9)
{E:") v ( ijT Hk Yk )

However, the updating of Hesslan as given in FP method makes
the matrlx sinqular for large systems as the optimal solution
is approached. Therefore, it is desirable to find out some

other method of updating.

The updating formula due to FP maps y into t in the H
space i,e. ﬁk+1 yk = tk.

Fletcher's updating formula is based on the recursion

relation for inverting the matrices and is given below:

¥

X, T X ;KT
Gy~ [ —-E—---.E-Yk(; } I ol el i 2 k{; }k J
(t*)" y (51" ¥
yk{YkJT s }
+ 110
(tk]T yk

This relation forces (Hk+1)-1 tk = yk.

Now a simple interchange between t and y i.e. t» v 1is made

in egn. (5.10) and a formula for updating H is obtalned as

k T k,T k kT
Hk"_ln[lht(yk} Tan LU T

+
{tk}T ?k {thT yk 4 {tk}T yk
H]( tk (‘_Vk}T Hk Hk }"k{tk]T {}Fk}THk yk
- - = +(1 + )
EEE T W
k., k,T
ft_{t_]._) (5.11)
)T ¥
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It is seen here that the correction to the Hessian is done in

a space that is spanned by t and Hy. The use of the FP formula
for updating as 1s menticned earlier results in singularity

for large systems as the optimal solution 1s reached and if
formula given by eqn. (5.11) 1s used alone then H may tend to
unboundedness. Therefore, a comblination of two formulae given

by eqns. (5.9) and (5.11) is necessary. In Fletcher's technique
updating of Hesslan is done by making use of either eqn. (5.9) or
eqn. (5.11) depending upon certain criterion, This criterion

keeps the Hessian away from singularity and unboundedness.

L {?R]T i fyk}T X Ek use eqn. (5.9)
lyk}T tk {_(yk]T u® yk use eqn. (5.11)
It is seen that in tha.initial stages updating by eqn. (5.9)
behaves nicely and as the process tends towards optimal solution
and Hessian exhibits singularity, the updszting is switched over
according to eqn. (5,.,11). The updutineg scheme 1s such that for
quadratlc functions the eigenvalues of H tend to those of g1
which cguarantees positive difiniteness of the matrix H in
successive iterations,
The Fletcher's technique, therzfore, has the following
characteristics:
i) The linear search is avoided;
ii) The property of guadratic temmination, whose relevance
for general functions has always been ~uestionable,

has been replaced by another nroperty in which the
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approximation to inverse Hesslan tends to the
inverse Hessian G_l by updating the H matrix accord-
ing to a particular strateay with a convex c¢lass

of formulae.

<1 PROBLEM FCRMULATION

The eptimal power dispatch problem is to minimise the cost
of generation for a given load demand subject to system equality
and inequality constraints., The required deterministic problem
formulation of hydrothermal optimal power dispatch has already
been discussed in Section 3,3, The constrained minimisation
problem is transformed to an unconstrained one by-using Laarange
mualtiplier technigue. The problem has been solved by forming
the Lagranglan function, obtained by auamenting the objective
fuction of eqn. (2.10) with equality constraints of eqns. (3.3)
to (3,6) through the dual variables AT ; Agj' Agj and ,A4j
respectively as follows:

: 2
ﬁ{--.}-ﬂ{ﬂ [aifﬂsli*biﬁmi+ci}ﬂhl(£b’mi+z'gm

m ies ies ° Jen Ha

- EFD ) e z )123 { & Hy (14050 (2x3wg - d5))}

(a3 = @@;g ™ - - 05 e dle 5 ), 080 SR,
- i J'l:; +£ag? ) (5.12)

uring each subinterval, the control variables are the water

discharges through the turbines of the hvdroelectric plants. The
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hydroelectric storages and the pouer generation at the end of
a subinterval are obtained from emns. (3.3) and (3.4), respec-
tively. Irrespective of the actual hydrogenerations, the
thermal generations satisfy egn. (5.13) for minimal fuel cost
and power transfer eqn. (3.6)., These are taken as dependent
varlables.,

