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Abstract

The purpose of Economic Dispatch or Optimal Dispatch is to reduce fuel costs for power
systems. The minimum cost is obtained if the hard constraints and soft constraints are
satisfied. The hard constraints imposed on the system can not be violated; however, the
soft constraints can be violated to some degree. This violation is related to power system
parameters which deal with uncertainty due to fluctuations in model parameters such as
load variations, noise in measurements, weather condition changes etc. For this reason
there is a need more than ever for a fuzzy model to be developed to overcome this
uncertainty. In this thesis the problem of fuzzy optimal economic dispatch and nonlinear
optimal power flow optimization under a fuzzy load is introduced and formulated to
minimize the total cost production of a network. This thesis implements three methods in
formulating the economical dispatch of all thermal power systems. It starts with a simple
economic dispatch problem with a fuzzy load demand neglecting transmission losses, but
including generation limits. Two generation units are tested for the formulation with
various ¢ -cut representations of fuzzy numbers in illustrating the evaluation procedure
and to evaluate effect of the spread on the outcome. Next a problem with a fuzzy cost
function coefficient with fuzzy load demand is analyzed and formulated to minimize the
total optimal production cost. To evaluate the performance and the capability of reducing
cost while varying cost function coefficients, a synthetic system example of three
generation units is used. Finally, a more realistic model with fuzzy load, fuzzy cost
function coefficients and power losses is formulated, evaluated and tested on a three
generation unit system to obtain the optimal minimum cost. The fuzzy nonlinear optimal
load flow is presented when the active generation, active load, reactive generation and
reactive load are considered to be fuzzy. Three formulation methods were adopted. First
a system with all crisp cost function coefficient with fuzzy active, reactive power is tested
on a 9-bus system for one hour. Next a fuzzy load that varies on an hourly basis for 24-
hours is tested on the 9-bus system, while keeping the load and generation of the other
buses unchanged. Finally, a system with a fuzzy coefficients cost function with fuzzy
active and reactive power is formulated and tested to generate a minimum cost function.



Chapter 1

Introduction

In their daily operation electrical utilities face many uncertainties that affect minimizing
the cost function in the economical dispatch method and the optimal power flow
operation of the network. It relies entirely on the power generated by the units committed
to the network, the load supplied to the consumer and the constraints set to obtain a
secure and optimal network operation. This uncertainty can propagate through the time
horizon; significantly affecting future transaction opportunities, fuel prices, unit
availability and system demand. In practice, uncertainty arises from the imperfect
knowledge of the system performance and goals of operation as well. Heuristics,
intuition, experience, and linguistic descriptions are obviously important to power
engineers. Virtually any practical engineering problem involves some vagueness and
imprecision in the problem formulation and subsequent analysis [38].

The conventional methods applied to solve the ED and the OPF problems are divided into
two groups. The first group is the variational (Lagrange multiplier) approach and
principle of incremental fuel cost. The second group is the direct optimization methods
such as NLP approach, dynamic programming as well as simulated annealing algorithm,
quadratic separable programming and reduced gradient algorithms. These solution
methods have many disadvantages and limitations restricted on the constraints imposed
on the model. The crisp constraint must be satisfied 100% in order to obtain an optimal
solution that leads to over conservative results. One of the disadvantages of the
conventional method is when permissible limits of emission and overloads are clearly
specified in a power system under study, these quantities could be incorporated into the
OPF as operational constraints. However, in system planning studies, these limits posed
on emission or overloads would be very ambiguous, thus making such treatment difficult.
Also, in actual system-operations, it is necessary to maintain the system at a proper

security and emission level even when generator or transmission line tripping do occur.



To attain this goal, system operating points should not be at constraints limits but need
some operational margin. Furthermore some of the operation indices are in conflicting
trade off relations; successful optimization cannot be attained through any of
conventional optimization approaches. On the other hand fuzzy set theory, originally
presented by Zadeh is an appropriate instrument to deal with limitation restricting the
constraint model, the uncertainties in the power system parameters, and vagueness and/or
imprecision. The effectiveness of this approach has been demonstrated in various
applications in power systems operation, planning and analysis. The major advantage of
the fuzzy set theory is that it can be used to model human judgments and inexactly
expressed information. Fuzzy methods do not necessarily need any data from the past.
However, some data may be used as a basis for human judgment and subjective estimates.
Furthermore, human judgment and decision-making are important factors during the
planning period. In reality, planning engineers must make up many alternative plans to
allow for these uncertainties and future fluctuations of basic parameters such as fuel cost,
demand forecast. The decision-maker must select one particular plan out what is the
provided alternatives based on his/her subjective judgment on many ambiguous factors.
Fuzzy approach translates the uncertainty involved in the parameters into a membership
function and the constraints imposed on the system can be satisfied as much as possible
for the planning purpose. Transforming existing information about loads, voltage sources,
power generation and phase angles into fuzzy numbers with triangular shape membership
functions that measure the conformance of a variable to a concept are presented. The
fuzzy arithmetic operations are rules derived from Zadeh’s algebraic operations and
extension principle [46]. As fuzzy flows are related to a feasibility idea, one would like
to go a little further into an operational concept, in the sense that power generation is
driven by economics and therefore uncertainty in future implies uncertainty in dispatch
decisions. This thesis presents an approach to assist in dealing with this concern. In
order to represent this operational feature, one must, in some way try to optimize the
uncertainty in generation cost. This means combining optimization and power flow we
reach a fuzzy optimal power flow framework. Fuzzy sets and fuzzy mathematical

programming has been developed significantly in recent years and many scientist and



engineers are solving many problem encounters in the power system planning and
operation regarding uncertainty involved in the objective function and constraints by
transforming the ambiguity in the parameters to a fuzzy membership function. Most of
the previous work in power system was to fuzzify certain parameters in the objective
function such as, emission cost, start up cost of the generator, purchase transaction...etc.
In addition fuzzyifing certain constraints such as, load demand using trapezoidal
membership function in the equality constraint and fuzzyifing the inequality constraint
such as, system reserved demand, transmission line losses and emission constraints. The
previous work approaches was to overcome the limitation restricted on the objective and
the constraints. In addition violating certain parameters in system constraint will enhance
the system performance and give a wide information a bout the over all system reliability
and security. The fuzzy linear programming is used to transfer the fuzzy parameters into
a crisp value that relies on the judgment of the decision maker. If the goal of a certain
objective or constraints is not thought of much, then it must be adjusted by redefining the
associated membership function. The objective of this thesis is to imply the concepts of
uncertainty in the parameters of the cost function, load demand, power generation,
transmission power losses, reactive power, voltage magnitude and phase angles will be
expressed as fuzzy in order to obtain a total optimal minimum cost of a number m thermal
units subject to satisfy the equality and inequality constraints imposed on the system.

The solution steps algorithm used to obtain this objective is list as follow:

e Fuzzyifing the parameters that affect minimizing the cost function by
transforming the fuzzy variable into a “TMF” representation, which is the
key to (DM) when dealing with uncertainty.

e Using a -cut representation, which is used to create a family of crisp sets
in order to be used in fuzzy mathematical operations.

e Introducing the violation variable into the model to relax the strict

 constraints.

e Using fuzzy non-linear programming approach to transform the fuzzy

variable into a crisp variable in the OPF problem.



e : Solving the model under different levels of system constraint violation and

analyzing the generated alternatives.

1.1 Outline of the Thesis:

A) Chapter 2:

In this chapter a description and a review of unit input output curves, types of load
demand and formulation of a conventional or crisp methods analysis to economic
dispatch and optimal power flow of real power generation is discussed. The ED
formulation is divided into three categories. ED neglecting transmission losses
and generation limits, economical dispatch including generation limits neglecting
losses and economic dispatch including generating limits and transmission losses
respectively. Finally optimal power flow analysis is discussed and formulated to

obtain a total minimum cost.

B) Chapter 3:

In this chapter fuzzy sets mathematical operations, & -cut representation,

membership function mathematical formula calculation and fuzzy optimization

methods formulation are presented.

C) Chapter 4:

In This chapter the load demand of a simple crisp ED optimization problem
neglecting transmission losses including generation limits solution is fuzzyfied
using a triangular membership function representation. The total minimum cost of
the ED problem is obtained using fuzzy mathematical operation and ¢ -cut

representation. A simulated example is:used to verify the proposed algorithm.



D) Chapter S:
In this chapter the cost function coefficients and the load demand of a crisp ED

optimization problem neglecting transmission loses including generation limits
solution are fuzzified using a triangular membership function representation. The
total minimum cost of the ED problem is obtained using fuzzy interval arithmetic
representation on a triangular fuzzy number implemented by their & -cut operation.

A simulated example is used to verify the proposed algorithm.

E) Chapter 6:
In this chapter the cost function coefficients, the load demand and the

transmission power losses of a crisp ED optimization problem are fuzzified using
a triangular membership function representation. The total minimum cost of the
ED problem is obtained using fuzzy interval arithmetic representation on a
triangular fuzzy number implemented by their & -cut operation. A simulated
example is used to verify the proposed algorithm.

F) Chapter 7:

Fuzzy optimal power flow with fuzzy active, reactive power generation and load

demand is derived using FNLP approach by Werners. The constraints imposed on
the system will be violated to some degree to obtain a crisp outputs between

[0, 1] to satisfy the constraints imposed on the system such that the overall
production cost is minimized and the power limits and generators capacity
constraints are not violated. A simulated example of 9-bus system is used to show

the effectiveness of the algorithm.

G) Chapter 8:.

In this chapter a fuzzy active reactive power flow and the parameter of the

objective function as fuzzy is derived using FNLP approach by Lai and Hwang.

The objective function coefficients will be translated into a triangular membership



function then the constraint will violated to some degree to obtain a triangular
optimal minimum cost membership function. A simulated example is used to

show the effectiveness of the algorithm.

H) Chapter 9:

In this chapter the conclusions, thesis accomplishments and recommendations for

future researches are discussed.

2.1 Literature Review

A brief review of literature on conventional artificial intelligence-based fuzzy economic
dispatch and optimal power flow concepts is presented in this section.

Reference [1] is a review of recent advances in economic dispatch. This reference
divides the problem into four sub-problems; (1) optimal power flow, (2) economic
dispatch in relation to AGC, (3) dynamic dispatch, (4) Economic dispatch with non-
conventional generation sources. The disadvantages of the techniques used in OPF are
the convergence property. Some authors have suggested quasi-Newton method and
explicit Newton methods while others have used sparsity oriented techniques like the
Hessian-based algorithms. Real-time solutions of the OPF are one area gaining a lot of
momentum in the past few years. Such a solution implies the minimization of
instantaneous cost of active power generation on an operating power system subject to
preventing violations of operating constraints in the event of any planned contingencies.
Such an on-line implementation requires fast execution times and minimum storage
allocations. Undoubtedly, these constraints elevate the nature of the OPF to a high level
of complexity.

Reference [2] presents an advanced engineered-conditioning genetic approach to the
economic-dispatch problem. The drawback of the simple forms of GA is preventing the
acceptance of the theoretic performances claimed. Thus various techniques have been
studied to improve the genetic search method. The adaptive mutation prediction

proposed in this paper improves the computation time online and off-line.



References [3], [4], [13] and [14] present the application of the Hopfield Neural Network
to the solution of large-scale economic dispatch problems. The proposed method is
quicker and more accurate than other competing methods. Reference [5] presents a fuzzy
logic controlled genetic algorithm applied to power system environmental/ economic
dispatch. The proposed method is tested against a conventional one phase problem
structure, and is proven to be more efficient and to improve the performance it employed
Genetic Algorithms technique. Reference [6] presents an algorithm for optimal power
flow (OPF) which is based on P/Q decomposition of the problem and on the combined
application of quadratic separable programming methods to solve the economic dispatch
problem. The developed quadratic-separable programming algorithm combines the main
advantages of quadratic and separable programming. On the one hand, it considers the
quadratic intervals of unit curves without any approximation and gives the direction to the
optimum of the quadratic function. On the other hand, it gives the technique for
separable OF, which provides convergence to the optimum of the quadratic-separable
problem. An economic dispatch problem with transmission line capacity constraints is
solved in [7] using the Neural Network approach and the Hopfield Neural Network.

An evolutionary-programming-based algorithm is used in Reference [8] for solving the
environmentally constrained economic dispatch problem. The developed algorithms is
capable of dealing directly with load demand specifications in different intervals in the
schedule horizon with no restrictions on the shapes of the input/output functions of the
generator and the shapes of the pollution functions, which represent the emissions. The
algorithm has accurately and reliable converged to the global optimum solution. In
addition the speed and robustness of the algorithm are discussed.

In Reference [9] the paper proposes a practical strategy based on Quadratic programming
(QP) techniques to solve the real-time economic dispatch problem. This paper has
presented a practical and effective solution strategy based on QP techniques for solving
the RTED problems involving multiple constraints. It has also incorporated the GP
techniques in the problem formulation by defining violation variables for the constraint
equations, which guarantees the best available solution as close to the desired optimal

solution as possible under emergency system condition. Reference [10] proposes an



algorithm based on a dynamic queuing approach to solve the power system short term
economic security dispatch. The DC power flow and limitations on power transmission
are taken into consideration. The new algorithm is novel since no multiplier is introduced
but it has high calculating speed and good property of convergence. The application of
the interior point method to solve the economic dispatch problem with network and
ramping constraints is discussed in Reference [11] by including generator, ramping limits
as constraints, as well as the network line flow, both economic and security issues are
treated.

A multi-objective stochastic search technique for multi-objective economic dispatch
problem in power system is presented in Reference [12]. It is a highly constrained
problem with both equality and inequality constraints. The genetic algorithm as well as
the simulated annealing algorithm is used to solve the problem. The results indicate that
the new MOSST heuristic converges rapidly to improved solutions. MOSST is a truly
multi-objective technique, as it provides the values of various parameters for optimizing
different objectives.

References [15] and [16] presents a genetic algorithm for solving the unit commitment
problem of a hydrothermal power system. It is a two-layer approach, where in the first
layer, the genetic algorithm is used to determine the on/off status of the units. The second
layer uses a nonlinear programming formulation for solving the problem using
Lagrangian relaxation to perform the economic dispatch while meeting the plant and
system constraints. The simulation results reveal that optimal tuning of GA parameters to
guarantee fast convergence and high optimal solution is difficult and depends on the
studied unit commitment problem. A homogeneous linear programming based interior
point algorithm for the security constrained economic dispatch problem is implemented in
References [17] and [19]. However, the method is general enough to deal with any
combination of outages. An optimization method that incorporates the system losses into
the SCED algorithm has also been developed and it is currently being tested.

Reference [18] presents a Hopfield model based approach for the economic dispatch
problem. Using this model, an energy function composing power mismatch, total fuel

cost and the transmission line losses is defined. The proposed model, unlike other neural



networks, requires no training. Furthermore, because the method has a Hopfield
modeling framework, hardware implementation for the proposed approach is promising
because of the advantage of the real time response. In addition the Computation results
reveal that the proposed method is superior to the conventional lambda-iteration method
in computational requirement. The integration of evolutionary programming with Tabu
search and quadratic programming methods are implemented in Reference [20] to solve
the non-convex economic dispatch problem. The proposed method shows that the
numerical results are more effective than other previously developed evolutionary
computation algorithm.

References [21] and [22] present a hybrid genetic algorithm for solving the unit
commitment economic dispatch problem. The algorithm of [22] uses a fast rule-based
dispatch method to evaluate possible candidates of solutions. The algorithm has been
shown to significantly improve the convergence. Scheduling rules have been incorporated
in a fast approximate method of evaluating solutions, accelerating the computational time
of the GA to competitive levels. The knowledge-based genetic algorithm has been
applied to a representative test problem and shown to obtain better solutions than
Lagrangian relaxation (LR) in similar computational times.

A dynamic economic dispatch that takes the limits of the ramping of the generator units is
presented in Reference [23]. It proposes two solution methods. The first is to find a
feasible solution even when the load profile is non-monotonic. The second is an efficient
technique for finding the optimal solution.

Reference [24] proposes fuzzy modeling of power systems to take into account the
qualitative aspects and vagueness or uncertainty that are not random in nature and
therefore cannot be modeled by a probabilistic approach. The advantage of this approach
is that it increases quality of information obtainable from the model and its computing
simplicity. The disadvantage of this approach is that the voltage possibility distributions
show a slight shift regarding the value calculated with the Newton Raphson method. This
paper was used to formulate the fuzzy load flow approach using the AC model.

In Reference [25] the paper presents an interactive fuzzy satisfying method for solving

optimal power system rescheduling by assuming that the decision-maker has imprecise or
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fuzzy goal and constraints. An interactive decision-making process is formulated in
which the decision-maker can learn to recognize good solutions by considering all
possibilities of fuzziness. In Reference [26] fuzzy logic is used to solve the load flow
problem, Improving decreased computing time of the analysis was discussed.
Consequently, the repetitive solution of the proposed fuzzy load flow (FLF) method
requires only 2m calculations per iteration, where m is the number of buses in the system.
The solution of the load flow problem was achieved in a very short computing time by
means of the implementation of the FLF method on systems of various sizes.
Consequently, the FLF method can be treated as worthwhile base, which is able to
homogeneously incorporate all modern control strategies of load flow designed by means
of fuzzy logic control.

In Reference [27] the exponential form of a static load model relating the active and
reactive power components to the bus voltage, is considered and the effects of
incorporating this load model in the optimal load flow solution of several test systems are
studied. The investigation in this paper reveals that when load models are incorporated in
load flow studies it is seen that for some systems the difference in fuel cost, total power
loss and voltage are significant, whereas for some others these differences are not
significant.

The modeling of constraints in Reference [28] is an important issue in power system
scheduling. Constraints can be generally classified into two categories: 1) physical limits
and 2) operating limits. A schedule violating physical limit or constraint would not be
acceptable. An operating limit, however, is often imposed to enhance system security but
does not represent a physical bound. The problem is first converted to a crisp and
separable optimization problem. Lagrange multipliers are then used to relax system-wide
constraints and decompose the problem into a number of unit-wise subproblems and a
membership subproblem. The method and application used in this paper contribute
greatly to my thesis computation process in modeling the constraints using fuzzy sets
method.

In Reference [29], a fuzzy model for power system operation is presented. Uncertainties

in loads and generations are modeled as fuzzy numbers. System behavior under known
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(while uncertain) injections is dealt with by a DC fuzzy power flow model. This paper
shows that uncertainties in load or generations (not of probabilistic type) can be
incorporated into power system models so as to give a better image of system behavior.
System optimal (while uncertain) operation is calculated with linear programming
procedures. Imprecision in power flow analysis is modeled using fuzzy set theory in
reference [30]. The fuzziness of the power generation and loads used in a power flow
analysis implies fuzziness in the outputs; a method is suggested for calculating
imprecision through informative statements about the system generation data and
availability of generating units in the power flow analysis which depends on the
imprecision of the inputs. The advantage of this technique is that the number of power
flow calculation is tremendously large, where as with fuzzy power flow analysis one run
will provide much wider information about the system performance. This paper was used
to implement the basic foundation for fuzzy optimal power flow calculation.

Reference [31] presents a new implementation of an LP algorithm for security-
constrained preventive rescheduling of real power. A number of considerations are taken
into account such as: (1) Rescheduling of generation and load (if required) is used to
maintain a secure condition by avoiding line overloads. (2) Transmission losses are taken
into account in the constraint function. (3) The line losses are brought into the
optimization in the form of an equality constraint. The algorithm has options to choose
selected generators or loads to take part in the optimization. The proposed method is
tested on four representative power systems, with very encouraging results.

A novel multiobjective optimization technique for dynamic generation scheduling in an
interconnected system is presented in Reference [32]. In contrast to existing generator
scheduling methods, the proposed approach treats economy, security, emission and
reliability as competing objectives for optimal dispatch of the local system generating
units. Fuzzy logic techniques are incorporated in knowledge based system to solve this
difficult multicriteria problem involving multiple conflicting objectives.

Reference [33] presents fuzzy and possibility theory employed to solve uncertain power
flow problems. Three fuzzy power flow models, nonlinear, linearized and

multilinearization fuzzy power flow models are introduced. The solution algorithms are
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also described. The numerical examples of IEEE 30 bus system are provided to
demonstrate the effectiveness of proposed models. This model can be used in such
application situations where accurate solutions are needed.