The dual variablea.hqa }21 and Agj are obtained by
eéquating the partial derivatiwves of the Lagranagian function

wlth respect to the dependent varlables to zero,

:?M"'} ) b m ¢ L } w0 (5.13)
e e = 2a. T - 1= =—— = 5.13
9, ies 17 et T A AP
Pt | - 1y
() = ) )T - 2L o (5.14)
EDPHJ jeH Epl:-;j
26 (...) -1
(=5 = )33 = M35 - Moy P, oy} f})=0 (5.15)
P 3 mE£1 j

S e

1
Ajj = 0, since the equations associated with this set

of dual wvariakbles are redundant,

The gradlent vector is

da(...) i §
{T}EH = )35t )ay - A3g Py {].+C-.5cj{2>f§ +

m
-2+ )} (5.16)
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The dual variable;;}dj are to be adjusted to maximise the

Lagrangian function of eqn., (5.12) under the constraints of Other

optimality conditions. The corresponding gradient vector is

00(a..l
)i

(

) =x* s B sz oa (5.17)
jeH b 3 b d 4

The upper and lower lim!ts on the control variables are taken

care of as described in Chapter 3.

5.4 COMPUTATTONAT, BRLOGORTTHM

The computational algorithm is baszed upon Fletcher's
technique using principle of decomposition. The comrutational
aloorithm is 1llustrated in flowchart shown in Flg. 5.1. It
starts with the assumption of a set of ﬁﬂj and a feasible set

of control wvarlables Q? for all hydroplants,

5.5 SAMPLE SYSTEM STUDY

2 long range problem with two 'hermal generations and two
hydro-electric plants as outlined in section 3.6 of Chapter 3
is considered to study the implementation of Fletcher's technique,

The relevant deterministie data of the problem is given below:

BFl

T-P =D.8G +0¢04 P’-"l
d 81 =

9F,

ot = 0,78 + C.086 P"'E
L}'sz =
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WEAD N SYSTEM
INEGAMATION
ASHUME A SET DF Ay
FOR jEH
1
" ASSUME A SET DF o,
FOR J kM
. CALCULATE  HYOROGENERATION
FROM  eqn, (3-4)
CALCULATE * THEAMAL GENERATIONS BY ITERATING
ON  A™ IN aqn (5:13) AND SATISFYING  eqn (3-8)
WITH  THAMSMISEION POWEW LDSS CALCULATED
FHOM  agn. [312)
CALCULATE 3™ FOR J¢HM FROM aqn. (514} AND Ay |
FOoR_ J ¢ FROM sqnds-15) [FoR may, SET Ay, -0
[ CALCULATE  GHADIENT VECION  FROM  sqn. (5 18) J
P
o CHEELH i
~ FOR CONVERGENCE ™ MU
=] USING e
i | L U e _i e gy
:'['“_S CALCULATE DIRECTION

2 : S VECTOR  USING A5-
ME THF  STORABES FROM equi3-3) et ot

WO CALCULATE THE STEP SIIE
GIVEN BY eqn.(5-8k} USING

sqna. (340 AND (5.5)

s
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Fig. 5 Flow chart for the optimal scheduling of
hydrothermal systems using Fletchers Jlechnique.
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Data in per unit for the two hydroplants are presented in
Table 5,1. The water lnflows for the six subintervals are
given in Table 5,2,

The load demand is 8,0 p.u, for each sublinterval and the

loss formula matrix is

{'0.05 ~0.02 0.01 0.00 |
-0,02 0.06  -0,02 0.01
0.01 —0.02 0.04 0.00
0.00 0.01 0.00 .02

Table 5,1: HYDRCPLANT DATA IN FER UNIT

SR R NS i 3 — " - —— T —— S —————— " " S —— i S 555

Hydropl ant

=cThet (R S TR - - UL e . - SO

oGl 1.0, 0.1 and 0,1 0.6,0.12 and 0.0%

respectively respectively

Initial S+torages 10 12
Flnal Storages 10 12
Minimum and maximum 0,5, 3.5 res- 0.5, 3.5 res-
allowable discharges pectively pectively

o —— T T T e S S i S S s i o

Table 5,2: WATER INFLOWS IN FER UNIT

S S S  — —— T —— o S S Sy S . e S

Sub-—
Interval
Hyc‘irc:m" 1 2 3 4 5 3]
plant
1 0.0 0.6 142 1.2 12 1.8

e N S S I S S o e e o o o S i e S . . o e
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With the initial values of variszbles assumed as agiven
in Table 3,3, the optimal wvalues obtained through the Fletcher's

technique of Section 5,2 are given in Table 5.3.

Table 5.3: OPTIMISED VALUES IN PER UNIT USING FLETCHER'S

TECHNIQUE
"""""" Water Discharges  Hydrogenerations  Thermal geners
= per unit per unit _ tions per unit
Q) % P B2 a1 P2
1 C,7456 1,1575 1,2672 1,575%53 3.0720 2.8256
2 0.8048 1.2138 1,3498 1.5560 3.0161 2. B040
3 0,9554 1.2083 1.6400 1.4476 2.8459 2.7539
4 1.0659 1.2250 1.8701 1.4290 2.6790 2.6807
5 1.0806 19573 1.9109 2.4100 - 0 [ 1 241467
6 143877 2.,2531 2.5436 3.0447 1,3858 1.6392

T —— i ——— ——— T s S e e S

Fuel cost = 25,6343 per unit

5.6 CONCLUSIONS

To the best of the author's knowledae, Fletcher's technique
has been applied for the first time to optimal power dlspatch of
hydrothermal systems. A common feature is the eliminaticn of the
uni-dimensional search at each stage which makes it more sttrac—
tive due to simplicity, efficiency and ease of implementation,
The algorithm has been programmed and anplied to a hydrothermal
system comprising 2-hydro and 2?-thermal systems. It has been
found that the number of iterations for the solution of primal

problem are much less as compared to the conjugate gradient
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method but at the expense of accuracy as the solution converges
to suboptimal one compared to conjugate gradient method because

of large value of tolerance for the dual problem.

%k k¥
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CHAPTER - &

CONCLUSIONS

6.1 INTRODUCTION

This chapter presents the salient contributions of the
thesis as well as brief statement concerning a few recommenda-
tions for further research., The original contributions are

listed and discussed,

Byl RESEARCH CONCLUSIONS

This thesls has investlgated in terms of probability and
statistics, the feasibllity of quantitative representation of
inaccuracles and uncertalnties of the input data for the optimal
power dispatch problem, The following contributicons result from
this research:
le Stochastic optimal thermal powver dispatch problem has
been formulated and the solution of the new formulaticn has
been obtalned by direct extension of the existing methods
of analysis., The possible economic significance of the stochas-
tic formulation has been illustrated by carrying out studies
on a large sample system. The resesrch stresses that the
deterministic schedules may result in the lowest .expected
cost but the cost associated with such schedules has relatively
large varliance which can be interpreted as risk measure.

Deterministic schedules, therefore, render the soluticn non-optimal
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to a power system analyst who would like to avoid the risk
element, The new formulation proposes that to generate a

robust optimal thermal power dlspatch procedure, the power
control engineer should take into account of a second best but
deterministic equivalent approach which 1s to minimise simulta-
neously the expected fuel cost and its sensitivity to deviaticns,
thereby imposing additional penalty costs proporticnal to the
expected value of such devlations. The proposed stochastic
model results in an enhancement ©f the optimal walue of the
expected cost over the classical detemministic dispatch model.
The resulting increase in the value of the cost has been inter-
preted as the risk premium which a power control engineer is
expected to pay in making risk aversion decisions‘fﬂr accounting
of the inaccuracies in the 1input data., Results of the sample
system demonstrate the sultabllity of this methed for applica-

tion to a actual power system.

- Hy"rothermal scheduling problem has been analysed using

a stochastic decision model. The uncertainties present in the
water inflows, system load demand and operating cost coefflclents
have been effectively accounted for by characterising the problem
variables stochastic rather than deterministic, A deterministic
equivalent of the stochastic formulation is obtained. The
deterministic equivalent problem has been solved using duality
decomposition in order to obtain simpler subproblems recuiring
lesser storage and computation time. In each sub-interval, the

thermal subproblem has been solved by classic dispatch and
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hydrosubproblem has been solved using conjugate gradient
method, The practical viabllity of the formulation has been

demonstrated through a sample systen study.