Limiting emissions plays a great role and is discussed in great detail in Reference [34],
which presents a general formulation of the optimum economic load dispatch problem in
a system with thermal plants taking into account the constraints on emission of sulfur
dioxide and oxides of nitrogen. The optimum mix-ratio of high and low sulfur content
fuels limit the sulfur dioxide (SO,) emission per hour. The emission of oxides of nitrogen
(NOy) is minimized by reducing the output of the generating units with the high ratio of
incremental (NOy) emission to incremental fuel cost. The method proposed for
considering the pollution constraints is simple, and can easily be incorporated in an
existing economic dispatch program. The algorithm is tested on a plant with four
generating units, and the results are presented.

The economic dispatch problem, in presence of non-monotonically increasing
incremental cost generating units, is solved by using the Newton approach shown in
Reference [35]. In addition a linear transmission loss model (1), is based on load flow
solutions, is established and incorporated into the economic dispatch. Test results show
that fast convergence can be achieved by using this approach. The linear loss formula
provides both accuracy and simplicity, and takes into account many realistic elements. A
fast convergence rate is achieved by the proposed approach.

Reference [36] presents a simple and efficient economic dispatch algorithm suitable for
unit commitment. It also caters to any combination of polynomial cost functions. The
algorithm reduces the economic dispatch into an equivalent lossless problem from which
solutions are easily obtained analytically. The equivalent lossless problem enables the
generators whose outputs violate their limit constraints to be handled efficiently and
correctly. The algorithm can cater to both the B matrix and Jacobian matrix loss
formulation. Case studies with various test systems are presented and discussed.

The classical procedure for solving the economic dispatch problem in the presence of
upper and lower limits on the generation levels may fail to lead to the constrained

optimum generation schedule. In Reference [37] a simple scheme suitable for real-time
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applications which resolves this drawback is presented. When transmission losses are
neglected, the constrained optimum can be analytically computed based on a distance
measure of the unconstrained optimum schedule to the violated limits. In the presence of
transmission losses, the problem is first converted into an equivalent lossless case by a
simple transformation which can then be solved by the proposed algorithm.

In Reference [38], system demand reserve requirements and prices of future purchase
transactions are considered as uncertain, and the integrated scheduling and transaction
problem is formulated as a fuzzy mixed integer programming problem for a power system
consisting of thermal units and purchase transactions. Based on the symmetric approach
of fuzzy optimization and the Lagrangian relaxation technique, a fuzzy optimization-
based algorithm is developed. The method and the technique used in this paper was a
tremendous guide to implement the FNLP approach in OPF formulation of my thesis.

In Reference [39] a fuzzy linear programming approach is proposed to determine the
amount of reactive power correction installed in the candidate load buses to maintain
voltage levels of all load buses. The proposed approach in which the objective function
and the constraints are modeled by fuzzy sets is applied to an example system and the
results are given. In Reference [40], the sensitivity factor method is applied to the
reactive power/voltage dispatch problem and combines it with the fast Newton-Raphson
economic dispatch to solve the optimal power flow problem. The proposed methods have
rapid and constraint convergence to the Kuhn-Tucker optimality conditions.

Reference [41], presents a method to include emission constraints in classical Economic
Dispatch (ED), which contains an efficient weights estimation technique. Also, a partial
closed form technique is presented to implement the Emission Constrained Economic
Dispatch (ECED). Different methods of including emissions as well as their advantages
and disadvantages are discussed. Sample test results are presented. The proposed two
methods have the potential for on-line implementation.

Reference [42], presents a mathematical formulatioh for optimal power flow (OPF) taking
into account the fuzzy modeling of static security constraints due to the uncertainty in bus
loads. In Reference [43] the application of a fuzzy optimization technique to optimal

power flow calculations is presented. The developed method has been tested on a large-
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scale power system. Numerical results show that this method is promising for handling
uncertain constraints in practical power systems. In Reference [44], discusses
considerations for the application of the fuzzy power flow for the planning and operation
of practical power systems. Special attention is given to the non-linearity of the power
flow problem taking in account uncertainty and the linking with a voltage stability
function based on the use of eigenvalues and eigenvectors. All of these concepts have
been implemented in the commercial grade interactive power flow program WINFLU
which is an official tool in the Peruvian electrical sector. Tests results using a
configuration of Peruvian interconnected power system (SEIN) are included and they
demonstrate the validity of the fuzzy concepts as applied for a more robust planning and
operation of the power system.

The techniques available in the literature lead to cumbersome computational processes
that are not adequate for a large system. The methods proposed in this thesis lead to

computationally efficient processes that are applicable to large system.



Chapter 2
Optimal Economical Dispatch

and Characteristic of Generation Units

2.1 Introduction

The efficient and optimum economic operation and planning of electric power
generation systems have occupied an important position in the electric power industry.
A saving of a few percent in the operation of the system presents a significant
reduction in operating cost as well as in the quantities of fuel consumed. It is no
wonder that this area has warranted a great deal of attention from engineers through
the years. The purpose of economic dispatch or optimal dispatch is to reduce fuel
costs for the power system. Minimum fuel costs are achieved by the economic load
scheduling of the different generating units or plants in the power system. By
economic load scheduling we mean the requirement to find the generation of the
different generators or plants so that the total fuel cost is minimum, and at the same
time the total demand and the losses at any instant must be met by the total generation.
However, economic load scheduling was not very important in the beginning when
there were small power generating plants for each locality, such as in urban power
systems, but now with the growth in the power demand and at the same time
guarantees regarding the continuity of power supply to the consumer under normal
conditions have lead the power systems to evolve into a complex interconnected grid
system. For such system the economic dispatch problem has become increasingly
important.

The objective in the economic dispatch of a power system is to minimize the cost of
meeting the energy requirements of the system over some appropriate period of time
in a manner consistent with reliable service. The appropriate period may be as short
as a few minutes or as long as a year or more depending on the nature of the energy
sources available to the system. Thus, if seasonal storage hydro is involved the
appropriate period (or cycle) will generally be one year while if run-of-river and

pumped storage hydro is involved the cycle may be one day or one week. These
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sources are frequently referred to as limited energy sources since they can not
continuously maintain full output. Gas fired combustion turbines, depending on the
terms of the gas supply contract, may fall into this category. Also, nuclear plants may
fall into this category as a result of fuel design and circumstance which develop during
the refueling cycle. Obviously, the aim in the utilization of limited energy resources is
to realize the greatest possible value, during the operating cycle in terms of fuel
replacement at those plants where the available fuel supply is not a limiting factor.
Total operating costs generally include only the applicable fuel cost, maintenance

cost, cost of transmission losses and labor cost.

2.2 Unit Input, Output Curves
The thermal generating unit input-output curve establishes the relationship between
the energy input to the driven system and the net energy output from the prime mover

at the electric generator. The data may be obtained from design calculations or from

heat rate test.
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Figure (2-1) Thermal Unit—Input versus Output
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Figure (2-1) shows the performance curve for a typical thermal unit. The ripples in
the input-output curve are the result of the sharp increase in losses due to wire

drawing effects which occur as each steam admission valve starts to open.

2.3 Incremental Fuel Cost (6C /0P)[53, 55]

All units must operate at equal incremental cost for minimum plant cost in dollars per
hours. The value of 0C /8P can be determined by the slopes of the input-output
curves of the numbers of units contained in the plant. Mathematically oC /0P can be
calculated by taking the derivative of the cost function with respect to the power
generators output. A typical plot of dC /0P versus output power is shown in Fig (2-2)

which is obtained from the input-output curve (slope of the curve in Fig (2-1)). The
ripples in Fig (2-3) show up as the sharp spikes in Fig (2-2). The purpose of working
with equal incremental fuel cost is éummarized in this, suppose that the total output of
the plant is supplied by two units and that the division of load between these units is
such that the incremental fuel cost of one is higher than that of the other. Now
suppose that some of the load is transferred from the unit with the higher incremental
cost to the unit with the lower incremental cost. Reducing the load on the unit with
the higher incremental cost will result in a greater reduction of cost than the increase
in cost for adding that same amount of load to the unit with higher incremental cost.
The transfer of load from one to the other can be continued with a reduction in total
fuel cost until the two units are equal. The same reasoning can be extended to the
plant with more than two units. Thus the criterion for economical division of load
between units within a plant is that all units must operate at the same incremental fuel
cost.

Fig (2-3) also shows the average heat rate as a function of the output level. The output
level at which this curve is a minimum is the point of maximum efficiency. At this
point the average heat rate is equal to the incremental input as shown in Fig (2-3).

The shape of the input-output curve in the neighborhood of the valve points is difficult
to determine by actual testing. However, in actual operation best economy is achieved

by avoiding operation in these areas.
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Fig (2-2) Thermal Unit-Incremental Heat Rate

Most system studies represent the performance as smooth curves, as shown by the
dotted line in Figs. (2-1, 2-2) and (2-3).
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Figure (2-3) Thermal Unit Performance




19

2.4 General Economic Dispatch Problem Formulation

The input to the thermal plant is generally measured in Kcal/h, and the output is
measured in MW. A simplified input output curve of a thermal unit known as, “heat
rate curve,” is given in Figure (2-4). Converting the ordinary heat-rate curve from
Kcal/h to $/h results in the fuel cost curve showing in Figure (2-5). This cost curve is
bounded by the generator output limits and is monotonically increasing (convex). In
general, to make more electric energy requires more thermal energy and thus cost
more money. Economic dispatch analysis schedules the outputs of the online
generating units (those already committed) so as to satisfy the system load at least
cost. Improvements in scheduling the unit outputs can lead to significant cost savings.
Traditional dispatch algorithms (such as lambda iterations) are based on the concept of
equal incremental cost. The total production cost of a set of generators is minimized

when all the units operate at the same incremental cost.
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Figure (2-4) Power Output (MW) Simplified Heat Rate Curve
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Fuel Cost ($/HOURS)

v

Figure (2-5) Power Output (MW) Fuel-Cost Curve

When considering transmission losses, the unit incremental costs are modified to
account for incremental transmission losses [36]. In the classical economic dispatch a
set of coordination equations is solved using the Lagrange multiplier. The algorithm
uses the quadratic loss formula (B coefficients) approach to model system losses when
considering transmission losses. Traditional algorithms however, require that the unit
cost curves ($/h vs. MW) be convex functions. Hence, they cannot guarantee
optimality for non-monotonically increasing incremental cost curves. Solution to the
economic dispatch problem with non-convex unit cost functions can be achieved
using dynamic programming (DP). Unlike the traditional solution, the DP solution
imposes no restrictions on the generating unit characteristics. However, it suffers
from the dimensionality problem: as the number of generators to be dispatched
increases and higher solution accuracy is needed, the storage requirements and the
execution time increases dramatically. The economic load dispatch problem (ELD) is
a good example of a real world optimization problem and one of the most important
problems in power system. The objective of economic load dispatch is to find the
optimal combination of power generations that minimizes the total cost while

satisfying the total demand. Traditionally, the cost function of each generator is
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approximated by a single segment quadratic function. For some present operating
conditions, it is more realistic to represent the cost function for fossil fired unit by a
multi-segment piecewise quadratic function. The reasons for partitioning the cost
function vary. Often this is done to increase the accuracy of the functional
relationship [4]. The capability of burning multiple fuels by a single generation unit
results in intersecting cost curves for the same unit. These intersecting curves mean
that it may be more economical to burn a certain fuel for some MW outputs and
another kind of fuel for other outputs. Segmenting cost functions results from
multiple sources for each generation unit. In this section the classical optimization of
a continuous function is introduced. The application of constraints to the optimization
problem is presented. Following this, the incremental production cost of generation is
introduced. The economic dispatch of generation for minimization of the total
operating cost with transmission losses neglected is obtained. Next, the transmission
losses formula is derived and the economic dispatch based on the loss formula is

obtained.

2.4.1 Economic Dispatch Neglecting Losses and Generating Limits
|36, 41, 51]

This is the simplest economic dispatch problem as shown in Figure (2-6). The total

cost function of the generators committed for the whole plant is considered.

The objective function to be minimized is the total fuel cost which can be presented as

a quadratic polynomial function of real generation obtained from Figure (2-5)
NG NG 5
Ctotal =Z;Ci =Z]ai +ﬂiPGi +7’,-PG,~ .1
i= i=

Where

a, ff and ¥ = the cost function coefficient parameters.
F, = the number of generator connected to the network.

C

totd = the total cost of generation .
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Figure (2-6) Units Connected to a Common Bus

And the equality constraint can be expressed when the requirement of the demand is

met is given by:

z

G
P, =P

i Demand

2.2)

I
—

i
Where P, . is the load demand of the customers.

The minimization of a cost function subject to equality and inequality constraints is a
problem in optimization that is treated by a branch of applied mathematics called,
“nonlinear programming.” The most famous methods used are listed bellow:

1. Lagrangian Method

Karush-Kuhn-Tucker Optimality Conditions.

Penalty and Barrier Methods.

Reduced Gradient Algorithms.

Quadratic Programming Method.

Separable Programming Method.

NS A e

Posynomial Programming Methods.
Using the Lagrangian Method as the standard approach to obtain the necessary

conditions of optimality based on the Lagrangian function which is defined by:
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L, A)=f ®pesX )+ D AR (6 eersX )
i=1

The variables A,,......4,, are called the Lagrange multipliers

Applying this method to minimize the objective function subject to the equality

constraint the equation becomes:

NG
L=Cpy +1[PDemand _—Z]PGI' ] (2.3)
1=
Then taking the derivatives of Lagrangian with respect to generator outputs 7,
we get:
oL oC oC
=0= total_’_/l 0—-1)=— total =1
OF,. OF, ( ) OF,
dL NG NG 2.4)
a—jz 0= PDemand —ZIPGI = ZIPGI :PDemand
i= i=
Since the total cost is:
¥ oC dC,
C =>C —»>—wd —__i -3 j=1...NG
total ; i p) PG,‘ d PG,'
And the incremental cost becomes:
dcC.
A= L= 42y, P, 2.5)
dPG, ! 1

Then we can calculate each generated power when all plants are operating at equal

incremental production cost 4 as:

i-p

P =—"t 2.6
Gi =5y (2.6)
Substituting this formula into equation (2.2) we get
NG A _ﬂ_
A _p 2.7
; 2 71‘ Demand

Solving for the incremental cost A

2PDemand + IEG: —ﬂ_’

A =17 2.8)

NGI

=17,
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The value of A found in equation (2.8) is substituted in equation (2.6) to obtain the

optimal scheduling of generation

2.4.2 Economic Dispatch Including Generating Limits Neglecting
Losses [S0, 51, 52].

For stable boiler operation the generators should operate within its maximum and

minimum limits. The goal is to minimize the objective function subject to the equality

and inequality constraints

Objective function
NG NG )
MINC,,, = Zlci = Zlai + B Fg: + 7 b,
i= i=

Subject to
Equality constraint

NG
Zl Psi = Ppemand
1=

Inequality constraint

P, (min)< P, <P_ (max) i=1....NG (2.9)
The upper limit on Py, is set by thermal limits on the turbine generator unit, while the

lower limit is set by boiler and/or other thermodynamic considerations. A certain
minimum flow of water and/or steam is required in the boiler to prevent “hot spots”
from developing. The fuel buming rate must also be sufficient to keep the flame from
going out (“flame out”). Other control variables, such as voltage and the phase angles
across phase-shifting transformers, the turns ratios of tap-changing transformers, the
admittances of variable, controllable shunt, controllable series reactors and
controllable capacitors can be considered in the generalized economic dispatch

problem.

The Lagrangian function for this problem is given by:

NG NG NG
L=C .y +APp ‘ZPGi )+ZIuimax(PGi _PGimax)+Z/'limin(PGi — P min) (210)
i=1 i=1 i=1
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The multipliers 1, g, ,, and 4, .. are the dual variables associated with the

inequality and equality constraints. Thus with the use of Lagrange multiplier, the
original constrained problem has been transformed into an auxiliary unconstrained
problem whose optimum solution is the same as the optimum of the original problem.
The solution of this equation is the same as without generating limits as long as we do
not violate their limits. If the generation exceeds the limits set by the plants, then its
max or min value is set as constant by an IF statement in the iterative program, then
the search continues until the difference between the sum of all generation and load
demand is equal to zero. As an example consider the optimal dispatch shown in

Figure (2-7).

ERIS
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Upper limits

Lower limits

v

Gi

Figure (2-7) Equal Incremental Cost

Suppose that for a given P, the system A isA,. All three generators are operating in

accordance with the optimal dispatch rule and the question of generator limits does
not arise since each generator is operating away from any limit.
Now suppose that the power demand increases and we increase A to provide more

generation. Continuing the process in this way we reach 4, . What if P,, increases

further? P, has reached a limit and cannot be increased further. The increased load
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must be supplied by P;, and P;,. Clearly; they should operate at equal incremental
cost, say A, . Further, increases in the load can be taken by P, and P;, operating at
equal IC until P, reaches its upper limit and A1=4,. Beyond this point, only P, is

available to take any increase in the load.

2.4.3 Economic Dispatch Including Generating Limits and

Transmission Losses [40, 49, 51, 52]
In the case of the generators that are located in one plant or are otherwise very close
geographically, it is reasonable to neglect electrical line losses in calculating the
optimal dispatch. On the other hand, for power stations that are spread out
geographically, the transmission-line (link) losses need to be considered, and this will
modify the optimal generation assignments. The total transmission loss expression is

approximated by a quadratic function of the power generation given by:
NG NG

NG

Py =22 FoiByFo; + 3 BoFo, +Buy @.11)
I=t j= i=

B, are called the losse formula coefficients and they are assumed to have constant

values. Reasonable accuracy is expected when actual operating conditions are close to
the base case conditions used to compute the coefficient parameters.

The goal is to minimize the objective function

NG NG
2
MINC, ., = Zci =leai +B, P +7, P
I=

i=]

Subject to the power balance equality constraint

NG
Z_IPGi =Pprms +PL (2.12)

The generation equals the total load demand plus transmission losses. In addition, we
have the inequality constraints:

P, (min)<F;, <P (max) i=l....NG (2.13)
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Substituting the objective function, equality constraints and the inequality constraints

in the Lagrangian we get:
NG NG NG

L=C_,+MP,+F, —ZPG )+Z‘/gm(PGi _Pam)+24 win o — i i) (2.14)
i=l i=1 =

If the constraints are not violated, then its associated £ variable is set to zero

P <Poimay: My =9  Foi > Foimin®  Himiny =0
The minimum of the unconstrained function is found when taking the partial

derivative of each multiplier we get:

oL _o-Cuu +,1[0+ oP, _1}

oP, oP., oP,,

i

L _o=p,+P,-Y'P
Y pt L_Z Gi
oL 1=l (2.15)
WZPGi — P nar) =0
oL
aﬂl( o =PGi _PGi(min) =0
Where the total cost and incremental cost can be represented by:
0C ., 0 dC,
—totd — Ci+C+...+4C 5 )=—L
OF; aPGi( b NG) dF
2.16
. ,.49C, 0P =[ 1 JdC, _; 9, @19
dP, OF, 1-0P, /0P, )dP, "dP,

Where L, is called the transmission loss penalty factor and it is defined by:

1
Y [ A — 1
L [l—aPL/aPG,] @17

The effect of the transmission losses introduces a penalty factor that depends on the
location of the plant and the minimum cost is obtained when the incremental cost of
each plant multiplied by its penalty factor is the same for all plants. Taking the partial

derivative of the Lagrangian with respect to generation we get:. -



28

NG NG

P, = IZ;PG,B,]PGJ +ZBO, . +By,
OP. NG dc,
6PL. =ZZB,J,PGJ. +B,, B =p +2y,P,

_4c, 2y.P., +2A> B, P, +AB
A= dPG, +/16PGI = [, +2y, Z i +ABy;

Then rearranging the equation we get:

(%mi) +ZBU (1 B, %J (2.18)
j

#i

Extending the equation to all plants result in the following linear equations (in matrix

form).
%+Bll B, By, I_BOI_%
PGl ﬁ
V
B, _/%+322 -+ B, Pc:n =% 1—302—72 (2.19)
» :
7 Gn ﬂ
B . 534 B - -~z
I Bnl n? ﬂ+ nn— _1 BO" ﬂ_
Or EP=D

Then to find the optimal dispatch for an estimated value of ZM

Solve the simultaneous linear equation E P =D

Then the iterative process is continued to update 4 using the gradient method

If an approximate loss formula is used setting B, =0 and B, =0 then equation

NG
(2.11) become P, = ZB..PG%

Then the solution of the simultaneous equations reduced to

i

Pl g

2.20
2y, + A4 1B, )2 e
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f[aPGilef 2+ BB, 2.21)
- .
EIZVE 2(7.+AMB..)