3. The generallity, effectiveness and practical applicability
of the stochastic formulation has been further demonstrated by

applying it to the scheduling of cascaded hydrothermal systems,
Inaccuracies in the operating cost coefficients have been

tackled for the first time for solving the cascaded problem,

4, Finally, hydrothermal scheduling problem has been solved
using Fletcher's modified variable metric method which avoids
an inverse interpolation in performing the linear search and
implements an 'acceptable point' linear search procedure, It
has been found that the number of iterations for the solution
of the primal problem are much leas as compared to conjugate
gradlent method but the soluticn converges to suboptimal reolint
because of increased value of tolerance for the solution of
dual problem. Adnittedly, the alcorithm in present form cannot
ke implemented 1n view of convergence to suboptimal solution

but further investigations are warranted to overcome this

difficulty.

6.3 FUTURE LINE OF RESEARCH

Additional research topics include:
1, The question of optimum power system operation with
respect to multiobjectlve functionals lacks an answer so far.

It would be worthwhile to investigate these problems using
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avallable theoretical results. The multiobjective formulation
is particularly amenable to sensitivity analysis. A sensitiwvity
index as a function of the relative size of the perturbations in
the solution due to varlations in the parameters could be snew-
cified, Once the index is specified, it can ke included as an
additional objective to be minimised in the multiobjective

systemn,

9. Unit commitment forms an important part of operaticn
planning of power systems. In the economic operation problem,
reasonable schedule for generating equipment and economic power
dispatch can be obtained as part of an integrated operation
schedule by including uncertainties in operating cost coefficients

as well as in start up costs of each unit,

3. A more comprehensive analysis may be carried out by incor-

porating risk aversion in optimal power flow studies.

4. Developing efflcient simulators and on-=line controllers

for implementing the optimum strateqgies is another area of

cndeavour.
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APPENDTIX - A

EFFECTS OF ERRCRS IN ECONOMIC DISPATCHING OF
POWER SYSTEMS

An analysis of the effects 0f errors in the economic
dispatching is important in understanding and choosing the

accuracy re~ruirements of the components of a dispatching system.

This appendix contains a derivation for calculation of
chance 1in fuel cost for wvarious values of load demand and
derivation of eypression for hourly loss in operating ecconomy

resulting from error in incremental cost representation.

P | CAILCULATICN OF .&FT FOR VARICUS VALUES OF P

D

let Fig. A.1 represent the exact incremental cost-data

for a given 1ncremental cost and the corresponding value of
ke £

PD. Let the values of Psl

incremental data be denoted by P;I and Péz.

and PS ocbtained with the exact

2

If the modified incremental-cost data is used, different

will be obtained for the same wvalue of PD'

1lu of P and P
values s = =

1 2

let these values of Ps and p"

"
and Ps2 be denoted by B age

1 1

In going from Pé? to P;z the fuel input to unit is
increased hy
i 1 1
Fo = ayPp +by Py
Fll‘ = a pllz + b p“

2 2 e 2 g2



Incremental cost-A

132

Incremental cost-A

FigB1 Simplified system representation
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2

OF,=F4-F) = a, (P47

l2 1]
sWE=Fs - Pl,)4b, (P}

-

I
& psz}

ZazP;2+b2+Ea P'_ +b

2 82 "2
o £z wo_m
or F, = EPSZ FEE}{ 3 }
P aF
(=2 ) + ()
52 52
= [ - ] ar_,
wherEan?=P;2_Pég = change !n generation on unit 2.
ar aF
2 [T — 2 e "
fapszj = 3F_, ©°F Fs2 = Fs2
4 PRTRETILI TR o [
{E?EE_J TaP e tor Pap = Fys

Since the load dropped by ©ne unit must be picked up by the
other, the change in Psl must be equal and opposite to the

chanoe in Ps Thus

oe

P = - 4P = A4ap
o =1 52

Therefore, the change in total fuel input is given by
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AFT=£&F1+&F2 :
% Fy dz 1
: {E':ap R }]-[{ :r+|: B
dF " dr §
1 2
Bk i) = (i)
dPsl dpsz
Therefore,
dF ar
ke 1 ’ Ao P
afF. e[ (==2) = { R (a.1)
T dFsE dPSl 2

Using eqn. (A.1), QF& may be quickly and accurately calculated.

A2 DERIVATICN CF EXPRESSTON FOn HOURLY LOss I OPERATING
ECONOMY RESULTING FROM ERROR IN INCREMENTAL COST
REPRESENTATION

It is required to calculate the loss of operating economy
involved when the incremental operating cost associated with

two units is modified.

dFl
Let S5 = Eal P51 + bl : and

sl
dF2

= 2a, P + b

dps? 2 " 82 2

dPI ar
Essume that ==— 1s multiplied by (1+€ ) and that =z— is
dFsl dpsz

multiplied by (1- ¢ ). The new schedule obtained is given by

solution of equations:



(1+4€) | 2, PY & b1] s e [za,ngz.mz ]

A

P". 4 P"_ =P

sl 52 D
civing
. 2a, Ppll-€ J+b,(1-¢ )=k, (1+ €)
. 2a, (14 € )+2a,(1- €)
iy 2a1PD{1+£J +b, (1+ €)-b,(1-¢ )

Eazllna l+2aI{1+a )

Taking the case of two ldentlcal units

231 = 232 = 3
]'_'.11 = ']::l2 = b
P
" prer) D 1_-—"‘
psl g M RD = B a

135

The shift in loading for each of the two identical units may

be computed from the expression

P
D
AP = == _ PpP"
2 Psl

F P
D D b
5 -[2— {l—E}—Ea ]

a
= P_ +Db
o 2D ) €
a
The hourly loss in fuel economy is given by eqn,

ﬂF? - PD dFI ”

) = a ':2—~ + AP)4b , {dp—} =al i LAP)4b

dF sl

s2

(A.2)

where
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oP
7a AP ———

e
)
]

AF_. = a AP (A.3)

Substituting eqn. (A.2) into eqn. (aA.3)

2 2

; 3
A =[%Pb+b] - (a.7)

For the case of two identiecal units, with no transmission

losses, the incremental cost of received power is

a P + b =} (a.4)

Adding eqns. (A.4) and (A.5)

PD + b (A.6)

I
rala

substituting eqn. (A.6) into eqm. (A.7),we obtain

2
o e 7

It is seen from eqn. (A.8) that the deviation of fuel economy
varies as the square Of errore.

Equation (R.7) expresses the loss 1n operating economy in terms
of the total generation as

g2

I | 2 =
AFg = ( 5 PD+b} =

Equations (A.7) and (A.8) arc applicable only when both units

are unconstrained by minimum Or maximum generation limitations,
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APPENDIZX - B

EVALUATION OF COEFFICIENT OF VaRIATICHN OF
GENERATOR OUTFUT

This appendix describes a possible method of Monte Carlo
simulaticn to obtain sample estimate of the expected value and
variance of generator output variable via incremental production
cost model incorperating random coefficients. The ratio betwen
standard deviation and mean of the output variable is computed
and interpreted in terms of coefficient of variation of the

generator,

B.1l EVALUATION OF COEFFICIENT OF VARIATION

Consider an exlsting power system with (n-1) thermal generat-
ing units operating at egual incremental production costs to
supply a svstem load. Knowing the wvalue of incremental produc-
tion cost, the power outputs of Individual generators can be
calculated. Fig.B.1 shows an additional nth thermal generating
unit brought on to this system to pick up increasing load on
the system, If the incremental production cost equation of
this generator is stochastic and incorporates random coefficients,
then for a particular valuve of system A, the generator output

is random and is given by

= _.J':'_'-h_ ':nnl:'
Ja

The Monte carlo method essentially consists of the generation

of a large number of repetitive solutions of the incremental
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procduction cost model from which sample statistics of the
generator output can be calculated using eqn. (B.1). Random
coefficients are introduced i;tc the incremental production

cest e juation in a manner which conceptually simulated the

way the uncertainty enters into these coefficients. These
cocefficients being estimated from experimental data are assumed
to he normally distributed random varisbles., If only two nara-
meters, such as mean and standard deviaticn, are known for
normal distribution, it represents the maximum known information
concerning the random variable. Each of the values of the random
variables employed were computed by adding the generated [146]

random variable to a deterministic guantity as for example:

w
]
1]