2.5 Optimal Power Flow [38, 43, 50]

Static optimization of power system operation involves allocation of generation levels,
voltage profiles and possibly load curtaiiment based on the equality and inequality
constraints of the power system and pre-specified performance function (cost
criterion). Normally this is referred to as the optimal load power (OPF) problem [50],
which is an online application used in Energy Management system (EMS) to
determine real and reactive power output of the generators as well as voltages such
that the overall production cost is minimized and the equipment (line, transformer,
generator) capacity constraints are satisfied.

Mathematically, OPF is formulated as a constrained optimization problem

min f(x)

subject to

gx)=0
h(x)<d

(2.22)

The vector x is a vector variable that consists of a set of controllable quantities and
dependent variables. The controllable quantities in power systems usually include
generating unit outputs, company transactions, all phase shift transformer angles
(except for the angle of the slack bus), all load bus voltage magnitudes, transformer
tap positions, shunt capacitors/reactors, etc. The objective function f (x ) is a convex
scalar function that may be the total production cost or the total active power
transmission losses of the system. The equality constraints g (x ) represent the static
load flow equations the dimension of g corresponds to that of the x vector, and the
inequality constraints h(x) consist of the limits on the controllable quantities and the
operating limits of the power system.

When considering the network constrained active power dispatch the OPF becomes a

cost minimization problem. The objective function in this case is the summation of
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total generation production cost. This is represented in the following equation where

the set P consists of all controllable generation units.
f(x)=>C(x) (2.23)
iep

The controllable quantities are the generation active power outputs. The equality
constraints g(x )= 0 are the power flow equations, and the inequality constraints

h(x)<d in this case, include generation output limits, active power reserve margins,
transmission line flows, transformer flows, and transmission corridor flow.
Traditionally, each cost function, C, (x) is modeled as a piecewise quadratic function
and can be approximated as a piecewise linear function. The cost minimization OPF
can be solved by the successive linear programming (SLP) algorithm which has been
found to be robust and efficient. Cost minimization is the most common objective for
the OPF problems, which require satisfying network constraints. In this discussion we
will focus on the production cost minimization OPF problem. Extending our

derivation to other objectives is straightforward.

2.5.1 Practical Considerations [43]

The conventional OPF is formulated as an optimization problem with crisp
constraints. However, in practice, there are two types of inequality constraints: hard
constraints and soft constraints. For example, the limits of the generating unit outputs
are hard constraints because they represent physical limitations on the capacity of the
generating units to produce active power. On the other hand, the limits on the
transmission line flows are soft. Small violations of these limits are sometimes
acceptable, especially during stressed (i.e.: emergency or peak load) situations of the
system. There are usually two flow limits for each transmission line, normal and
emergency limits. In general, operators desire to economically operate the system
within the normal limits. When there is a real need, small violations of normal limits
are allowed. ‘However, emergency limits are never-allowed-to be violated and they are
considered to be hard limits. These practical considerations of constraint limits are
not formulated satisfactorily in a conventional OPF.

Furthermore, from an operator’s point of view, minimizing cost does not entail finding

a rigid optimal solution to a classical and simplistic formulation of OPF problems that
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fails to model important aspects of actual operational practices. It is more appropriate
to state the objectives of the OPF, which is to reduce the cost as much as possible,
while satisfying the soft constraints as much as possible and while enforcing the hard
constraints exactly. In a “very feasible” case, the conventional OPF can produce
fairly reasonable solutions that meet the above objectives. This means that all the
constraints, both soft and hard, are satisfied and cost is minimized. However, if the
case is nearly feasible (or nearly infeasible), the solutions from conventional OPF may
become unrealistic. Sometimes, in order to enforce a soft constraint with small
violations, control variables may have to move significantly and also cost may
increase considerably. Even though the solutions are mathematically correct for the
formulated OPF problem, they are not consistent with practical operational practices.
For infeasible cases, the conventional OPF usually cannot produce acceptable
solutions even with the assistance of available relaxation procedures.

The aim in optimal load flow is to minimize the total fuel cost of generation J, while

satisfying the active and reactive power constraints of the electrical network
represented by the load flow equations and the operating inequality constraints and
meeting the load demand for a power system while maintaining the security of the
system by keeping each device within its desired operation range at steady-state. The
solution of the OPF has many great advantages over classical economic dispatch. It is
capable of performing all the control functions necessary, such as monitoring system
security issues including line overloads and low or high voltage problems [27]. If any
security violations occur, the OPF will modify its controls to fix the problem and in
return removes transmission line overloads from the system. But the greatest

advantage of the OPF is the wealth of knowledge it generates about the entire system
status. The standard form of the objective minimizing the cost function J
represented as a quadratic function of real power generator is given by
NG )
Jp= Z(ai + B P +v: Féi)
i=l
Where NG is the number of generator busbarc; , f; and y; are fuel cost parameters of

the generating source at the ith busbars and Fy; is the active power generation at the
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ith busbar. The factors influencing power generation at minimum cost are operating
efficiencies of generators, fuel cost and transmission losses.

Generally the constraints of optimal power flow still include the entire AC power
flow, generation output range, bus voltage limits, and transmission line transfer
capabilities. |

. The equality constraints representing the load flow equation that can be

computed from the load flow analysis [27].

P, =F; -F; =F/i|§PfjHYU|cos(5,- -0, —yy) (2.24)
i=l1

NG
0, =06, —Qu, =Vi| 2V, |V s |sin(s; -6, —y) @29
i=l

Also can be written as

NG
Foi =Py —F/ilZF/j“Yijlcos(é‘i —5j —(//I.j):_()
p (2.26)

NG
Qsi =Qai =W iI 2V | ylsince: =&, —w)=0
i=l

The active and reactive power flows can be calculated by using the decoupled load

flow approach to cut down one-third of the solution time and reduce memory

requirements.

The inequality constraints apply to state, control and output variables represented as:

. Bus voltage magnitude range for all generation busses and tap transformers to
satisfy legal requirements and design limitations. The bus voltage magnitude

is restricted to limits

Vo <V <V (2.27)

min =
e Real generation range constraints of each unit must be restricted to lie within
given minimum and maximum limits where boiler operation conditions
determine those limits

P; <Py <P; (2.28)

min
. Reactive generation range constraints of each unit which control the voltage

magnitude by varying the reactive power generated produced
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.. <9 <09, (2.29)
. Security constraints on line flows for specified lines
0, if T |<T}
Sp(Ty)= _ il _ (2.30)
a, (ITk I——T ), otherwise
. In-phase tap transformer that can be changed under load
o Phase-shifting transformers constraints on phase shifters must not be allowed
to be outside a given range
Then the objective function becomes:
Where the subscripts p, q represent active and reactive bus constraints.
n
Ty = Ap | P -Ps +Py | (2.32)
i=l
n
Jy= Y 2, [0 -0q, +0Qy | (2.33)
i=m2
Where
n = total number of busbars in the system.
m?2 = total number of voltage-controlled busbars.

P, and Q; = active and reactive power given as function of voltage and phase angle.
/1,,’_ and ﬂqi = Lagrange multiplier corresponding to the incremental cost functions
of active and reactive power delivered at ith bus.
P, and O, = active and reactive power demand and the ith bus.
Qg, and F; = reactive and active power generation at the ith busbar.

The Lagrange multiplier is used to relax “system wide constraints” into unconstrained

form that matches the original objective function at feasible points.
NG n n
LY (@ BB +nB)+ D A [P By +By |+ Y4, [0 05 +0, | @34
i i=ml i=m2

If we include the inequality constraints then the Lagrangian multiplier will become
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L:VZG:(a,- + BBy +,P3)+ iﬂpi [P,- —F; +F; :l+ ‘2 4, [Qi -5, +Qd,.:]
i=l ) i=m2

i=ml -

NG NG
+ZBzmax(PG, —PG,max)+ZBzmln(PG, _Pmem) (2.35)
j =1

i=1
In this thesis the main goal is to use fuzzy formulations rather than crisp formulations.
The classical methods of economic dispatch and power load flow optimization do not
provide wide information on the system performance resulting from calculated and
measured values as separate entities. Power system operation, planning, control and
management are based on strict mathematical models to find a solution. The critical
constraints limitations and system reliability especially in dealing with online
operation which is the main requirement of OPF technology are restricted and the
constraints imposed on the system have to be satisfied 100% in order to obtain a
optimal solution which lead to over conservative solutions. The fuzzy formulation
results of the optimal economic dispatch and optimal load flow treated in this thesis
provide a wider range of information to evaluate the uncertainty in the system when
the load demand, cost function coefficients and power losses are fuzzy which will lead
the fuzziness to propagate throughout the entire system parameters. Fuzzifiying
certain parameters in the objective function or the constraint will enhance the system
performance and reliability. In addition to overcome the limitation restricted on
specific power system variables such as (bus voltages, line flow, etc, may be violated

to some degree in order to obtain a realistic model.



Chapter 3
Fuzzy Sets and Membership

3.1 Introduction

The term “fuzzy” was proposed by Zadeh in 1962 [45] and in 1965, he formally
published the famous paper “Fuzzy Sets” [46], developed to improve an
oversimplified model, thereby, developing a more robust and flexible model in order
to solve real-world complex systems involving human aspects. Furthermore, it helps
the decision maker not only to consider the existing alternatives under given
constraints (optimize a given system), but also to develop new alternatives (design a
system).

The fuzzy set theory has been applied in many fields, such as operations research,
management science, control theory, artificial intelligence/expert system, human
behavior, etc.

In this chapter, we introduce principal concepts and mathematical notions of fuzzy set
theory, a theory of classes of objects with non-sharp boundaries. We first view fuzzy
sets as a generalization of classical crisp sets by extending the range of the
membership function (or characteristic function) from [0, 1] to all real numbers in the
interval [0, 1]. A number of notions of fuzzy sets such as membership function
representation, support, & -cuts, convexity, and fuzzy numbers are then introduced.
The formulations presented in the subsequent Chapters rely on concepts discussed in
section (3-2) to (3-8) for ED problem formulation and section (3.10.1) to (3.10.3) for
OPF optimization.

3.2 Membership Functions

A conventional (crisp or hard) set is a collection of distinct objects, defined in such a
manner as to separate the elements of a given universe of discourse into two groups:
those that belong (members) and those that do not belong (non-members). The

transition of an element between membership and non-membership in a given set in



36

the universe is abrupt and well defined. The crisp set can be defined by the so-called
characteristic function.

3.3 Basic Terminology and Definition

Let X be a classical set of objects, called the universe, whose generic elements are
denoted by x. The membership in a crisp subset of X is often viewed as characteristic

function x4, from X to {0, 1} such that:

1 ifand only ifx eA} G

Halx)= {0 otherwise

Where {0, 1} is called a valuation set.

If the valuation set is allowed to be the real interval [0, 1], 4 is called a fuzzy set
proposed by Zadeh [46]. 4, (x)is the degree of membership of x in A. The closer the
value of z, (x )is to 1, the more x belongs to A. Therefore, 4 is completely

characterized by the set of ordered pairs:

A~:{(x,,uA(x))|xeX} (3.2)
The characteristic function can be either a membership function or a possibility
distribution. In this study, if the membership function is preferred, then the
characteristic function will be denoted by 4, (x ). On the other hand, if the possibility
distribution is preferred, the characteristic function will be specified as7(x). Along
with the expression of Equation (3.2), Zadeh [48] also proposed the following

notations. When X is a finite set {x 12X 250X, } , a fuzzy set A is then expressed as:
A=p(x )/ x +..... +luA(xn)/xn=Z/‘lA(xi)/xi (3.3)
When X is not a finite set, A then can be written as:

A= jy,, (x)/x (3.4)
X

Sometimes, we might only need objects of a fuzzy set (but not its characteristic
function), that is to transfer a fuzzy set. To do so, we need two concepts — support and

a -level cut.
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3.3.1 Support of Fuzzy Set [56]
The support of a fuzzy set A is the crisp set of all x €U such that g (x)>0. That is:
supp(4)={x €U | u, >0} (3.5)
3.3.2 a-Level Set (a-Cut)
The o -level set (& -cut) of a fuzzy set A is a crisp subset of X and is denoted by
Figure (3-1). An a-cut of a fuzzy set A is a crisp set A, that contain all the elements
of the universe U that have a membership grade in A greater than or equal tor. That
is:
A, ={x|p(x)>a and x e X} (3.6)
IfA o= {x fay(x)> a} , then A o is called a strong « -cut. Furthermore, the set of

all levels, & €[0,1] that presents distinct @ -cut of a given fuzzy set A is called a level
set of A. That is:

I1,={elux)=a, for some x e U} (E))

»

Hq(X) 1

el
Ag={x | iy (x) 2 and xeX}

Figure (3-1) a Level-Set Representation
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The fuzzy set can be viewed as comprising of a set of & -level cuts. A a -level cut of

~ ~

A, A, is the crisp set obtained from A foreach a e [0,1] according to equation

(3.6). The «a -level cut of /f can be also described as an interval of confidence at

level @, that is
1 L R
Ay =[A4;" 44 ]
Where A aL and 4 aR are the left and right bounds of the interval of confidences

shown in Figure (3-1). The 1.0-level cut and 0.0-level cut are called the core and
support of fuzzy number, respectively. The central value of a fuzzy number is defined

as the mean value of its 1.0-level cut.

3.3.3 Normality

A fuzzy set A is normal if and only if Sup, g, (x )= 1, that is, the supreme of

M, (x )over X is unity. A fuzzy set is subnormal if it is not normal. A non-empty
subnormal fuzzy set can be normalized by dividing each £, (x ) by the factor

Supyx 24 (x ). A fuzzy set is empty if and only if 1, (x )=0forVx € X ).

3.3.4 Convexity and Concavity
A fuzzy set A in X is convex if and only if for every pair of points x' and X in X, the

membership function of A satisfies the inequality:
1 2 . i 2
sy (Ox " +(1=0)x ") 2min(p, (x ),y (x 7)) (3.9)
Where 0 €[0,1](see Figure (3.2)). Alternatively, a fuzzy set is convex if all & -level
sets are convex. Dually, A is concave if its complement A° is convex. It is easy to
show that if A and B are convex, so is A[1B. Dually, if A and B are concave, so is

AUB.
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Hy(x) 4
1, [~--mmmmmmmmmmemee 2
@ X | f ]

Ha(x 1) ------------ i

My (x Hh T r -------------------- X
0 H >

X X5
Figure (3-2) A Convex Fuzzy Curve

3.4 Basic Operation [S5, 56]

This section introduces a summary of some basic set-theoretic operations which is
useful in fuzzy decision-making. These operations are based on the definitions from
Bellman and Zadeh [47].

3.4.1 Inclusion
Let A and B be two fuzzy subsets of X then A is included in B if, and only, if:

Hy(x)< up(x) forvxeX (3.9
3.4.2 Equality
A and B are called equal if and only if:

He(x)=pg(x) for VxeX (3.10)

3.4.3 Complementation
A and B are complementary if and only if:
Hy(x)=1-pp(x)forVxeX : (3.11)
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3.4.4 Intersection
The intersection of A and B may be denoted by A (B which is the largest fuzzy
subset contained in both fuzzy subsets A and B. When the min operator is used to
express the logic “and,” its corresponding membership is then characterized by:
tanp (x)=min(u, (x ), ug (x)) for Vx e X
= (x)A pg(x)

Where A is a conjunction.

(3.12)

3.4.5 Union
The union (AU B) of A and B is dual to the notion of intersection. Thus, the
union of A and B is defined as the smallest fuzzy set containing both A and B.

The membership function of A|JB is given by:
Faus (8) = max(py (x ), 5 (x)) for Vx e X .
=py(x)V pp(x)

3.4.6 Algebraic Product
The algebraic product AB of A and B is characterized by the following

membership function:

Myp(x)=p,(x)ug(x) forVx e X (3.19)
3.4.7 Algebraic Sum
The algebraic sum A® B of A and B is characterized by the following

membership function:

Maop(x)=py(x)+ pp(x)— sy (x)pp (x) (3.15)

3.4.8 Difference
The difference A — B of A and B is characterized by:

Hynpe () =min(s, (x), py. (x)) (3.16)
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3.5 Fuzzy Arithmetic [55, 56]

The arithmetic operations in Fuzzy systems are as follows.

3.5.1 Addition of Fuzzy Numbers

The addition of X and Y can be calculated by using « -level cut and max-min

convolution.

A) «a-level cut. Using the concept of confidence intervals, the & -level sets of X
and Y are X =[XaL,XaR] and Y, =[YaL ,YaR] where the result
Z of the addition is:
L L R R
Zy=X (Y, =X, +Y, X, +Y, ] (3.17)

for every a €[0,1].

B) Max-Min Convolution. The addition of the fuzzy numbers X and Y is

represented as:

Z(z)= max [minfpy (<), 15 0)1] (3.18)

z=x+y

3.5.2 Subtraction of Fuzzy Numbers

A) «-level cut. The subtraction of the fuzzy numbers X and Y in the & -level cut

representation is:
L R R L
Zy=X (W, =X, Y, . Xo Y. (3.19)
for every a €[0,1].

B) Max-Min Convolution. The subtraction of the fuzzy numbers X and Y is

represented as:

11, (Z) = max {[11, (x )y )]}

z=x-y

max {[4, (x), 4 (~»)]} (3.20)

z=x+y

max {[u, (). iy )]}
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3.5.3 Multiplication of Fuzzy Numbers
A) a-level cut. The multiplication of the fuzzy numbers X and Y in the & -level

cut representation is:

Z, =X (W, =[xy, x,r (3.21)

for every a €[0,1].

B) Max-Min Convolution. The Multiplication of the fuzzy number X and Y is

represented by Kaufmann and Gupta in the following procedure as:

1. First, find Z' (the peak of the fuzzy number Z) such that £, (Z "Y=1 then
we calculate the left and right legs.

2. The left legs of p, (z) is defined as:

#, (z) =max {min[x, (x), 4 (¥)1} (3.22)

xy <z

3. The right leg of z, (z) is defined as:

#, (z) = max {min[ g, (x ), 4 (¥)]} (3.23)

xy z

3.5.4 Division of Fuzzy Numbers

A) a-level cut.

Zy=X (W o=lx" 190 2 1va"] (3.24)

B) Max-Min Convolution. As defined earlier we must find the peak then the left

and right leg.
1. The peak Z=X (:) Y is used.
2. The left leg is presented as:

#; (z)= max {min[x, (x), 4 ()]}

x/ly<z

max {min[,ux (x)u 17y )]} (3.25)

xy<z

max{min[,u, )ty (¥ )]}

Xy <z
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3. The right leg is presented as:
#; (z)= max {minfs, ()14 O]}

xly=2z

max {min{g, (), 4 (1/y)]} (3.26)

xy 2z

max {min[z, (x ), 44,y ()1}

Xy 2z

3.6 LR-Type Fuzzy Number [55, 56}

A fuzzy number is defined to be of the LR type if there are reference functions L and
R and positive scalars as shown in Figure (3-3). Where & represents the (left spread),
J represents the (right spread) and m represents the middle or some times called the
(mean) or crisp value. The mathematical representation for the triangular membership
function is found by letting L(x ) =R(x ) =max(0,1-x)

Then

3

L —X

) for x <m

R

(3.27)

=

—-m

j for x 2m

=

My (x)=
“

H(x)

v

m- m m+p

Figure (3-3) Triangular Membership Function




As the spread increases, M becomes fuzzier and fuzzier. Symbolically we write:
M=(m,a,p) (3.28)
Table (3-1) shows all the mathematical formulas used for L.R representation of fuzzy

numbers.

3.7 Interval Arithmetic [55]
The interval arithmetic normally used with uncertain data obtained from different

instruments. If we enclose those value obtained in a closed interval on the real line R;

that is, this uncertain value is inside an interval of confidence R,x €[a;,a,]

wherea; <a, . Table (3-2) shows the entire fuzzy arithmetic interval used with a
triangular fuzzy number. Where the fuzzy number denoted by:

X =(x",x”?,x°)express the middlex " =x , the left spread x¥ =x —a and the right
spread x° =x + . The condition X >0 orY >0 means that the support of the
fuzzy number is positive interval, i.e.. (x” —x?)>0. Similarly X <0 or¥Y <0

means that the support of the fuzzy number is a negative interval, i.e.:(x " —=x*)<0.

In Chapter (5) and (6) the tools for interval arithmetic are employed to find the fuzzy
variable represented by its left, middle and right side of the triangular membership

function.

3.8 Triangular Norm (t-norms) [55]

Let t: [0,1]x[0,1] —[0,1] be a function that transforms the membership functions of
fuzzy sets A and B into the membership function of the intersection of A and B, that

s, L4ty (0 ). pty (2 )] = fgp () = miinf gt (3 ), 1 ()]

In order for the function t to be qualified as an intersection, it must satisfy at least the

following four requirements:

Axiom t1: £(0,0) = 0;¢ (1, (x ), 1) =t (L, &, (x)) = 1, (x )(boundary condition).
Axiom 2: ¢ (1, (x), 1y (x)) =1 (15 (x), 1, (x)) (commutativity).

Axiom t3: if p, (x)< g (x)and y, (x ) <y, (x ), then

1, (X)), 15 () <t (Y- (x ), 44, (x )) (nondecreasing).



Axiom t4: 1]t (1, (), ity (6 ), pic G =112, ()t (a1 (), 4 (¢ )] (associativty).

Table (3-1) Fuzzy Arithmetic on Triangular L-R Representation of Fuzzy

Numbers
X =(x,0.B) &Y =(y,r,5)
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Where for fuzzy X ..x is the middle value, « is the left spread and £ is the left

spread and the same apply for fuzzy ¥

Image of Y:

Inverse of Y:
Addition:

Subtraction:

Multiplication:

Y =(-y,0,r)Y =(-y,0,r)
Y=y oy try ™)

XHY =(x+y,a+r,f+0)

XY =XH-Y =(x-y,a+d,f+r)

X >0,Y >0 XY =(xy,xr+ya,xé+yp)
X <0,Y >0:X()Y =(xy,ya—-x0,y f—xr)
X <0,Y <0: X ()Y =(xy,x0-yB,—xr—-ya)

Scalar Multiplication:
a>0,aeR :a()X = (ax ,aa,ap)
a<0,aeR :a(s)X =(ax ,—apf,-aa)

Division:

X>0,Y >0 X0 Y =(x/y,x6+ya) y2,(xr+y B)/y?)
X <0,Y>0: X0 Y =(x/y,(ya-xr)/y2 @ B-x8)y?)

X<0,Y <0: XY =(x/y,(~xr-y By (-x6-ya)y?)
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Table (3-2) Fuzzy Interval Arithmetic on Triangular Fuzzy Numbers

X=(x"x?x°)&Y =(y",y7,y°)

Image of Y:
Inverse of Y:
Addition:

Subtraction:

Muttiplication:

Y =(_ym’_y0,__yp)
Y '=/y™,1/y°%,1/yP)
XHPY =@x"+y",xP+y? x°+y°%)

X(_) Y =X(+)_Y =(xm __ym’xp _yo,xo _yp)

X >0,Y >0: X ()Y =(x"y" ,xPy?P x%°y?)
X <0,Y >0: X ()Y =(x"y",xPy°,x°y?)
X <0,Y <0: X (@)Y =(x"y",x%°y°,xPy?)

Scalar Multiplication:

a>0,aeR :a()X =(ax " ,ax ? ,ax’)

a<0,aeR :a(s)X =(ax",ax’,ax ?)

Division:

X>0,Y >0: X)) Y =(x"/y",xP/y°x°/y?)
X<0,Y >0:XQ)Y =(x"/y",x%°/y°,xP/y?)
X <0,Y <0:XQO)Y =(x"/y",x°1yP x?/y?°)
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3.9 Fuzzy Linear Programming [56, 62] _

Linear programming is concerned with the efficient allocation of limited resources to
activities with the objective of meeting a desired goal such as maximizing profit or
minimizing cost. The distinct characteristic of linear programming models is that the
interrelations between activities are linear relationships which are the satisfactions of
the proportionality and additively requirements. Symbolically, the standard linear
programming problem may be stated as:

maximize cx
subject to Ax <b (3.29)
x =0

Where x =(x,,..x,) € Rare the decision variables to be determined, ¢ = €5c,)
are called objective coefficients, and 4 =[a;] € R™" is called constraint matrix
with its elements a; called constraints coefficients, and b =(b,,...b, ) are called

resources. These input data (of ¢ , b and A ) are usually fuzzy/imprecise because of
incomplete or non-obtainable information.

To formulate these fuzzy/imprecise numbers, we can use membership functions or
possibility distributions (depending on specific problems). The function forms of
membership functions and possibility distributions are depicted in Figures (3-4) and
(3-5), respectively. With these fuzzy/imprecise input data, Equation (3-29) is then
called fuzzy/possibilistic (linear) programming. The grade of a membership function
indicates a subjective degree of satisfaction within given tolerances. On the other
hand, the grade of possibility indicates the subjective or objective degree of the
occurrence of an event.

It is important to realize this distinction while modeling fuzziness/imprecision in
mathematical programming problems. Figures (3-4, 3-5) illustrate two cases of the

preference-based membership function of fuzzy resources. When the constraints
areAx < b~ , the rational preference-based membership functions.can be assumed to be

ﬂdn-inéféaéidg. Shhilarly, non-decreéﬁng functions can be assumed for4dx >5 . For
equality constraints, triangular or trapezoid functions might be appropriate. For the

maximization (or minimization) problem, the preference-based membership
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Figure (3-4) Linearly Decreasing and Increasing Membership

Function

z/c

Max Z

z/c

Min Z

Figure (3-5) Min Z and Max Z Representation
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functions of ¢ can be assumed to be non-decreasing as bin Ax =6 or (or non-
increasing as bin Ax <b ). As to the preference-based membership functions of 4 ,

they may be either non-increasing for Ax <bor non-decreasing for Ax 2b.

Sometimes, triangular or trapezoidal functions might be adopted. For possibilistic

(linear) programming, the possibility distributions of A ,b and/ é are often assumed to
be triangular or trapezoid membership functions.

When any of (€X ) and/or Ax is a non-linear function, Equation (3-29) becomes a
non-linear programming problem. Ifx is restricted to be an integer, then Equation
(3-29) will become an integer programming problem. Both cases with
fuzzy/imprecise input data as show in Figures (3-4) and (3-5) Equation (3-29)

becomes fuzzy (possibilistic) non-linear and integer programming, respectively.

3.10 Fuzzy Decision

Assume that objective(s) and constraints in an imprecise situation can be represented
by fuzzy sets. For an illustration, suppose that we have a fuzzy goal G and a fuzzy
constraint C in a decision space X expressed as follows:

G: x should be substantially larger than 10, with

. (x)=[1+(x -10)2]" ifx>10
=0 if x<10

C: x should be in the vicinity of 15,
He(x)=[1+(x ~15)*T"

Then, with the assumption of the symmetry we may make decisions which satisfy
both the constraint “and” the goal. That is: G and C are connected to another by the
operator “and” which corresponds to the intersection of fuzzy sets. This implies that
in the example the combined effect of the fuzzy goal G and the fuzzy constraint

C on the choice of alternatives may be represented by the intersection G NC , with

the membership function (see Figure 3-6):
Hone (%)= g (x ) A gt (x ) =min{ g (x ), 4 (x )} (3.30)
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Then Bellman and Zadeh [47] proposed that a fuzzy decision may be defined as the
fuzzy set of alternatives resulting from the intersection of the goals and the
constraints. That is: the decision D =G NC is a fuzzy set resulting from the

intersection of G and C, and has its membership function.

y7,
1
0 X
Figure (3-6) The Relationship of G, C and D
A maximizing decision then can be defined as follows:
My
:uD(x )—maX IuD(x)forx GX (331)

=0 elsewhere
If p4,(x ) has a unique maximum at x M then the maximizing decision is a uniquely
defined crisp decision which can be interpreted as the action which belongs to all

fuzzy sets representing either constraints or objective(s) with the highest possible

degree of membership.

3.10.1 Linear Programming with Fuzzy Resources
maximize cx
subject to (4x ), <b,, i =1,2,...,m (3.32)
x 20

We may also consider the following fuzzy inequality constraints:
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maximize cx
subject to (4Ax ), <b,, i =12,...m 7 (3.33)
x>0
Where < is called fuzzy less than or equal to. If the membership functions of both
cases are the same, then equations (3.32) and (3.33) will be the same and we will
consider that both problems are equivalent in this thesis.

Let ¢,(>0) be the tolerance of the 2tk resource b; then the fuzzy inequality
(Ax); £b, is specified as (4x ), <b, +6¢, where 6 €[0,1]. In other words, the

fuzzy constraint (4x ), <b, is defined as a fuzzy set i with membership function.

1 if (Ax), <b,
p(x)=11-[(dx), -b1/t, if b <(dx), <b, +t, (3.34)
0 if  (dx), =b, +t,

Therefore, the problem becomes to find x such that cx and ;(x) fori=1,2,....m

are maximized. This is a multiple objective optimization problem.
Werner’s [57, 58] proposed that the objective function of equation (3.32) and (3.33)
should be fuzzy because of fuzzy total resources or fuzzy inequality constraints. The
approach to solve this problem starts by solving the following two standard linear
programming problems:
maximize cx
subject to (4x ), <b,, i =1,2,...m
x 20
maximize cx
subject to (4x ), <b, +t,, i =1,2,....m
x 20

(3.35)

Let x° and x! be the solutions of (3.34) and define z O=cx%and z'=ex!. Then,

the following membership function is defined to characterize the degree of optimality:

1 if cx >z!
zl—ex . 0 \
Hy(x )= l—Zl-—ZO if z"<ex <z (3.36)

0 if  cx<z®
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Clearly, when ¢x >z ! we have s(x ) =1 which gives us maximum degree of
optimality, when cx <z ® we have z4,(x )=0 which gives minimum degree of

optimality, and when cx lies between z ! and z ° the degree of optimality changes
from 1 to 0.

Since the constraints and objective function are represented by the membership
functions (3.33) and (3.35), respectively, we can use the max-min method to solve this

multiple objective optimization problem. Specifically, the problem becomes:

max (&) =minf (X ), 44(X )yeeves g (x )]
or equivalently

maximize «

subject to x)>o
)J Ho(x) ‘ (3.37)

u(x)zea, i=12,..m

ael0,1], x 20

Substituting (3.33) and (3.35) into (3.36), we conclude that the fuzzy resource linear
programming problem (3.32) can be solved by solving the following standard linear
programming problem:
maximize «
subjectto cx >z'-(1-a)(z'-z%)
Ax), <b, +(Q-a),, i=12,..m
ael0,1], x 20

(3.38)

3.10.2 Linear Programming with Fuzzy Objective Coefficients [59]
Consider the linear programming problem with fuzzy objective coefficients given as
maximize ¢x
subject to Ax <b _ (3.39)
x 20
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For simplicity and without loss of much generality, we assume that the ¢,’s are

triangular fuzzy numbers with membership functions £ (x:c; oc; O,c i+) .

Symbolically, let &, =(c, ,c,’,c;"). Then (3.38) becomes:

maximize (¢, x,c,’x,c,*x)
subjectto Ax <b (3.40)
x 20

Where ¢~ =(C; yrrsCy )0 = (€ 5eenC, ) and ¢t =(c;*,..o0nc,, ™). Thisisa
multiple objective linear programming problem. Two approaches were proposed by

Lai & Hwang [60] to solve this problem. The first approach is simply combining the

0

three objectives into a single objective function. For example, ¢ "x ,c°x and ¢*x

(4c®+c +ct)x
6

Hwang [60]. So (3.39) is converted into the following standard linear programming

can be combined into the so-called most-likely criterion (Lai and

problem:

(4c®+c +ct)x

6
subjectto Ax <b (3.41)
x>0

Other weighted-sum strategies also may be used.

maximize

The second approach by Lai and Hwang suggests that the fuzzy objective is fully

0

defined by three comer points (¢ "x ,¢"x ,c*x) geometrically. Thus, maximizing

the fuzzy objective can be obtained by pushing these three critical points in the
direction of the right-hand side. Fortunately, the vertical coordinates of the critical
points are fixed at either 1 or 0. The only considerations then are the three horizontal

coordinates, as shown in Figure (3-7). Then the observation that our goal is to

maximize the triangular fuzzy number (¢ "x ,c% ,c*x) . Therefore, instead of
maximizing the three values ¢ “x ,c¢%x and ¢ *x simultaneously, we may maximize

¢% (the center), minimize ¢’x —c~x (the left leg), and maximize ¢ *x —c%x (the

right leg). In this way, the triangular membership function is pushed to the right.
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Thus, equation (3.39) is changed to another multiple objective linear programming

problem, as follows:

minimize = z1=(%-c)x
maximize z2=c%
maximize z3=(*-c)x (3.42)
subjectto  Ax <b
x 20

cx

z3

Figure (3-7) Second Approach by Lai and Hwang

A method to solve this problem is to characterize the three objective functions by

membership functions and then maximize their « -cut. Specifically, we first get the
solutions:

P : - -
z,/ =min(c®—c ), z," =max(c®-c)x
xeX xeX
P 0 N N |
z, =maxcx, Z, =mmc'x (3.43)
xeX xeX

P _ + - N —mi + -
z, —I;lgz((c cx, z, r){lel)l(l(c co)x
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Where X = {x|4x <b,x 20}. The solutions z, P are called Positive I1deal Solution

and Z,.N are called Negative Ideal Solution. Then define the following three

membership functions to characterize the three objectives:

1 if ’-c <z
N _ . 0_ -
-’ =cx _
,u:l(x)_—.szl ,§ > ) if z/<E-ec <zl (3.44)
1“1
0 if €c®—cHx=zN
1 if ' <z’
cox -z N . N 0 P
po,(X)=y—p—% if z, <c’x<sz, . (3.45)
2, T4
0 if % 22N
1 if (ct—cx <z,
ct—cx —z,"
,uzh(x)=<( 2 ) 3 if oz <t - <z (3.46)
? Z, —Z,
0 if (et —c%)x 223N

Finally, the problem is solved by solving the following standard linear programming
problem:

maximize cx

subject to u, (X)2a, i=1,2,3

Ax <b,x 20

3.47)

3.10.3 Linear Programming with Fuzzy Constraint Coefficients [59]
Consider the linear programming problem with fuzzy constraint coefficients
maximize cx
subject to Ax <b
x20

(3.48)

Again, for simplicity and without loss of much generality, we assume that 4 = la;]

consists of triangular fuzzy numbers, that is, 5,.1. =(a, ,a, 0

+
i 58y 5@ ) and
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A=(4",4°A4%), where 4~ = a; 1, A= a,.jo] and 4" =[a,"]. Then the
problem becomes: |

maximize cx

subject to (4 x,4°x,A*x ) <b, (3.49)

x 20
Using the most-likely criterion as in (3.40), we convert (3.46) into the following
standard linear programming problem:
maximize cx
(44°+A4 +A4%)x v <

subject to g <b (3.50)

x 20
Up to this point, we have solved the three basic fuzzy linear programming problems
(3.32)-(3.45). Other types of fuzzy linear programming problems are essentially
combinations of the three basic problems and therefore, can be solved using similar
approaches. For example, consider the problem where all the coefficients are fuzzy
numbers shown below:
maximize c¢x
subjectto Ax <b (3.51)
x 20

Assume that ¢, A and b~ consist of triangular fuzzy numbers, that means each one
will have its middle, left and right spread represented as ¢ = (¢ ,¢°,c ),

A= (4,4 O,A “Yand b= (b7,b°,b"), then (3.48) can be converted into the
following multiple objective linear programming problem:

maximize z1=(c’~c)x

minimize z2=c%

minimize z3=(c*-c")x (3.52)
subjectto A, x <b, ,A,°x <b,’,4,'x <b,’
x 20

Where the given value of # is the minimal acceptable possibility given. This value

can be assigned by the programmer to obtain the best solution of the problem. The

obtained solution will be a triangular representation as shown in Figure (3-7). Then
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we can use the method explained in equation (3.43) to solve this problem. This
method will be used in chapter (8) to calculate the optimal total cost of a fuzzy

coefficient and fuzzy active and reactive loads.

3.11 Zimmermann’s Approach — A Symmetric Model [60]

In this approach, the goal b, and its corresponding tolerance p, of the fuzzy
objective are given initially, and also are for the fuzzy resources: b, and its
corresponding tolerances p; , Vi. The fuzzy objective and the fuzzy constraints are

then considered without difference, and their corresponding regions can be described

in the intervals[b, ,b, + p,; ], Vi . Thus, Equation (3.32) can be considered as:

find X
such that cx 25,
(3.53)
(Ax), <b,,Vi
x>0

In fuzzy set theory, the fuzzy objective function and the fuzzy constraints are defined
by their corresponding membership functions. For simplicity, let us assume that the
membership function g4, of the fuzzy objective is a non-decreasing continuous linear
function, and the membership functions z4,, Vi , of the fuzzy constraints are non-

increasing continuous linear membership functions as follows (see Figure (3-7) and
(3-8).

1 if cx >b,
Uy(x)=31=[by~cx ]/ p, if by—p,<cx <b, (3.54)
0 if cx <b,—p,
1 if (Ax), <b,
M (x)=<1-[(4x), =b,)/ p, if b, <(4x), <b, +p, (3.55)

0 if  (Ax), >b, +p,
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X

bo —Py bO

Figure (3-8) Fuzzy Linearly Increasing Objective
Membership Function

Zimmermann then used Bellman and Zadeh’s max-min operator to solve Equation

(3.50). Thus, the optimal solution can be obtained by:

max p(x )=max{minfz,(x ), 4 (x)........ . (O} (3.56)
Where £z, is the membership function of the decision space D
and = min(uy, fhs....., ty) - If @ = gy , then Equation (3.50), via the Equation
(3.53) will be equivalent to:

maximize «
subject to p(x)=1-(by—cx)/ p,2

3.57
u(x)=1-[(Ax),=b,1/p, 2, i=12,...m (3-57)
H(x),Vi,and a<[0,1]
or
maximize «
bject t >b,—(1-
subject to cx 2by—(1-a)p, (3.58)

(Ax), <b, +(1-a)p,, Vi
x 20 and «a€[0,1],

Where ¢ ,4 ,b,,p,, b, and p; Vi are given initially.
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H(x)

(Ax),

b b +p,

Figure (3-9) Fuzzy Linearly Decreasing Objective Membership
Function

Obviously, Equation (3.55) is a crisp linear programming problem. A unique optimal
solution can be obtained. It should be noted that this approach is considered as the
first practical method to solve a linear programming problem with fuzzy resources and

objective.



Chapter 4
Economic Dispatch of all Thermal Power Systems

with Fuzzy Load

4.1 Introduction

This chapter presents a new and simple technique to solve the short-term economic
dispatch problem of an all thermal electric power system, when the load demand of
the system is considered to be fuzzy. The hard constraints, using this technique, are
transformed to soft constraints. The membership function of the load is assumed to be
triangular. A simulated example of a system consisting of two units is presented in

this chapter to explain the main features of the proposed technique.

4.2 Problem Formulation

The primary objective of the ED problem of a power system that consists of m
thermal units is to determine the most economic loading of the generators such that
the load demand in the intervals of the generation scheduling horizon can be met and
the operation constraints of the generators are satisfied. For a quadratic fuel cost
function, the problem can be mathematically stated as:

Minimize
NG NG 5
Croa = Z;Ci = Zlai +ﬂiPG,. +7iPG,
i= i=

Subject to satisfy the following constraints on the system

e Active power balance equation (APBE)
NG
D P, =P, +P, (4.1
i=

Where
P, - is the total system demand of the network.

P, - is the system transmission losses, which is function of the generation of

each unit and system parameters related to the network model.
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o The power output of any generator should not exceed its rating nor should it be
lower than the minimum value necessary for stable boiler operation. Thus, the
generations are restricted to lie within given minimum and maximum limits
expressed as:

P, (min) <P, <P, (max) i=1 NG

The problem formulated above is a classical economic dispatch problem. It is well

known and many techniques have been developed to solve it.

Reference [1] gives a comprehensive survey of the techniques used in solving the

economic dispatch problem and the recent developments to improve the solution.

The unit commitment problem and optimal power flow may be included in the

problem formulation to overcome the difficulty of including the system losses in the

formulation. Some techniques use the B-coefficients to express system losses.