+G§vEN

adéition of the random error (%y) having the desired distri-
bution to the deterministic cost coefficients (a and b) yielded
random variables that were used in simulation. ¢, and cp are
ensemble standard deviations of normally distributed random
variables. Characteristics of the random wvariables can be
controlled through the wvalues of o3 and e Table B.1 gives
the values of coefficlent of variation estimated from sample
mean and sample standard deviation of a sample of 100 values
with 10 percent coefficient of variation for 'a' and 'b' coeffi-
clents of production cost curve. Studies with different values
of A in egn. (B.1) for any generator for which its output

lies between minimum and maximum generation limits, did not
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give much variation in its coefficient of wvarlation, For
example, in plant 8 of the léfge system [2] studied, values
of A lying in the range 1.7 to 2.3 changed the coefficient of

variation from 14 percent to 12.5 percent,

Table B.1: COEFFICIENT OF VARIATION OF
GENERATOR OQUTPUT

- ——— — T — i — i — —— i —— . T — . —_—— v — ——— ————— -

Plant Value of Estimated wvalue of
Number coefficient of vari-
ation (%).
1 2.40 20
2 o R 17
(3} 2.10 11
i 2.10 13

8 2.00 i3

S A S S Sy e S . S g
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APPENDIX-C

PENALTY COSTS, TRANSMISSION 10SsS, PROBABILITY
PROPERTIES OF HYDROELECTRIC GENERATION AND
OPTIMALITY CONDITIONS

This appendix contains derivation for penalty costs,
expected transmission loss and probability properties of
hydroelectric generation. It also specifies optimality con-

ditions for convergence of NLP problem.

Cel EVALUATION OF PENALTY COSTS

Thernal Power Plants:

The load demand constraint as given by egn. (2.17a) is

Expected value of the sqguare Of any possible deviations
of the random wvariables PSi from their respective expected

values is

= = 2
E {(PD + Py - E Psi} ] (C.1a)

Assuming random wvariables Psi to be statistically independent,

ean., (C.1a) simplifies to

Therefore, the nenalty cost is

psf % var {Psil ]
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Hydro Power Plants:

The load demand constraint as given by eqn. (3.6) is

o~ —m w[T) =

z Ppi + L F = P_ + Fm

ig= = JeH
Expected walue of the sguare of any possible deviations of the
random variables PI:i and P;:j from their respective expected
values 1is
2
)

EL(_E+L.FE- FoEat. OB

X Cogifs]
tes 5% jem M ]

Asczumiag random variables Pn;i to be statistically independent
and random variables P;j and P;v to be statlstically correlated,

egn., {(C.1b) simplifies to
¥ sxar P, + E L cov(pl., L
ie s si JEH veH Hj Hv

‘.«rhereE[F;:'.Pm ]:T‘—‘m . P +CD‘V[:Pm.,PI}::I

h: Hv

Therefore, the penalty cost is

mo_m
po[ & war (Fl.) & X I CoviBi,a.F. )] (c.2)
1€s = jeH veH 37 Hy

Lo EXPRCTED TRANEMISSICN 1055 MCODEL

Thermal Fower Plants:
The rondom transmipgasion loass as expressed in tepms of De

coefficients is given by
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P. = L L P

B P
ies Jjes si "1j “sj

with random variables Py statistically independent, the

expected transmission loss is,

Elp: la I i - TR - e + £ B;; var(pP .)
L s JiEs gl ~ii Tgd s ii si
{C.3a)

Hydro Powyer Plants:
If n is the number of thermal plants and (@-n] is the
number of hydroplant, then the random transmission loss as

expressed in terms of Becoefficients is given by

e n n b P
g » Y B B e Y L B B B
L i=1 J:] si ij &j u=n+1l v=r4-1 Hu “uv Hv
n B
42 F L gt g B {Cc.3b)

j=1 wven+l Al “dx "8

With random wvarlables ﬁ:i statistically independent and random
variables Pﬁi‘ Hv statistically correlated, the expected trans-

mission loss 1s

n n P P
B[P]e 3 I ¥, ¥. & I P a2 em
L i=1 j=1 si "1 “sj gentl ‘wmnaq POy He
n k 5 ”
P L
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P P |
? J=§+1 v=1i*:1+1 Ej“' ik {Prfgj' p];:v} _ (C.4)

C.,3 PROBABILITY PROPERTIES OF HYDROELECTRIC GENERATION

Water inflows into the reservoirs of wvarirms hydro-
electric plants are assumed to be statistically correlated
during the same sub-interval but inderendent at dirferent
subintervals,