It may be possible that fuzzy formulation for the economic dispatch problem would

overcome difficulties involved in solving the problem. In the next section, we offer

this formulation deriving the necessary equations based on the principle of equal
incremental cost neglecting losses, where the solution of this type of problem can be
found using closed-form expression. However, when losses are considered, the
resulting equations as seen in the next chapter are nonlinear and must be solved

iteratively. The fuzzy economic dispatch problem can be stated as

1. The power load on the system is Fuzzy };D

2. The power generated from each unit will be fuzzy ISG,_

Then the optimization problem in this case is given as:

Minimize
. NG . NG . -,
Crow = Z]Ci = Z;,ai +ﬂiPG,. +7iPG, 4.2)
i= i=

Subject to satisfying the following constraints
NG

> P -P,20 B O X )

i=l

P, (min)<P; <P, (max)  i=1...NG (4.4)
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From equation (4.3) IF a fuzzy system load ISD =(P,.,a 5 50 5, ) is assumed to be a

triangular membership function shown in Figure (4-1a), where its middle value is

represented byﬁD and the left and right spread area; ,b 5, respectively, THEN the

fuzzy generation };G’ = (FG'_ .a; ,b; ) will be of the same triangular membership

function representation as shown in Figure (4-1b). The middle crisp value is

represented by 136 and left, right spread of as ,b 3 respectively, where i = 1,.....NG

represents the number of generation sources committed to the system network. The
left, right side of the triangular membership function for the load demand can be

calculated as L; = (P_D -a; ), R 5 = (P, +b 5, ) respectively as shown in Figure
(4-1a). The left and right side of the power generationisL, = (FG ~as ),
G; ! Gi
R; = (ISG +b; )as shown in Figure (4-1b). In this formulation, we have
Gi ! G;

translated the fuzzy load into a triangular membership function by assigning a degree
of membership to each possible & -cut value of the load. Which means mapping the
fuzzy variable on the [0, 1] interval. The solution of equation (4.2) will provide the
generation possibility distributions corresponding to fuzzy loads for the minimum
cost of operations [42]. In equation (4.3) the hard constraints mentioned are

transferred to soft constraints by using the Lagrange multiplier. Using such equality

Iu}_)[) A
T R
075 [~TtTo .‘"l T
o
0.5 [~ E‘“ll“'f'"
N
o S
1 I t
1 ' D
0 Lo R
L/ I AN N 5
D aﬁ,, Pl) bl;D D
Figure (4-1a) Memberships Function for Load Demand
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constraints includes implicitly the demand. The approach used in this chapter is to
assume the fuzzy demand and fuzzy generation with different representations of
their & -cut are expressed by (0, 0.5, 0.75 and 1) where the & -cut is used to create a
family of crisp set in order to be used in fuzzy mathematical operations.

The membership formula for the load demand is expressed as:

0 P, <L15
D
P,-L, o
L h 1, <P, <P,
a, D
oY P,
M(Pp)= v 5)
i Rﬁ —PD — -
D
0 ﬁD >R151)
/'l}'i F 3
| e I
0.75  t-----------f--- I---\
1
08 1~ -f-- .-—--l----:__
S T B
S F,
0 S

Y

Figure (4-1b) Membership Function for Power Generation




The membership formula for the generator becomes:

0 PG' SLF(;,
P, -L, o
. L?; SPG,. <FP;
>3 P, ’
p(Py )=1 " 1 (4.6)
Rﬁ‘ -P; _ .
G, ! < <R.
bﬁc;, PG’ -G —R G
0 P; =R,

Below is a review of the crisp case to obtain the optimal solution using the Lagrange
multiplier formula to relax “system wide constraints” into an unconstrained form that

matches the original objective function at feasible points.
NG 5 NG m M ,
L=Y @ +BF, +1, B )+ AMP,—Y P )+ (B Ry ) vy (B, -1, ™) (A7)
i= fct

Where A, 14, andyy, are fuzzy Kuhn-Tucker multipliers

Optimizing the formula by setting partial derivative to zero:

oL
op,

=B +2y,Fs +A=D - +y,; =0 (4.8)

B. +27iPG,. —A—p +y,; =0

aL NG
5= AP Pp)=0 “9)
oL m
—a—;=ﬂi(PG, —PG,)=O (4'10)
oL
sz//, (P; —P;")=0 (4.11)

Assuming that unit i is operating within the specified limits, then £, andy, will be

equal zero.

Then from equation (4.8) we can obtain the incremental fuel cost 4 as:

A=p +2y,F; (4.12)

Thus, fuzzifying the optimal solution obtained from the crisp optimization problem,
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then the incremental cost 4 can be written as:

A=p, +2y, P | (4.13)
Solving for the power generation we get:
. i-p
P =—" i=1..NG 4.14
G, 2}/1 ( )
Then replacing equation (4.3) with (4.14) we get:
N i-B =
—Ll =P (4.15)
= 2y, P
Solving for A we get:
. NGpg
2P, + A
A= —W;—li‘L (4.16)
=17
Substituting the middle, left and right spread representation into equation (4.16):
_ NG B
L 2(Pp,a; ’bpf>)+zl}%
—— =
AA,a;.b;)= e ¢ 4.17)
=7

In the above equation, we assume that the unit coefficients B, and y, are crisp

values. Using Table (3-2) from chapter (3) to implement the operation of fuzzy
numbers such as addition, subtraction, division, multiplication and inversion by their
o -cut operation then the crisp values in equation (4.17) is obtained by collecting all

the middle crisp values of the fuel incremental cost which can be written as:

2P, +A§(é’—]
i=i\ Vi

A= e (4.18)
=7
While the left spread can be calculated from (4.16) to become:
2a; )
_ 24,) (4.19)

TR
2
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And the right spread can be calculated as:

2(b -
b, =VG-(——’"—>)— (4.20)

1
(=)
Equation (4.19) and (4.20) describes the fuzzy incremental fuel cost.
Substituting the middle, left and right spreads into the fuzzy generation of each unit

from equation (4.14) we get:

(Aa;.b)-B,

P; =(F; s ’bﬁc,. )= % i=L.,NG (42D

The middle of the generation is calculated as:
P, A p ioinG 4.22
Gi'—_z_}-/-i_' G, l1=1,., ( . )

While the left spread and left side of the generation can be calculated as:

a, =4
fo. 27, ) (4.23)
LFG, =(F; -a, )= P5 (min)
The right spread and right side of the generator can be calculated as:
_h
% 27, ) (4.24)
R A= (P; +b A =P ()

The left and right sides of the generation given by equation (4.23) and (4.24) may
equal the maximum and minimum limits of each thermal generator unit, or they may
be included within the membership. This setting should not lead to any violation of
the limit restricted on the generation as shown in equation (4.4). This means the load
will be distributed evenly between the two units and satisfy the quality constraints
given in equation (4.3). Using such a simplification reduces the cost calculation in the
iterative method that considers the transmission line losses, even if there are some
approximations. Furthermore, there is no crisp load in real time, the value of the load

changes from minute to minute.
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Equation (4.3) and (4.4) can be rewritten to be as:

NG _ 3
> (Pg 25 by )=(Pp.az by )20 (4.25)
1 i i

L, <P, <R

i=1,.... NG (4.26)
PG.

P
The total fuzzy optimal cost function can be calculated using equation (4.2).
Substituting the right and left side of the power generation for each unit to obtain the
cost of each unit individually. Then the cost of all units is added to obtain the total

cost. This can be verified in the following equations:

C =(C_1,LC.I,RC~1)=04 + ,BI(FG]—,L% R, )+;/,(PGI,LFGI Ry XPG-’L%, R; ) @27)

C, =(C’2,L62,R62)=q +,82(I3G:,LPQ ,REJ_Z)+7Z(13G: Ly Ry )(PG:,LP@ Ry ) (428)
C, =(CTI’LC",’RC’,):(51’L€,’RC])+(52’L62’RC'2) | (4.29)

Using Table (3-2) from chapter (3) the middle, left and right side of the total cost

becomes:
C,=Yla +BEF)+y. &N

L, =3 + ALy, 1+7.(Ly, XLy )] (430)

Re =3l + B (R, )+ 7, (R, YR, ]

i=1

And if we use Table (3-1) the middle, left and right spread becomes:
C =Yla+BE)+rE]
i=l

ds = ,Zl:[ﬂ' (aﬁur )+7, ((aﬁ(’_’ 136' )+(a13<;, ISG’ Nl 4.31)

b, =3B by, )+7:( B )+ T )

0

It is worthwhile to state here that trapezoidal membership functions as shown in
Figure (4-2a), (4-2b) and (4-2c) can be used for the load demand, the fuel incremental
cost and power generation of each unit instead of a triangular membership function

representation. In Figure (4-2a) the peak value of the power load will occur between
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Ppand ﬁD . The minimum estimated load is a 5% deviation which will be 0.95P,,

and the maximum estimated load is a 10% deviation which will bel. IP—D . The fuel

incremental cost membership function shown in Figure (4-2b) shows the calculated

incremental fuel cost 4, corresponding to the value of 0.95 P, , while A is calculated
from P, , A from P, and A, from the maximum allowable 10% load deviation

represented by 1.1 FD . Finally, the calculated trapezoidal membership function for

the power generation describing the obtained fuzzy generation from a fuzzy load is
shown in Figure (4-2¢). The trapezoidal membership function is intended to be
acknowledged in a future suggested research. The triangular membership function is
a special case of the trapezoidal membership function and it will be used in our
subsequent work. It is noted that the output fuzzy solution will have the same form as
that of the input data this means that using triangular membership functions for the
input will result in a triangular membership of the output. If a mixer of a triangular
and trapezoidal are used then the outcome will be trapezoidal this follows because the
trapezoidal function is the most general of forms using straight line segment. The
fuzzy membership function is described by a mathematical expression involves
extensive data collection that can be more complex if one uses trapezoidal or Gaussian

form.
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Hp,
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v

/ /

0.95P, a, P, P, b, 1.1P,

Figure (4-2a) A Trapezeoidal Membership Function for Power Load
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Figure (4-2b) A Trapezoidal Incremental Cost Membership Function
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PG,

X 7 g
(B -as ) @, P" r" E,, " +b; )

i

Figure (4-2¢) A Trapezoidal Membership Function for Power
Generation

4.3 Solution Algorithm

The load demand data was obtained from an estimated fuzzy short term load
forecasting model, developed on the basis of fuzzy multiple linear regressions, to
minimize the spread of the fuzzy coefficients that exist in the fuzzy winter model for
weekdays and a weekend with a 20% deviation in the load demand in a 24-hour
period [63]. The load demand will have upper, middle, and lower limits. Table (4-1)
and Figure (4-1) shows the actual load demand on the system when & -cuts is equal to
zero while the other left and right sides for different & -cuts values are calculated from
the membership formula for the load demand in equation (4.5). In addition, the
number of m thermal units feeding the load and the crisp characteristic coefficients of

each unit o, , B, ,and y, are known. Then a solution to the ED problem can be

obtained using the following steps.

Step 1: Apply the principle of equal incremental cost to determine the optimal fuzzy
dispatch and the total fuzzy cost. Then calculate the fuzzy fuel incremental
cost, middle and spread, using equations (4.18), (4.19) and (4.20) for different

o -cut values represented by (0, 0.5, 0.75 and 1) for hour in question.
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Step 2: For each fuzzy incremental fuel cost, determine the fuzzy generation of each
unit, the middle and spread, using equations (4.22), (4.23) and (4.24).
Step 3: Calculate the fuel cost of each unit that corresponds to its generation and

hence the total fuel cost using equation (4.30).

4.4 Simulated Examples
The above steps are applied to a simulated example, consisting of two unit generation.
The input/out fuel cost functions, for each unit, are given as:

F(F;)=200+7F; + O.OOSPGzl kJ/h

F(F;,)=180+6.3F; + 0.0()9PG22 kJ/h

The generation limit for each unit is:

Py in <Py SPg e MW
Py i SPs S Py e MW

Replacing the minimum and maximum limits with the left and right sides of power

generation, then it can be written as:

L, <P;<R, (MW)

Gy min

L, <P; <R, (MW)

£, min
Following the solution of the algorithm step by step in a simulation program for
different & -cut values a number of tables are obtained and graphs are plotted to show
the outcome that influences the generation and cost function when the load varies hour
by hour. As an example the load demand at 10™ hour is a triangular membership
function with middle, left and right spread. Those values can be calculated using the
membership formula (4.5) for each & -cut representation then for each & -cut the
incremental fuel cost is calculated for that particular hour. The power generation
middle, left and right spread of each unit is obtained from equation (4.22) through
(4.24) respectively then the total generation is added and tested with the load demand
middle, left and right values. If they are equal then no violation has occurred. This
solution algorithm is known as the analytical method. Another method to obtain the
solution is the gradient method, where an iterative search solution for the fuel
incremental cost is given as a guess initially and then the search continues until the

total generations are equal to the load demand. In our example, the total sum of the
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generations of unit 1 and 2 at the 10" hour is a triangular membership function with
middle, left and right spread equal to the load demand at the 10" hour which proves
that their was no violation to the generation limit since the upper and lower values of
the generation are within the 10% deviation of the load. The middle value of the total
power generation and the load demand represent the conventional method or the crisp
case. The fuzzy approach solution considers all the possibilities of fuzziness in the
left and right spread of the load demand. Formulation of fuzzy system is to deal with
the imprecise nature of the decision-maker to chose the best available solution from a
wide range of solution that can be encountered do to load variation in a daily bases.
The limitation restricted on the load in the conventional method will be overcome by
using fuzzy sets and fuzzy mathematical operation. The middle, left and right spread
value of the cost function for the 10™ hour is calculated for each unit from equation
(4.30) then the total sum of the two units is obtained. This range of cost value is
important because the variation of load happens suddenly if a large interconnected
network is involved and the calculations using the standard method takes a lot of
computation time and it does not provide enough information about the system
performance resulting from calculating the measured values as separate entities. In
fuzzy methods, variations are included in the analysis and the range of cost value is
calculated hour by hour as the load changes.

Examining the graphs, the following observations are listed:

e Table (4-1) and Figures (4-3), (4-4) and (4-5) represent the fuzzy load at
different & ~cut values for model A with 20% deviation on weekdays. The
fuzzy triangular representation of the fuzzy load is shown in Figure (4-6). It is
clear that the load changes hour by hour and the left, right spread are getting
closer as @ -cut increases between [0,1]. The left and right spread varies in
range during the day hours as shown in Figure (4-3), which is shown clearly in
the triangular membership representation of the load in Figure (4-6). This

. variation of spread will propagate through.the fuel incremental cost, the power
generations and the total minimum cost.

e At each hour of the fuzzy load the existence upper, middle and lower values
can be translated into a triangular membership function representation. Using

the load demand mathematical formula (4.5), which is used to calculate the
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left, right spreads and sides of the load for each &¢ -cut value higher than & -cut
equal to zero. Whereas the middle value of the load will remain constant
because it represents the crisp case and it is the same for & -cut equal to 1 as
shown in Table (4-1). The triangular membership functions as shown in
Figure (4-6) follow the pattern of the fuzzy load, which validates the
mathematical formula in (4.5).

Tables (4-2) and (4-3) show the result of the two unit generation committed to
the system for different & -cut values. Figure (4-7), (4-8) and (4-9) show the
generation values changes according to the changes in load demand to satisfy
the equality constraint shown in equation (4.3). Unit 1 is generating a little
more power than unit 2 at & -cut equal to zero. At & -cut equal to 0.5 the left
spread generation of unit 1 and unit 2 are generating identical power between
the 10™ hour and the rest of the day and their crisp values are generating
identical power between the 6™ and 10™ hour hours of the day. In addition
their upper spreads are increasing between the 10™ hours and the rest of the
day. At o -cut equal to 0.75 the two unit generator left and middle values are
generating the same power between the 7™ and 11™ hours of the day. Whereas
the two units generator right spreads are almost generating the same power
between the first and the 11™ hours of the day. This changing in pattern of
generation is very helpful in decision making. Fuzzy approach provides that
information a bout the system behavior in order for the decision-maker to
make their judgment according to the information provided.

A triangular membership function representation is shown in Figure (4-10),
(4-11) for each generation unit committed to the system. The left and right
spread cover the limit violation restricted on the generation. If a violation
occurs then it can be overcome by committing additional units to the system.
Table (4-3) shows the total generation for different« -cut values. In addition
‘Figure-(4-12), (4-13) show the satisfaction of the equality constraint in
equation (4.3) where the total generation committed is equal to the power load
demand. Each output parameter such as the incremental fuel cost, power
generation and minimum total cost of the ED problem has a different

membership function with different spread than the input membership
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function, which is the load demand. However, the power generations
membership function satisfies the equality constraint and inequality constraint
imposed on the system parameters. In addition the crisp or middle value of
each membership function gives the same result obtained from solving the
problem using the conventional method of the ED problem.

Comparing the load demand triangular membership function in Figure (4-6)
and the total power generation triangular membership function representation
shown in Figure (4-14) we can say that they are identical and satisfy the
equality constraints imposed on the system.

The total fuel cost of different & -cut values calculated from equation (4-31)
are shown in Table (4-5) and a plotted graph for different « -cut values are
shown in Figures (4-15), (4-16) and (4-17). At the hour considered, there is a
range of fuel costs for each unit as well as the total cost. Clearly the maximum
and minimum value is valuable information to the operator supplying the load
to know the cost of the power generated hour by hour. The total minimum
cost pattern variation follows the load demand pattern variation. The fuzziness
has propagated through all the parameters in the objective function and the
constraints except the fixed cost function coefficients which they where
selected as fixed value in this chapter.

The fuzzy load weekend model (A) with a 20% deviation is tabulated in
appendix (I). Table (P1-1) and the plotted graphs are shown in Figures (P1-1),
(P1-2) and (P1-3) for different & -cut representation. Comparing the weekend
model with the weekdays, we notice that the load demand is higher on the
weekend than the weekdays, which makes the cost value in dollars higher on
the weekend than the weekdays. If the company supplying the generator units
can not provide the load demand required then other generators could be
brought into the network or on a large scale interconnected network the
company can buy the extra.generation from other companies in the network.
The same procedure is preformed in this chapter to calculate the minimum cost
of the two thermal unit generators for the weekend model. The results are

shown in the tables and figures in appendix (I).



Table (4-1)

Membership Function of Load Demand for (0, 0.5, 0.75, 1) & -Cut
Representation for Model “A” Weekdays With 20% Deviation

Vo | e | =03 AR, Z0T A, R

Left | Mid |Right | Left | Mid | Right | Left | Mid | Right | Left | Mid | Right

Daily Hours | Load ) Load | Load | Load | Load | Load | Load |Load | Load | Load | Load | Load
MW | MW | MW | MW | MW | MW | MW | MW | MW | MW | MW MW

1 257 17359 1316 | 496.4 | 735.9 | 1026 | 616.2| 735.9 | 880.9| 735.9|735.9| 735.9
2 27766506 | 1336 | 464.1 | 650.6 | 993.5] 557.3 | 650.6 | 822 | 650.6 | 650.6 | 650.6
3 269.8 (6131 1329 | 441.4|613.1[970.8| 527.3 | 613.1| 792 1613.1|613.1| 6131
4 274.9)599.6 | 1334 | 437.3| 599.6 | 966.7 518.4 | 599.6 | 783.1] 599.6 | 599.6 | 599.6
5 279.6 [ 604.8 | 1338 | 442.2| 604.8 | 971.6| 523.5 | 604.8 | 788.2| 604.8 | 604.8 | 604.8
6 2904 | 617.1| 1349 | 453.8 | 617.1|983.2] 535.4 | 617.1 | 800.1] 617.1 | 647.1| 617.1
7 301.5]635.1] 1360 | 468.3 | 635.1| 997.7] 551.7 | 635.1 | 816.4 ] 635.1 1 635.1 | 635.1
8 295.4|731.5] 1354 | 513.5| 731.5| 1043 | 622.5|731.5|887.2] 731.5| 731.5!| 731.5
9 299.6 | 915.8 | 1358 | 607.7 | 915.8 | 1137 | 761.7 | 915.8 | 1026 | 915.8 | 915.8 | 915.8
10 317.91 1002 | 1377 { 659.9 { 1002 | 1189 | 830.8 | 1002 | 1096 | 1002 | 1002 | 1002
11 320.24 1013 | 1379 { 666.6 | 1013 | 1196 | 839.8 | 1013 | 1105 | 1013 | 1013 | 1013
12 322 {1015 | 1381 668.3 | 1015 | 1198 | 841.4 | 1015 | 1106 | 1015 | 1015 | 1015
13 338.4| 1021 | 1397 | 679.7 | 1021 | 1209 | 850.3 [ 1021 | 1115 1021 | 1021 [ 1021
14 348.11995.1| 1407 | 671.6995.1| 1201 | 833.4 ; 995.1 | 1098 | 995.1| 995.1| 995.1
15 377.41979.7| 1436 | 678.6 | 979.7| 1208 | 829.1 | 979.7| 1094 | 979.7 | 979.7| 979.7
16 396.1{965.5 | 1455 | 680.8 1 965.5| 1210 | 823.2 | 965.5| 1088 | 965.5 | 965.5| 965.5
17 393.7 | 975.1 | 1453 | 684.4975.1| 1214 1 829.8 | 975.1| 1094 | 975.1 | 975.1| 975.1
18 384.4| 1030 | 1443 | 707.1 1030 | 1236 | 868.4 | 1030 | 1133 ] 1030 | 1030 | 1030
19 394.2| 1025 | 1453 | 709.5| 1025 | 1239 ] 867.2| 1025 | 1132 ] 1025 | 1025 | 1025
20 380 | 968.3| 1439 674.2|968.3| 1204 ] 821.2 | 968.3 | 1086 | 968.3 | 968.3 | 968.3
21 393.9(955.2 | 1453 | 674.5]955.2| 1204 | 814.9 | 955.2| 1080 | 955.2 | 955.2 | 955.2
22 432.2| 960 | 14911696.1] 960 | 1226 | 828.1| 960 | 1093 | 960 | 960 | 960
23 453.1(950.7 | 1512 | 701.9] 950.7 | 1231 | 826.3 | 950.7 | 1091 | 950.7 | 950.7 | 950.7
24 507.8|858.3 | 1567 | 683 | 858.3| 1212 770.7 | 858.3 | 1035 ] 858.3 | 858.3 | 858.3
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Table (4-2)
Membership Function of Generator #1 for (0, 0.5, 0.75, 1) & -Cut
Representation Model “A” Weekdays With 20% Deviation

HembeSPl |pG1=0 HpG1=0 HpG1=0.75 Hrg1=!

Tef | Wid | Right | Left | Wid | Right | Lek | Mid | Right | Le | Wid | Right

paity Hours | pe1 | Pe1 | pa1 | pet | Per | pet | per | per | per | per | per | ot
uw | uw | ww | ww | ww | ww | ww | uw | ww | ww | ww | ww

1 |1155| 369 | 676 | 242.2| 369 |522.5|305.6| 369 |4458/ 369 | 369 | 369
2 |126.4] 3238 6869 225.1| 323.8| 5054 274.5| 323.8| 414.6) 3238 | 323.8| 3238
3 |1222] 304 |6828| 213.1| 304 |493.4258.6| 304 |398.7| 304 | 304 | 304
4 | 125 | 2068 | 685.5] 210.9| 296.8| 491.2| 253.9| 296.8| 394 | 296.8|296.8 | 206.8
5 |127.4] 2096 | 688 | 213.5| 209.6|493.8| 256.6 | 2096 | 396.7 | 299.6 | 299.6 | 299.6
6 |133.2] 3061|6937 219.6| 306.1| 499.9| 262.9| 306.1| 403 | 3061 306.1 | 306.1
7 | 139 | 3156 699.6 | 227.3| 3156 | 507.6| 271.5| 315.6 | 411.6| 315.6| 315.6| 3156
8 |135.8|366.7 | 696.4| 251.2| 366.7 | 531.5| 309 | 366.7 | 449.1| 366.7 | 366.7 | 366.7
9 | 138 |464.2| 6986|3011 | 464.2| 581.4| 382.7| 464.2| 522.8| 464.2| 464.2 | 464.2
10 |147.7]509.8 | 708.3| 328.8| 509.8 | 609 | 419.3| 509.8 | 5594 | 509.8 | 509.8 | 509.8
11 |148.9] 5157 7005 3323 | 515.7 | 6126 | 424 | 5157 | 564.1| 5157 | 5157 | 5457
12 |149.9]5165]7104]333.2| 5166 | 6135|4249 5166 | 565 | 516.6 | 516.6 | 516.6
13 |158.6|519.9| 7191|3392 519.9| 619.5] 429.6 | 519.9| 569.7 | 519.9| 519.9 | 519.9
14 [163.7|506.2| 724.2| 335 | 506.2| 6152 420.6 | 506.2 | 560.7 | 506.2 | 506.2 | 506.2
15 |179.2]498.1730.8| 338.6 | 498.1| 618.9| 418.4 | 498.1 | 558.5 | 498.1 | 498.1 | 498.1
16 |189.1] 4906 7497 330.8 | 490.6 | 620.1 | 415.2 | 490.6 | 555.3| 490.6 | 490.6 | 490.6
17 [187.9] 4955 748.4]341.8 ) 4956 | 622 | 418.7 | 4956 | 558.8 ) 495.6 | 495.6 | 495.6
18 |1829|5245)7435) 3537 | 524.5| 634 | 4391|5245 | 579.3| 524.5 | 5245 | 5245
19 |188.4] 522 |7a8.7| 355 | 522 |635.3|438.5| 522 |5786| 522 | 522 | 522
20 |1806) 492 |741.2)336.3| 492 |616.6| 414.2| 492 | 554.3| 492 | 492 | 492
21 |187.9]4854748.5) 336.5| 4851 | 616.8| 410.8 | 485.1 | 5509 | 485.1 | 485.1 | 485.1
22 |208.2| 4876 768.8) 347.9 | 487.6 | 628.2| 417.8| 487.6 | 557.9 | 487.6 | 487.6 | 4876
23 |219.34827|7798| 351 |4827|631.3| 416.9| 4827 | 557 | 482.7 | 4827 | 4827
24 |248.2]4338] 808.8] 341 |433.8]621.3] 3874 | 433.8 | 527.5] 433.8 | 433.8 | 4338
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Table (4-3)
Membership Function of Generator #2 for (0, 0.5, 0.75, 1) & -Cut
Representation Model “A” Weekdays With 20% Deviation

M:::;:::P 'qu =(1|_ ’uP(;z =0.5 ’uPGz =0.75 'uPGz =1
Left Mid | Right | Left Mid | Right | Left Mid | Right | Left Mid | Right
Daily Hours | - PG2 PG2 PG2 PG2 PG2 PG2 PG2 | PG2 PG2 PG2 PG2 PG2
mw | mw | mw | Mw | mw | Mmw | mw | Mw | mw | Mw | Mw | Mw |
1 141.5| 366.9 [639.8 | 254.2 | 366.9 | 503.3| 310.5| 366.9 | 435.1) 366.9 | 366.9 | 366.9
2 151.2 | 326.8 [649.5 | 239 | 326.8 | 488.1] 282.9 | 326.8 | 407.4] 326.8 | 326.8 | 326.8
3 147.5| 309.1 |645.8 | 228.3 | 309.1 | 477.5| 268.7 | 309.1 | 393.3 1 309.1 ] 309.1 | 309.1
4 150 | 302.8 |648.2 | 226.4 | 302.8 | 475.5| 264.6 | 302.8 | 389.1} 302.8| 302.8 | 302.8
5 162.2 | 305.2 [650.4 | 228.7 | 305.2 | 477.8| 266.9| 305.2 | 391.5] 305.2 | 305.2 | 305.2
6 167.2| 311 [655.5 | 2341 311 |483.2| 272.6| 311 | 39741 311 | 311 | 311
7 162.5 [ 319.51660.7 | 241 | 319.5]490.1| 280.2| 319.5| 404.8] 319.5| 319.5| 319.5
8 159.6 [ 364.8 |657.9 | 262.2 | 364.8 | 511.3| 313.5| 364.8 | 438.1 | 364.8 | 364.8 | 364.8
9 161.6 | 451.6 [659.8 | 306.6 | 451.6 | 555.7 | 379.1 | 451.6 | 503.6 | 451.6 | 451.6 | 451.6
10 170.2| 492 [668.5 | 331.1| 492 | 580.2 411;6 492 [536.1] 492 | 492 | 492
11 171.3[497.3 1669.5 | 334.31497.3 15834 415.8|497.3 | 540.4] 497.3 | 497.3 | 497.3
12 1721 | 498 (6704 | 335.1| 498 |584.2| 416.6] 498 | 541.1] 498 | 498 | 498
13 179.8 | 501 (678.1 | 3404 | 501 | 589.6}420.7! 501 |545.3| 501 | 501 | 501
14 184.4 | 488.9 (682.7 | 336.6 | 488.9 | 585.8 | 412.8 | 488.9 | 537.3 | 488.9| 488.9 | 488.9
15 198.2 | 481.6 (696.4 | 339.9481.6 | 589 | 410.8{481.6)535.3| 481.6 | 481.6 | 481.6
16 207 1474.9(7053 | 341 |474.9(590.1] 408 |474.9)|532.5]|474.9|474.9]474.9
17 205.91479.51704.1 | 342.7 | 479.5 | 591.8| 411.1 | 479.5 | 535.6 | 479.5| 479.5 | 479.5
18 201.5} 505.2 1699.8 | 353.3 | 505.2 | 602.5| 429.2 | 505.2 | 553.8 ] 505.2 | 505.2 | 505.2
19 206.1]502.8 {704.4 | 354.5] 502.8 | 603.6 | 428.7 | 502.8 | 553.2} 502.8 | 502.8 | 502.8
20 199.4 [ 476.3 |697.7 | 337.8 | 476.3| 587 | 407.1|476.3|531.6] 476.3 | 476.3 | 476.3
21 205.9 | 470.1 {704.2 | 338 |470.1587.1]404.1|470.1| 528.6| 470.1 | 470.1 | 470.1
22 224 1472.4722.2 | 348.21472.4| 597.31410.3]472.4|534.8|472414724|4724
23 233.8| 468 [732.1 | 350.9| 468 | 600 | 409.4| 468 | 534 | 468 | 468 | 468
24 259.5424.51757.8 | 342 |424.5]591.1| 383.3| 424.5| 507.8] 424.5|424.5| 424.5
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Table (4-4)
Membership Function of Total Generator for (0, 0.5, 0.75, 1) a -Cut
Representation Model “A” Weekdays With 20% Deviation

Membership Hp, =0 Hp =05 Hp, =075 Hp, =1

Left Mid | Right | Left Mid | Right | Left Mid | Right | Left Mid | Right

Daily Hours| PG tPG PG PG tPG tPG PG PG G tPG PG PG
MW | MW | MW MW | MW | MW | MW MW MW | MW | MW Mw

1 257 | 73591 1316 | 496.4 | 735.9| 1026 | 616.2| 735.9 | 880.9| 735.9 | 735.9 | 735.9
2 277.6 | 650.6 | 1336 | 464.1 | 650.6 | 993.5| 557.3 | 650.6 | 822 | 650.6 | 650.6 | 650.6
3 269.8 | 613.1| 1329 | 441.4| 613.1| 970.8] 527.3| 613.1| 792 | 613.1] 613.1| 6131
4 274.9 | 599.6 | 1334 | 437.3 | 599.6 | 966.7 ] 518.4 | 599.6 | 783.1 | 599.6 | 599.6 | 599.6
5 279.6 | 604.8 | 1338 | 442.2| 604.8 | 971.6] 523.5| 604.8 | 788.2| 604.8 | 604.8 | 604.8
6 290.4 | 617.1| 1349 | 453.8 | 617.1| 983.2} 5354 | 617.1 | 800.1 617.1| 617.1| 6171
7 301.5 | 635.1 | 1360 | 468.3 | 635.1 | 997.7 | 551.7 | 635.1 | 816.4| 635.1 | 635.1 | 635.1
8 2954 |731.5| 1354 | 513.5|731.5| 1043 | 622.5| 731.5| 887.2f 731.5| 731.5| 731.5
9 299.6 | 915.8 | 1358 | 607.7 | 915.8| 1137 | 761.7 | 915.8 | 1026 | 915.8 | 915.8 | 915.8
10 }317.9 1002 | 1377 | 659.9| 1002 | 1189 | 830.8 | 1002 | 1096 | 1002 | 1002 | 1002
11 132021013 | 1379 666.6 | 1013 | 1196 | 839.8| 1013 | 1105 | 1013 | 1013 | 1013
12 322 | 1015} 1381 | 668.3 | 1015 | 1198 | 841.4| 1015 | 1106 | 1015 | 1015 | 1015
13 ] 338.4| 1021 | 1397 | 679.7 | 1021 | 1209 | 850.3| 1021 | 1115 | 1021 | 1021 | 1021
14 |348.1|995.1| 1407 | 671.6 | 995.1 | 1201 | 833.4| 995.1 | 1098 | 995.1 | 995.1 | 995.1
15 | 377.4|979.7| 1436 | 678.6 | 979.7 | 1208 | 829.1 | 979.7 | 1094 | 979.7 | 979.7 | 979.7
16 | 396.1|965.5| 1455 | 680.8 | 965.5 | 1210 | 823.2 | 965.5 | 1088 | 965.5 | 965.5 | 965.5
17 |393.7|975.1| 1453 | 684.4 | 975.1| 1214 | 829.8| 975.1 | 1094 | 975.1 | 975.1 | 975.1
18 |384.4 1030 | 1443 | 707.1| 1030 | 1236 | 868.4| 1030 | 1133 | 1030 | 1030 | 1030
19 |394.2| 1025 | 1453 | 709.5| 1025 | 1239 | 867.2 | 1025 | 1132 | 1025 | 1025 | 1025
20 380 |968.3| 1439 | 674.2 | 968.3 | 1204 | 821.2 | 968.3 | 1086 | 968.3 | 968.3 | 968.3
21 |393.9|955.2| 1453 | 674.5| 955.2 | 1204 | 814.9 | 955.2 | 1080 | 955.2 | 955.2 | 955.2
22 }432.2| 960 | 1491 696.1| 960 | 1226 |828.1| 960 | 1093 | 960 | 960 | 960
23 }4531|950.7| 1512 | 701.9| 950.7 | 1231 | 826.3 | 950.7 | 1091 | 950.7 | 950.7 | 950.7
24 | 507.8|858.3| 1567 | 683 |858.3| 1212 | 770.7 | 858.3 | 1035 | 858.3 | 858.3 | 858.3
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Membership Function of Total Cost for (0, 0.5, 0.75, 1) & -Cut

Table (4-5)

Representation Model “A” Weekdays With 20% Deviation

“":l'::’;’:""" He =0 |,uC =0.5| l,uc =0.75|' He =1

Left Mid Right Left Mid | Right | Left Mid | Right | Left Mid ] Right

Daily Hours | Cost | Cost | Cost | Cost | Cost | Cost | Cost | Cost | Cost | Cost | Cost | Cost
sh | sm | sn | sn | sm | sm | om | wn | on | wm | wn | wm

1 2367 | 7575 | 16482] 4728 | 7575 [11673] 6091 | 7575 | 9535 | 7575 | 7575 | 7575
2 2551 | 6505 | 16851| 4381 | 6505 {11180] 5406 | 6505 | 8718 | 6505 | 6505 | 6505
3 2481 | 6055 | 16711} 4143 | 6055 [10841| 5067 | 6055 | 8312 | 6055 | 6055 | 6055
4 2527 | 5895 | 16804| 4099 | 5895 |10779] 4969 | 5895 | 8194 | 5895 | 5895 | 5895
5 2569 | 5956 | 16887} 4151 | 5956 |10852| 5026 | 5956 | 8262 | 5956 | 5956 | 5956
6 2667 | 6102 | 17083| 4272 | 6102 |11025] 5159 | 6102 | 8422 | 6102 | 6102 | 6102
7 2769 | 6318 |17283| 4425 | 6318 [11244] 5342 | 6318 | 8641 | 6318 | 6318 | 6318
8 2743 | 7519 | 17174{ 4915 | 7519 |11936| 6166 | 7519 | 9624 | 7519 | 7519 | 7519
9 2751 110034} 17249] 5990 {10034 [13434] 7912 {10034|11682|10034| 10034 | 10034
10 2922 [11306] 17584} 6619 [11306[14296| 8839 {11306{12764|11306 1130611306
1 2943 | 11476|17626| 6701 |11476|14409] 8962 | 1147612907 11476 | 1147611476
12 2959 |11501|17658| 6722 |11501|14437| 8984 |11501]|12933]11501/11501|11501
13 3115 | 11597| 17961 6863 {11597 |14629] 9107 |11597|13076]|11597 | 11597 | 11597
14 3208 |11205] 18141 6763 |11205|14493| 8873 |11205)|12804]11205|11205| 11205
15 3494 |10973|18689| 6849 |10973|14610] 8815 [10973|12737|10973|10973 (10973
16 3680 |10761|19043| 6877 |10761|14649| 8734 | 1076112642 10761]10761|10761
17 3656 | 10904 | 18998 6922 {10904 {14710} 8824 |10904 1274710904 | 1090410904
18 3563 111732]18822| 7207 |11732)|15096] 9359 {11732{13369|11732]11732{11732
19 3661 | 11657|19008| 7238 |11657115138| 9342 {11657 |13349|11657 | 11657 | 11657
20 3520 | 10803} 18739| 6795 {10803 |14536] 8707 |10803]12611]10803 | 10803} 10803
21 3657 |10609| 19001} 6799 [10609 | 14543| 8621 |10609|12510|10609|10609|10609
22 4047 | 10680{ 19734] 7069 | 10680|14909| 8800 |10680|12720/10680{10680| 10680
23 4265 | 10543 20138] 7141 |10543| 15007 8776 |10543|12692| 10543 | 1054310543
24 4852 | 9218 | 21217] 6905 | 9218 |14686] 8029 | 9218 |11819] 9218 | 9218 | 9218
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4.5 Conclusion

Fuzzification is simply the process of making a crisp quantity fuzzy. Recognizing that
many of the quantities that we consider to be crisp and deterministic are actually not
deterministic at all, they carry considerable uncertainty. If the form of uncertainty
happens to arise because of imprecision, ambiguity or vagueness, then variable is
probably fuzzy and can be represented by a membership function. In fact, load
demand that varies hour by hour is not crisp and carries considerable uncertainty.

We presented in this chapter that uncertainty loads or generations can be incorporated
into power system models to give a better image of system behavior. A simple and
easy technique was used to solve the economic dispatch problem using fuzzy sets.
The load on the system is fuzzy and thus the fuel incremental, the costs of generation
of each unit as well as the total costs are all fuzzy. The simulated example shows the

effectiveness of the proposed algorithm in dealing with the system constraints.



Chapter 5
Economic Dispatch of All Thermal Power Systems with

Fuzzy Load and Cost Function Parameters

5.1 Introduction

In this chapter we will consider the parameters &, , B, and 7, of the polynomial
nonlinear cost function as fuzzy. The chapter starts with a simple application ignoring
the power losses affecting the minimization of the cost function and the system over
all performance. In the next chapter we will take into account the effect of the
transmission losses in the equality constraint to achieve a more realistic economic

dispatch.

5.2 Fuzzy Cost Parameters and Load Demand Neglecting

Transmission Losses and Including Generator Limits
The objective is to find the minimum value of the total cost function subject to the

equality and inequality constraints.