Storage continuity equation gives

:ad‘j""l - x’; + J';' - -:f; (c.5)

Expected value of eqn. (C.5)
=M4q =ITi = _m :
I, c.6)

Corresponding variances are

var {ijl} = var {f;i +var{J?] (c.7)

Knowing the variance of xﬂ and variance of J?, variance of
f“;l can be found from egn. (C.7)

Similarly,

CDU{X?+1 .Xﬂ+1 ]=Cov(x?; xmv}+ Gov{Jm, Jﬂ}' (c.8)

The expression for hydropower is given by

_ m (]
':Panj}jEH = hy {140.5c504+35-dD } @5~ 9

m .,
FHJ(JEH‘ is random because of rondomness associated with
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variables :{‘; and Jl;.

Expected value of hydropower is given as follows:

=m - - m I
By -:E[P:j]- hJ{1+D.5cJ{2)E;'+a’"-uJ}}{Qj- P_1}

]
(c.9)
=m |2
Var (¥}, 5o,y = B L, - Fi? ]
= hi [D?- Fj}zcg{var{}f;}-tﬂ.RS var(Jl;}}
(c.10)
{ g, o P, o) (" Wy )
Cov (Fyye Py jen | HI® ThHv {var (Pyy).var(Py,
vEH
where P(F’:U. ng} is the correlation coefficient.
Taking P{PEJ, P;:V] = 1
Cov(F,, Py,) =hyh (- PP~ Aey ey cov XD
40,25 cov(Jy, 30)} (c.11)

{ Ccv{){;"'l .)Q"'l] } . - E[ (}{;+1_¥;+1} “{f;-bl _3{\'1-1} ]
veH '

where f;"'l , 1s the random value of the storage of the j-th

plant at the beginning of (m+1)th suhinterval,

m+1 _ . gm m
Now Xy —)J;+Jr;-{]]
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chl#§+1. ﬁ3+11 = cov (X}, H$}+ cov (J7, Jﬂ}

Because

E [ I::-E“—':??} (-3 1=0

E [ (5T o-Xpl=o

c.4 OPTIMALITY CONDITICNS

Optimal conditlons fmr'an objective function f(x) to

be minimum under the constraints Xy 4, § ¥ $ Xy, are
af (x} < <
aflx) > o if = X (C.12)
ax; | - %X imin .
af(x) <
d){i i L] if J{i 1= ximax
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APPENDTIX~D

PROEBABILITY PROPERTIES OF CASCADED HYDROPLANTS

This appendix contains probability properties of hydro-
electric systems with cascaded plants.

wWater continuity equation gives

+1 m

ij = “@ 24 J? =4y (D.1)
1 g |

xW;D - x?a g J?ﬂ & Q? - 0?0 (D.2)

Taking expectation of egqns, (D.1) and (D.2), we cet

= X+ T - (D, 3)
_?;1 im + 3? +Q?'T —ﬂ?a (D.4)

Corresponding variances are

VEr{f?+1} = var lf?} +varlJ?}: U, BH (p.5)

Knowing the variance of Xg and variance of J?, variance of
xW;I can be found from egn. (D.5).

Similarly,

ch(£}+’ , ﬁ“; cavth Syacovdy, 779

_10 (v-67

The expressions for hydropowers are given by

(Fy) yep= Dy {140.5¢4 (2X] +35-0 } (d- A (D.7)
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" \ [l m
{Pﬂjo]joeH = hjo 11+D.5:j°{2X§0+J?O+QjG “g?o]} {Gjo" Gn}

(D.8)
P, {iD H) 1s random because of randomness associated with
hj of
variables H? and 3“.

Expected values of hydropowers of eqns. (D.7) and (D.8) are aiven

as follows:

Pay = E [Py )

Py = hy { 140.5¢, (2%} 3y -0} } @y (D.9)
similarly

Bljo = hyo | 140.50 5, (2R3 4™t e~ 4y0) (D. 10)
(Var ()} o soen = 2 @ fic? {var (&) 40, 25var (I} (Da11)
{r:ovtpﬂj,Pﬁjol}juj“H = hy hyo (- ) W@om Fyo)ey eyolCovX, X5y

+0.25 cov(J, JJ?O}} (D.12)
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