Minimize
NG NG - ~
Cro Z =Y, +BP; +7.P;° (5.1)
i=1 i=1
Subject to satisfying
NG _ -
PGi 2 Ppmand (5.2)
i=1
P, (min)<P. <P (max) i=1..NG (5.3)

The fuzzy cost function coefficient, load and generators are as follows:

1. fuzzy & —(aI,L Rd‘)
2. fuzzy i, =(B,,L;.R;)

3. fuzzyfl =(77i9L}7,’R}7,)
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4. fuzzy load demand (FD ,L 2, ,R 5, )
5. fuzzy power generator (FG Ly .R; )
‘ G G

Substituting the middle, left and right side values into the cost function equation we
get:
- NG _ NG — _
Ctotal = Z(Cti ’LC” sR@ﬂ_ ) = Z;(ai ’Ldr, ’Rd, )+(.H, aL[;i ’R[;i )(PG,. ’LISG; ’Rﬁo,. )

+
= (5.4)
(7, ’LZ QR}"/'I )(PG’, ’Lﬁ(‘;, ’RFG, )(PG, ’LISG,- ’RIS(;’ )

Subject to satisfying

NG _ _
Z(PGf Ly R )2(Pp.L, .R,) (5.5)
L, <P, <R, i=1...NG (5.6)

0.75

0.5

™

S
|
—»

v

L, . by R,
L~’ a; B, bﬁ, RB,
L. a, v. b, R,

i % % n

Figure (5-1) A-Triangular Membershi[; Function for Fuzzy Cost
Function Coefficient
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The same method from the last chapter is applied where, the lower and upper limits of
each unit generators are substituted by the left, right spreads or the left and right side
of the membership function for the fuzzy generation as shown in equation (5.6). We
will choose a fuzzy triangular membership function for all the fuzzy parameter values
stated earlier. Since the load demand and the power generation triangular membership
function were shown in Figures (4-1a) and (4-1b) in the last chapter, then we will only
plot the cost function coefficienta, , B and 7, all in one figure for simplicity but we
should note that their chosen values are not the same. The percentage of deviation
between the three parameters will be taken into consideration to explore the outcome
of the minimum cost of the network.

The mathematical formula of &, membership function is:

0 a <L,
& Ls L. <& <&
- a, o
)= R -G (.7)
B @ <d <R,
ba, I ! a,
0 a >R,

The same mathematical formula representation applies to 3 and 7, . Using the

Lagrange multiplier formula to relax “system wide constraints” into unconstrained
form as in equation (2.3) — (2.7) to obtain the crisp optimization of the minimum cost

function. The procedure in this chapter is to translate the fuzzy load and the fuzzy
cost function coefficients@ , 4 and 7, into a triangular membership function by

assigning a degree of membership to each possible & -cut value of the load and the
cost function coefficients. Which means mapping the fuzzy variable on the [0, 1]
interval and then performing the fuzzy arithmetic operation to obtain the minimum
total cost value.

Applying the fuzzy parameters into the crisp equation (2.4) we get:
A= ﬂl +27iPG, (5.8)
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Setting the value of PUG'_ equal to ISD as in equation (5.2) we get:

NG ] -
L =P, (5.9)
Zl 27
Solving for i
NG
2P + ﬂ
Y iR 1—1 7 (5.10)

i=1 7 i

Evaluating the middle, left and right sides of the incremental cost into the equation
6 (B.Ly.R;)

2P.Ly ’an“zm‘

(A.L;.R;)= (5.11)

2(7,,L7 R;)

5.2.1 Fuzzy Interval Arithmetic Representation on Triangular Fuzzy

Numbers
Equation (5.11) has a number of arithmetic operations such as, addition, subtraction,
multiplication, division and inverse function which are all in fuzzy form. Applying
fuzzy interval arithmetic operations implemented by their & -cut operation on
triangular fuzzy numbers as shown in Table (3-2) while, taking into consideration that
X and Y are greater than zero parameters formulation since all the input data values
are greater than zero in the economical dispatch formulation.

Then the middle incremental cost becomes:

M

(5.12)

The left equation for the incremental cost is:



NGL~
5 +ZR~
ff I
i=1R}7i

&

The right side equation for the incremental cost is:

NG RB
ZrFD +Z~—4

i=l Ly,.

NG 1

The fuzzy generation of each unit can be calculated as:

R;=

?; =%—}7ﬁ i=1,.,NG

~ Evaluating the middle, left and right sides of the generation into the equation
PG' 2(77, ,Lfi 9Ry'_ )

F; =(P.L; .R =1,..,NG

The middle, left and right sides of all the generators equations are:

p. =0 i=1.,NG
@ 27,)

L.—-R.
L. =2 A i =1,..,NG
2(R2)

R.—L,.

A B :

Rﬁ( 2(17) i =1,..,NG

NG NG
z c ZL&i +L,f3'.LF+L7,-LﬁG,LFG
G

DR c ZR +RR; +R;R; Ry
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(5.13)

(5.14)

(5.15)

(5.16)

5.17)

(5.18)

(5.19)

(5.20)
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5.2.2 Fuzzy Arithmetic on Triangular L-R Representation of Fuzzy

Numbers
Using Table (3-1) in chapter 3 to perform the fuzzy arithmetic calculation on
triangular L-R representation of fuzzy number in equation (5.10) and (5.15) we get the
following:

The middle or crisp value of the incremental cost function is:

NG
2P+ 'B

A= Tl—‘—y'— (5.21)
=7

The left spread of the incremental cost becomes:
s NG 1 NG _ _ _>
(2P, +Z 7 )(Za )+(Z;)(2a 5 +<;(ﬂ,bz +a; 7,)/7,7)
(Z——)

_1,

a; (5.22)

The right spread of the incremental cost is:

(2P, +Z )(Zb >+(Z_)(2b +(Z(ﬂa +b;7)/7,%)
b, = =7 = (5.23)

A
(Z—)

_1,

After applying the L.R. representation method, the middle power generation in

equation (5.15) becomes:

_ ,T B
P 5.24
T 629
The left spread of the power generation is:
(4 = B)2b; +27,(a; +b;)
a; = ' : (5.25)

P 27,
The right spread of the power generation is:
(% —B)2a; +27,(; +a;)

b, = ' .
5 7 )2 (5.26)
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Substituting the power generation into the middle, left and right spread cost equation

we get:

NG NG _ _ _ _
byl 2
Z;ad =Z;4ao7,- +Ba; +F;a; +27,Fga; +F;a; (5.27)
i= i= ' "

NG

C.
i=l ! i=

NG
b, = Zlb&,- +'Eibf’c;, +13¢,b,;i +2;7I.PG‘bﬁG +P; %,
5.3 Simulated Example
In this section a simulated example is presented to evaluate the economical dispatch
(ED) operation of power systems when the load demand is fuzzy for 24 hours and the
cost function coefficients are fuzzy while ignoring the power losses affecting the
minimization of the cost function and the system’s overall performance. The load
demand is chosen to be a triangular membership with a 10% deviation as tabulated in
Table (5-1) and plotted in Figure (5-2). In addition the fuzzy cost function
coefficients are a triangular membership function subjected with different percentages
of deviation. The selected synthetic system example contains three thermal units and

the input/out fuel cost functions, for each unit, are given as:
F(P;)=200+7.0P; +0.008F;> ki
F(P,)=180+6.3P; +0.009P;>  ki/h
F(P;)=140+6.8P; +0.007P;*  klh

The generation limits are given by the left and right sides of each unit:

l < P < R I = 1’......iv‘;
1 G i G
=~ < G < o~ - soscsse
< < = cosvees
LP~ —_— PG —_— R 4 1, NG

This example will be implemented on the Generalized Interval Arithmetic to Fuzzy
Number procedures formulated in section (5.2.1). Using the principle of equal
incremental cost, we will determine the optimal fuzzy dispatch and total fuzzy cost

applying the Generalized method to perform the mathematical addition, subtraction,
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division, inversion and multiplication to the equation as explained in the fuzzy set

chapter (3). Two simulation programs were created using Matlab software. In the

first program all the equations in section (5.2.1) were analyzed and debugged in a

complete program set and in the second program a Matlab toolbox was used to

simulate the mathematical formula. The results of the two programs were identical,

which was expected. The analysis was tested on a 3% deviation for& , § and }7 then

tested again on a 10% deviation. All the results were tabulated and plotted such as the

fuzzy incremental cost, fuzzy generation of each unit, total fuzzy generation versus

fuzzy load and total fuzzy cost.

Examining the tables and figures we can observe the following:

Table (5-1) shows the fuzzy load with 10% deviation for model “A”
representing the weekdays of a month where this fuzzy load was obtained from
an estimated fuzzy short term load forecasting model, developed on the basis
of fuzzy multiple linear regressions, to minimize the spread of the fuzzy
coefficients that exist in the fuzzy winter model for a 24-hour period [63].
Figure (5-2) shows the middle, left and right sides for all the & -Cut
representations of the fuzzy load. The load shows that its highest limits happen
during the afternoon period while its lowest values are during the morning
hours. The spread of the load is very narrow because of the 10% deviation
model. The highest values represent the load at & -cut equal to zero and the
middle value represent the crisp value of the load where & -cut equal to 1.
Table (5-2) and Figure (5-2) show the fuel incremental cost calculated from
equation (5-12) to (5-13) representing the middle, left and right side of the
triangular membership function of the incremental fuel cost. The value of the
incremental fuel cost range between 10.5 up to 14.2 which is appropriate value
for a load spread of 10% deviation. The middle value of the fuel incremental
cost ranges between 11.01 and 13.36. All the generators have to operate on
equal incremental fuel cost in order to obtain a minimum total cost. When the
fuzzy load demand increases then the generation of the units increases and the
fuel incremental value increases respectively to maintain the equality of the
fuel incremental cost value for all the generation in order to obtain a minimum

cost. If any of the generation exceeds its limit then the plant is pegged at its
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upper limit, which means that the other generators should provide the excess
of increasing load.

Table (5-3), (5-4) and (5-5) represent the power generation of each unit
respectively. Figure (5-4), (5-5) and (5-6) shows the power generation of each
unit for all @ -cut representation. The power generation of unit 1 has a little
wider spread at & -cut equal to zero than the other two generators at the peak
value and at the minimum value. Unit 3 has the smallest spread than the other
two generators at the peak value and at the minimum value. All the power
generators follow the load demand curve shape but with different spread
values of membership function. This proves that unit 1 is providing the
highest power to the network which confirms that the fuzzy formulation result
is compatible with the conventional formulation or crisp formulation of the ED
problem except it is faster and it provides a wide range of information
regarding the system performance.

Table (5-6) represents the total generation of all units at each & -cut values.
Figure (5-7) shows the total power generation of all units for all & -cut
representation versus the fuzzy load demand. The results came exactly as
expected, the total fuzzy generations are approximately greater than or equal to
the fuzzy load. This confirms that under normal operation conditions the total
generators capacity is more than the load demand. The crisp value of the total
power generation and load demand are equal and satisfy the load demand in
equation (5.5). The total fuzzy generations represented by the left and right
sides are greater than the expected load due to the increased range of the cost
function coefficients.

Table (5-7) and Figure (5-8) represent the total minimum cost for all & -cut
values. The total minimum cost has a wider spread at the peak value and at the
minimum value than the power generation and the load demand. Its middle
value or crisp value however, coincided with the load demand, incremental
fuel cost and the power generation. Even though the load demand has only
10% deviation in the spread at the peak hour the minimum total cost has

34.4% of the spread, which means that if the load exceeds its crisp value it
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would be very costly for a small variation of the cost function coefficient equal
to3%of &, and 7.

If the deviation of &, B and }7 increased higher than 5% as shown in Figure

(5-9) which represent the total power generation versus fuzzy load and Figure
(5-10) represents the total minimum cost then the minimum, maximum total
fuzzy generation are much larger than the minimum, maximum fuzzy load. In
addition the total minimum cost has increased sharply with increase in
coefficients. This means that it is important to keep the coefficient values in
control and not to exceed their expected values. The results calculated show
that the fuzzy parameters in the cost function play a great roll in the
performance of the network to obtain a minimum optimal cost to the thermal
generation committed. This procedure shows all the possibilities that could be
encountered hour by hour for 24 hours including the minimum cost of the
sudden increased load which is the main objective of the economical dispatch

method.



Membership Function of Load Demand for (0, 0.5, 0.7, 1) @ -Cut Representation
for Model “A” Weekdays With 10% Deviation for (P, )and 3% for (@, B, 7)

Table (5-1)

Hembestip tp =0 pp =03 pp =075 pp =1

Left | Mid | Right | Left | Mid | Right | Left | Mid | Right | Left | Mid | Right

Daily Hours | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load
MW | MW | MW | MW | MW | MW | MW | MW | MW | MW | MW | MW

1 [ 1006 | 1118 | 1229 | 1062 | 1118 | 1173 | 1090 | 1118 | 1146 | 1118 | 1118 | 1118
2 |905.8| 1006 | 1107 | 956.1 | 1006 | 1057 [ 984.2 | 1006 | 1032 | 1006 | 1006 | 1006
3 |849.2| 9436 1038 [ 896.4| 943.6 | 990.8| 920 | 943.6|967.2| 943.6| 9436 | 9436
4 [7841)871.2| 958.3| 827.6 | 871.2| 914.7] 849.4 | 871.2| 8929 | 871.2 | 871.2| 871.2
5 |7317] 813 |894.3| 7724 | 813 |853.7[792.7) 813 |833.3| 813 | 813 | 813
6 | 782.7)869.7 | 956.7| 826.2| 869.7 | 913.2| 848 | 869.7 | 891.4|869.7 | 869.7 | 869.7
7 |823.3]914.8| 1006 | 869.1 | 914.8)| 960.5[ 891.9| 914.8| 937.7 914.8| 9148 914.8
8 |880.8]978.7| 1077 [ 929.8|978.7 | 1028 | 954.2| 978.7 | 1003 | 978.7| 978.7 | 978.7
9 |1042| 1157 | 1273 | 1099 | 1157 | 1215 | 1128 | 1157 | 1186 | 1157 | 1157 | 1157
10 | 1101 | 1224 | 1346 | 1163 | 1224 | 1285 | 1193 | 1224 | 1254 | 1224 | 1224 | 1224
11| 1095 | 1217 | 1338 | 1156 | 1217 | 1278 | 1186 | 1217 | 1247 | 1217 | 1247 | 1217
12 | 1156 | 1284 | 1413 | 1220 | 1284 | 1349 | 1252 | 1284 | 1316 | 1284 | 1284 | 1284
13 | 1133 | 1259 | 1384 | 1196 | 1259 | 1322 | 1227 | 1259 | 1290 | 1259 | 1259 | 1259
14 | 1087 | 1208 | 1329 | 1147 | 1208 | 1268 | 1178 | 1208 | 1238 | 1208 | 1208 | 1208
15 | 1040 | 1155 | 1271 | 1098 | 1155 | 1213 | 1127 | 1155 | 1184 | 1155 | 1155 | 1155
16 1999.5| 1111 | 1222 | 1055 | 1111 | 1166 | 1083 | 1111 1138 | 1111 | 1111 | 1111
17 | 984.7| 1094 | 1204 | 1039 | 1094 | 1149 [ 1067 | 1094 | 1121 | 1094 | 1094 | 1094
18 | 1002 1113 | 1225 1058 | 1113 | 1169 | 1085 | 1113 | 1141 1113 | 1113 | 1113
19 | 1068 | 1186 | 1305 | 1127 | 1186 | 1246 | 1157 | 1186 | 1216 | 1186 | 1186 | 1186
20 | 1025 | 1139 | 1253 | 1082 | 1139 | 1196 | 1111 | 1139 | 1167 | 1139 | 1139 | 1139
21 | 1037 | 1152 | 1268 | 1095 | 1152 | 1210 | 1123 | 1152 | 1181 | 1152 | 1152 | 1152
22 | 1104 | 1227 | 1349 | 1165 | 1227 | 1288 | 1196 | 1227 | 1257 | 1227 | 1227 | 1227
23 | 1079 | 1198 | 1318 | 1138 | 1198 | 1258 | 1168 | 1198 | 1228 | 1198 | 1198 | 1198
24 | 1001 | 1112 1223 1056 | 1112 | 1167 | 1084 | 1112 | 1140 | 1112 | 1112 | 1112
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—e— Left Load (0-Alpha-cut) —=— Mid Load (0-Alpha-cut)
—a— Right Load (0-Alpha-cut) —e— Left Load (0.5-Alpha-cut)
—x— Mid Load (0.5-Alpha-cut) —e— Right Load (0.5-Alpha-cut)
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- Figure (5-2) Fuzzy Load Demand for All ¢ -Cut Representation



for Model “A” Weekdays With 10% Deviation for (P, ) and 3% for (@, 8, 7)

Table (5-2)
Membership Function of Incremental Cost for (0, 0.5, 0.7, 1) & -Cut Represéntation

i BTG 1;=05 L=0T | gl

Daily Hours Left 2 | Mid 5 | Right 2, | Left 5 | Mid 3 | Right o | Left | Mid % | Right ), | Left ). | Mid ) | Right ),
SMW/h | SMW/h | SMW/h | SMW/h | SMW/h | SMW/h | SMW/h | SMW/h | SMW/h | SMW/h | SMW/h | SMW/h

1 11,99 | 1262 | 13.214] 12.31|12.62 | 12.92 | 12.46 | 1262 | 12.77 | 12.62 | 1262 | 12617
2 11.44 | 12,03 | 12.588 | 11.75 | 12.03 | 12.305 11.9 | 12.03 | 12.166 | 12.03 | 12.03 [ 12.031
3 1143 | 117 [12.234| 1144 | 117 [11.954] 11.57| 117 [11.824] 117 | 11.7 | 11699
4 10.78 | 11.32 | 11.827 | 11.08 | 11.32| 11.55 | 11.2 | 11.32 | 11432 11.32 | 11.32 | 11.317
5 10.5 | 11.0111.4991 10.79 | 11.01 | 11.227{ 10.9 | 11.01 | 11.117] 11.01 | 11.01 11.01
6 10.77 | 11.31 [11.818 [ 11.08 | 11.31 | 11.54 | 1119 | 11.31 | 11.424] 11.31 | 11.31 [ 11.309
7 10.99 | 11.55 | 12.072 11.31 | 11.55 | 11.789 | 11.43 | 11.55 11.668 | 11.55 | 11.55 | 11.547
8 11.31 | 11.88 [ 12.4321 11.63 | 11.88 | 12143 ] 11.76 [ 11.88 | 12.014 ] 11.88 { 11.88 | 11.884
9 12.18 | 12.83 | 13.438 12.52 | 12.83 | 13.132| 12.67 | 12.83 | 12.98 | 12.83 | 12.83 | 12.827
10 12,51 [ 13.18 [ 13.812] 12.86 | 13.18 [ 13.501 13.02 | 13.18 | 13.339| 13.18 { 13.18 | 13.178
1 1247 (1314 |13.773) 12.82 | 13.14 | 13.462| 12.98 | 13.14 | 13.302 | 13.14 | 13.14 | 13.144
12 12.8 | 13.5 [14.153]13.16 | 13.5 {13.83613.33 | 13.5 | 13.667| 13.5 | 13.5 | 13497
13 12,68 | 13.36 | 14.008| 13.03 | 13.36 { 13.694 | 13.2 ; 13.36 | 13.528] 13.36 | 13.36 | 13.362
14 12.43 | 13.09 [ 13.722| 12.78 | 13.09 | 13.412 12.93 | 13.09 | 13.253 | 13.09 | 13.09 | 13.094
15 112171282 |13.427| 12.51 | 12.82 | 13.122]| 12.67 | 12.82 | 12.969 ] 12.82 | 12.82 | 12.817
16 11.95 [ 12.58 | 13.175] 12.29 | 12.58 | 12.874 | 12.43 | 12.58 | 12.727 | 12.58 | 12.58 | 12.581
17 11.87 | 1249 113.082 12.21 | 12.49 | 12.782] 12.35 | 12.49 | 12.638 | 12.49 | 1249 | 12.493
18 11.96 | 12.6 | 13.19 | 12.3 | 126 |12.889[ 1245 126 |12.742| 12.6 | 12.6 |12.595
19 12.32 [ 12.98 [ 13.602] 12.67 | 12.98 | 13.294 | 12.82 | 12.98 | 13.137 | 12.98 | 12.98 | 12.981
20 12,09 [ 12.73 | 13.335] 1243 | 12.73 | 13.031 [ 12.58 | 12.73 | 12.881 | 12.73 [ 12.73 | 12.73
21 1216 | 12.8 | 1341 | 125 | 12.8 |13.105] 12.65 | 128 |12.953] 128 | 12.8 |12.801
22 12,52 13.19 | 13.827 [ 12.87 | 13.19 | 13.516 | 13.03 | 13.19 | 13.354| 13.19 | 13.19 | 13.192
23 12.38 [ 13.04 | 13.669] 12.73 | 13.04 | 13.36 | 12.89 | 13.04 | 13.202] 13.04 | 13.04 | 13.044
24 11.96 [ 12.59 | 13.182] 12.29 | 12.59 | 12.88 | 12.44 | 12.59 | 12.734 ] 12.59 | 12.59 | 12.587
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Figure (5-3) Fuzzy Incremental Cost for Al & -Cut Représentation
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Table (5-3)
Membership Function of Generation #1 for (0, 0.5, 0.7, 1) & -Cut Representation

for Model “A” Weekdays With 10% Deviation for (P, ) and 3% for (@, B,7)

Membesipl | Hpg1=0 Hpg1 =05 Hpg1 =075 Hro1=1

Left | Mid | Right | Left | Mid | Right | Left | Mid | Right | Left | Mid | Right
DailyHours| PG1 | PG1 | PG1 | PG | P61 | PG1 | PG1 | PGI | PG | PGI | PGT | PG1
mw | ww | ww | ww | ww | mw | ww | ww | uw | oew | uw | W

1 | 289.8| 3514|4139 3202 | 351.1 | 3823 335,6| 3511 | 366.7| 3511 | 351.4 | 351.1
2 | 2568|3144 )3736| 2016 | 314.4| 3374 | 3045|3144 | 324.3| 3144 | 3144 3144
3 |238.4]2937|350.8| 275 | 2937|3124 285.5|293.7| 301.9) 203.7) 2937} 2937
4 | 2166)2698|324.5| 253.9| 269.8 | 2858 2625 269.8| 277.1 | 269.8 | 269.8| 269.8
5 |199.3] 2506 3034 2364 | 250.6 | 264.8| 243.9| 2506 | 257.4| 2506 | 2506 | 2506
6 |216.2]269.3| 324 | 254.6| 269.3| 284.1| 262.1| 269.3| 276.5) 269.3 | 269.3| 269.3
7 |2206]284.2| 340.4| 2689 | 284.2| 209.5| 276.7| 284.2| 201.7) 284.2 | 284.2 | 284.2
8 |248.5(305.3| 3635| 289 |305.3|321.5)297.2| 3053 | 3133 3053 305.3 | 305.3
9 |301.6]364.2| 428.3| 3451 | 364.2| 383.3| 354.6| 364.2 | 3737 364.2 | 364.2 364.2
10 [3213] 386 | 4525 365.9| 386.1 | 406.3| 376 | 386.1 396.2 386.1 | 386.1 | 386.1
11 |319.2]383.8| 4499) 3637 | 383.8 | 403.9| 373.8 | 383.8 | 393.8| 383.8 383.8 | 3838
12 [339.3] 4061 | 474.4]384.9| 406.1 | 427.3| 395.5| 406.1 | 416.7 | 406.1 | 406.1 | 406.1
13 |331.6]397.6| 465 376.8| 397.6 | 418.4| 387.2| 397.6 | 408 | 307.6 | 397.6| 3076
14 | 3165|3808 | 446.7) 360.9 | 380.8| 400.8| 3709 | 380.8 | 330.8| 380.8 | 380.8 | 380.8
15 | 301 |363.6|427.6| 344.5| 363.6 | 3826 | 354 | 363.6| 373.1| 363.6| 363.6| 3636
16 | 28773488 | 4114 330.5| 348.8 | 3671 | 330.6| 348.8 | 357.9 | 348.8 | 348.8 | 3488
17 |2828)343.3| 4054 | 325.3( 343.3| 3614 334.3 | 343.3 | 3524 | 343.3 | 343.3| 3433
18 | 2885|3497 | 4124)331.3| 349.7| 368 [340.5| 349.7| 358.9| 349.7 | 349.7 | 3497
19 |310.2]3738|4389) 3542 373.8| 393.4| 364 | 3738 3836|373.8| 373.8| 37338
20 | 296.1|358.2| 421.7) 3394 | 358.2| 376.9| 348.8 | 358.2 | 367.5| 358.2 | 358.2 | 358.2
21 |300.1|3625 | 4265 | 343.5| 362.5| 381.5| 353 | 3625| 372 | 3625 3625 | 3625
22 |3224] 387 |4534|366.8| 387 |407.2| 3769 | 387 |397.) 387 | 387 | 387
23 |3138|377.7|4433| 358 | 377.7| 397.5| 367.9 | 377.7 | 387.6 | 377.7 | 377.7 | 3777
24 | 288 |349.2|411.8]3308| 349.2| 367.5| 340 | 349.2]358.3] 349.2| 349.2 | 149.2
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Membership Function of Generation #2 for (0, 0.5, 0.7, 1) & -Cut Representation
for Model “A” Weekdays With 10% Deviation for (P, ) and 3% for (@, B,7)

Table (5-4)

e T Hp,, =05 Hp,, =075 Fp,, =1

Teft | Mid | Right | LeR | Mid | Right | LeR | Mid | Right | Left | Mid | Right

Daily Hours | PG2 PG2 PG2 PG2 PG2 PG2 PG2 § PG2 PG2 PG2 PG2 PG2
ww | ww | ww | ww | uw | uw | uw | uw | ww | uw | ww | MW ]

1 296.5| 351 {406.8 | 323.6 | 351 | 378.7| 337.2| 351 |364.8] 351 | 351 [ 351
2 267.11 3184371 298.1|318.4 | 338.8] 309.6 | 3184 | 327.1] 318.4 | 318.4 | 3184
3 250.5| 300 {350.7 | 283.3| 300 | 316.6]292.7| 300 | 307.2|] 300 ; 300 | 300
4 231.4|278.7|327.4 | 264.6 | 278.7 | 292.9) 272.2| 278.7 | 285.2| 278.7 | 278.7 | 278.7
5 216.1| 261.7 1308.6 | 249 | 261.7 | 274.3] 255.7 | 261.7 | 267.6 ] 261.7 | 261.7 | 261.7
6 231 |278.3)326.9 | 265.2 | 278.3 | 291.4] 271.9| 278.3 | 284.7 | 278.3 | 278.3 | 278.3
7 242.9 | 291.5 (341.4 | 277.9| 291.5| 305.1] 284.8 | 291.5) 298.2} 291.5| 291.5 | 291.5
8 259.8 | 310.2 (362 | 295.8 | 310.2 | 324.7] 303.1 310.2| 317.4] 310.2} 310.2 | 310.2
9 306.9 | 362.6 |419.6 | 345.6 | 362.6 | 379.6 ]| 354.1| 362.6 | 371.1 362.6 | 362.6 | 362.6
10 324.5|382.1 |441.1 | 364.1{ 382.1| 400.1] 373.1] 382.1| 391.1| 382.1 | 382.1 ! 382.1
1 322.6 | 380.1 {438.8 | 362.2 | 380.1 | 397.9] 374.1| 380.1| 389 | 380.1380.1 3801
12 340.4 | 399.8 {460.6 | 381 | 399.8|418.7] 390.4 399.8} 409.3] 399.8 | 399.8 | 399.8
13 333.7( 392.3 (452.3 | 373.9( 392.3 | 410.8] 383.1 | 392.3| 401.5{ 392.3 | 392.3 | 392.3
14 320.3 | 377.4 {435.9 | 359.7 [ 377.4 | 395.1] 368.6 [ 377.4 [ 386.3] 3774|3774 3774
15 306.4 | 362.1 {419 | 345.1 362;1 379 | 353.6| 362.1] 370.5] 362.1 | 362.1 | 362.1
16 294.6 | 348.9 {404.6 | 332.6 | 348.9 | 365.2| 340.8 | 348.9 | 357.1] 348.9 | 348.9 | 348.9
17 290.3 | 344.1399.3 | 328 | 344.1)| 360.1] 336.1 | 344.1| 352.1] 344.1| 344.1 | 344.1
18 295.3 | 349.7 [405.4 | 333.4 | 349.7 | 366 | 341.6| 349.7 | 357.9} 349.7 | 349.7 | 349.7
19 314.6} 371.1 1429 353.8|371.1|388.5]| 362.4 | 371.1| 379.8] 371.1 | 371.1| 3711
20 302.1|357.2/413.7 | 340.5|357.2| 373.9| 348.9| 357.2 [ 365.6 | 357.2 | 357.2 | 357.2
21 305.6 | 361.1 {418 344.3|361.1] 378 | 352.7|361.1} 369.6| 361.1 | 361.1 | 361.1
22 325.2(382.9(442 |364.9382.9/400.9]373.9|382.9| 391.9] 382.9| 382.9 | 382.9
23 317.8| 374.7 |432.9 | 357.1| 374.7 | 392.2| 365.9| 374.7 | 383.4| 374.7 | 374.7 | 374.7
24 294.9 | 349.3 405 333 |349.3|365.6] 341.1( 349.3| 357.4] 349.3 | 349.3 | 349.3

113



MW

114

—e— Left PG2 MW for (1=0) —a— Mid PG2 MW for (p=0)
—— Right PG2 MW for (p=0) —»— Left PG2 MW for (u=0.5)
—x%— Mid PG2 MW for (pu=0.5) —&— Right PG2 MW for (p=0.5)
—+— Left PG2 MW for (p=0.75) —— Mid PG2 MW for (p=0.75)
——— Right PG2 MW for (p=0.75) Left PG2 MW for (p=1)
Mid PG2 MW for (u=1) —t— Right PG2 MW for (u=1)

500

450

400

300

250

200 - ; x
0 5 10 15 20 25 30

Daily Hours

Figure (5-5) Fuzzy Power Generation of Unit #2 for All & -Cut Representation



Table (5-5)
Membership Function of Generation #3 for (0, 0.5, 0.7, 1) & -Cut Represéntation

For Model “A” Weekdays With 10% Deviation for (P, ) and 3% for (&, 3, 7)

Membership Hp.. =0 Kp., =0.5 Hp,, =0.75 Hp_, =1
Function
TeR | Wid | Right | Left | Mid | Right | Lelt | Mid | Right | Left | Mid | Right |
DaityHour | PG2 | P62 | P2 | P62 | PG2 | PG2 | P62 | PG2 | PG2 | PG2 | PG2 | PG2
Mw | Mw | vw | MW | MW | MW | MW ) MW | MW L MW | MW | MW |
1 345.4 | 415.5 |487.4 | 380.3 | 415.5 | 451.2} 397.9 | 415.51 433.3 | 415.5 | 415.5{ 415.6
2 307.7 | 373.6 |441.2 | 347.5| 373.6 | 399.8] 362.3 | 373.6 | 384.9 373.6 | 373.6 [ 373.6
3 286.4 | 349.9 |415.2 | 328.6 | 349.9 | 371.3 | 340.6 | 349.9 | 359.3 ] 349.9 | 349.9 | 349.9
4 261.8 | 322.6 |385.2 | 304.4 | 322.6 | 340.9] 314.3 | 322.6 | 331 | 322.6 | 322.6 | 322.6
5 242.1 | 300.7 {361 284.5 | 300.7 | 316.9| 293 | 300.7 | 308.4 | 300.7 | 300.7 | 300.7
6 261.3 | 322.1 |384.6 | 305.2 | 322.1 | 338.9} 313.9 | 322.1{ 330.3 | 322.1 | 322.1 ) 322.1
7 276.6 | 339.1 |403.3 | 321.6 | 339.1 | 356.6 | 330.5] 339.1 | 347.7 | 339.1 | 339.1 | 338.1
8 298.3 | 363.2 1429.8 | 344.6 | 363.2| 381.7| 354 | 363.2| 372.4] 363.2 | 363.2 | 363.2
9 358.9 | 430.5 |503.8 | 408.6 | 430.5 | 452.4 | 419.6 | 430.5 | 441.4] 430.5 | 430.5 { 430.5
10 381.5 | 455.6 |531.4 | 432.5 | 455.6 | 478.7| 444 | 455.6 | 467.1 | 455.6 | 455.6 | 465.6
11 379.1 | 452.9 {528.5 | 430 | 452.9| 475.9 | 441.5| 452.9 | 464.4 | 452.9 | 452.9 | 452.9
12 402 | 478.4 |556.5 | 454.2 | 478.4 | 502.6 | 466.3 | 478.4 | 490.5]| 478.4 | 478.4 | 478.4
13 393.3 | 468.7 |545.8 | 445 | 468.7 | 492.4 | 456.8 | 468.7 [ 480.5 | 468.7 | 468.7 | 468.7
14 376 | 449.51524.8 | 426.8 | 449.5| 472.3 | 438.2 | 449.5 | 460.9 | 449.5 | 449.5 | 449.5
15 358.3 | 429.8 |503 408 | 429.8 | 451.6 | 418.9 | 429.8 | 440.7 | 429.8 | 429.8 | 429.8
16 343.1 | 412.9(484.5 | 392 | 412.9| 433.8|402.4 | 412.9( 423.4 | 412.9 ] 412.9 | 412.9
17 337.5 | 406.7 |477.6 | 386.1 | 406.7 | 427.3 ] 396.4 | 406.7 | 417 ] 406.7 | 406.7 | 406.7
18 344 | 413.9(485.6 | 392.9| 413.9( 434.9] 403.4 | 413.9| 424.4 | 413.9 | 413.9] 413.9
19 368.8 | 441.5 |515.9 | 419.1 | 441.5| 463.8 | 430.3 | 441.5 | 452.7 | 441.5 | 441.5| 441.5
20 352.7 | 423.6 |496.2 | 402.1 | 423.6 | 445.1 ] 412.9 | 423.6 | 434.3 | 423.6 | 423.6 | 423.6
21 357.2 | 428.6 |501.7 | 406.9 | 428.6 | 450.3 | 417.8 | 428.6 | 439.5 | 428.6 | 428.6 | 428.6
22 382.4 | 456.6 |532.5 | 433.5 | 456.6 | 479.7| 445 | 456.6 | 468.1 | 456.6 | 456.6 | 456.6
23 372.9| 446 |520.9 {423.4| 446 | 468.6| 434.7| 446 | 457.3] 446 | 446 | 446
24 343.5|413.3(484.9 | 392.4 | 413.3| 434.3| 402.9 | 413.3| 423.8 | 413.3 | 413.3 | 413.3
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-Figure (5-6) Fuzzy Power Generation of Unit # 3 for All & -Cut Representation



For Model “A” Weekdays With 10% Deviation for (P}, ) and 3% for (&, 3, %)

Table (5-6)
Membership Function of Total Generator for (0, 0.5, 0.7, 1) & -Cut Representation

Momborship typ, =0 Mp, =05 Hyp, =0.75 Hp, =1

Left | Mid Right | Left | Mid | Right | Left | Mid | Right | Left | Mid | Right
DailyHours| 6 | 6 | #6 | 6 | 6 | 6 | 6 {6 | 6 | 6 | 6 | w6
MW | MW | MW | MW | MW | MW | MW | MW | MW | MW | MW | MW

1 |931.7| 1118 | 1308 | 1024 | 1118 | 1212 1071 | 1118 | 1165 | 1118 | 1118 | 1118
2 |831.6] 1006 | 1186 | 937.1 | 1006 | 1076 | 976.5| 1006 | 1036 | 1006 | 1006 | 1006
3 |775.1|943.6| 1117 | 886.9 | 943.6 | 1000 | 918.8 | 943.6 | 968.4 | 943.6 | 943.6 | 943.6
4 | 700.9|871.2| 1037 | 822.8| 871.2| 919.5| 849.1 | 871.2| 893.2| 871.2 | 871.2 | 871.2
5 |e57.5| 813 |973.1] 770 | 813 | 856 |7926| 813 |833.4f 813 | 813 | 813
6 | 708.6|869.7| 1035 | 825 | 869.7 | 914.4 | 847.9| 869.7 | 891.5) 869.7 | 869.7 | 869.7
7 | 749.2|914.8| 1085 | 868.5| 914.8 | 961.1| 891.9| 914.8 | 937.7| 914.8| 914.8 | 914.8
8 |806.7|978.7| 1155 | 920.5| 978.7 | 1028 | 954.2 | 978.7 | 1003 | 978.7 | 978.7 | 978.7
9 | 967.4] 1157 | 1352 | 1099 | 1157 | 1245 | 1128 | 1157 | 1186 | 1157 | 1157 | 1157
10 | 1027 | 1224 | 1425 | 1163 | 1224 | 1285 | 1193 | 1224 | 1254 | 1224 | 1224 | 1224
11 | 1021|1217 | 1417 | 1156 | 1217 | 1278 | 1186 | 1217 | 1247 | 1217 | 1217 | 1217
12 | 1082 | 1284 | 1491 | 1220 | 1284 | 1349 | 1252 | 1284 | 1316 | 1284 | 1284 | 1284
13 | 1059 | 1259 | 1463 | 1196 | 1259 | 1322 | 1227 | 1269 | 1290 | 1259 | 1259 | 1259
14 | 1013 | 1208 | 1407 | 1147 | 1208 | 1268 | 1178 | 1208 | 1238 | 1208 | 1208 | 1208
15 | 965.7| 1155 | 1350 | 1098 | 1155 | 1213 | 1127 | 1155 | 1184 | 1155 | 1155 | 1155
16 |925.4| 1111 | 1300 | 1055 | 1111 | 1166 | 1083 | 1111 | 1138 | 1111 | 1111 | 1111
17 __ ] 910.5) 1094 | 1282 | 1039 | 1094 | 1149 | 1067 | 1094 | 1121 | 1094 | 1094 | 1094
18 |927.8) 1113 | 1303 | 1058 | 1113 | 1169 | 1085 | 1113 | 1141 | 1113 | 1113 | 1113
19 |993.6| 1186 | 1384 | 1127 | 1186 | 1246 | 1157 | 1186 | 1216 | 1186 | 1186 | 1186
20 |950.9] 1139 | 1332 1082 | 1139 | 1196 | 1111 | 1139 | 1167 | 1139 | 1139 | 1139
21 }962.9| 1152 | 1346 | 1095 | 1152 | 1210 | 1123 | 1152 | 1181 | 1152 | 1152 | 1152
22 | 1030 | 1227 | 1428 | 1165 | 1227 | 1288 | 1196 | 1227 | 1257 | 1227 | 1227 | 1227
23 11004 | 1198 | 1397 | 1138 | 1198 | 1258 | 1168 | 1198 | 1228 | 1198 | 1198 | 1198
24 |926.5] 1112 1302 | 1056 | 1112 | 1167 | 1084 | 1112 | 1140 | 1112 | 1112 | 1112
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Membership Function of Total Cost for (0, 0.5, 0.7, 1) & -Cut Representation

for Model “A” Weekdays With 10% Deviation for (P, ) and 3% for (@, ,7)

Table (5-7)

Memberstlp 4 =0 [ =03 [ =075] 4o =1
Left Mid | Right | Left Mid | Right | Left Mid | Right | Left Mid | Right
Daily Hours | Cost | Cost | Cost | Cost | Cost | Cost Cost | Cost | Cost | Cost | Cost | Cost

&h &h &h $h h h $h Sh h h &h h
1 8755 | 11318| 14268} 9990 {11318]12742|10642]11318]12018]11318/11318/11318
2 7651 | 9947 {12593] 9049 | 9947 |10887] 9570 | 9947 |10332| 9947 | 9947 | 9947
3 7050 | 9202 | 11682 8511 | 9202 | 9916 | 8909 | 9202 | 9499 | 9202 | §202 | 9202
4 6377 | 8369 (10665 7811 | 8369 | 8941 | 8119 | 8369 | 8621 ) 8369 | 8369 | 8369
5 5853 | 7719 | 9872 | 7243 | 7719 | 8207 | 7496 | 7719 | 7945 | 7719 | 7719 | 7719
6 6364 | 8352 [10644] 7848 | 8352 | 8867 | 8107 | 8352 | 8600 | 8352 | 8352 | 8352
7 6780 | 8868 |14273] 8336 | 8868 | 9411 | 8605 | 8868 | 9133 | 8868 | 8868 | 8868
8 7384 | 9616 | 12188 9036 | 9616 |10209] 9327 | 9616 | 9909 | 9616 | 9616 | 9616
9 9161 | 11823|14886]11087|11823]12577|11454 11823|12196}1182311823]11823
10 0857 | 12688 | 15945/ 11890 (1268813505 12287 | 12688]13093]12688 | 12688 (12688
1 9783 | 12595(15832]11805|12595{13405{12198 | 1259512998 1259512595 12595
12 10506 | 1349516933 1263813495 14373{13064 |13495|13931]13495]13495] 13495
13 10228 | 13149 16510| 1231913149 14001]12732|13148|13572| 13149| 13149 13149
14 9688 | 1247715687 11696 |12477|13278}1208412477|12875| 12477 | 12477 | 12477
15 9142 | 11799 14857|11067{11799]12548| 11431]11799{12171}11799111799{11799
16 8684 |11230(14161{10539|11230]11936]10882|11230|11581|11230(11230{11230
17 8517 | 11023} 43907]10347]11023|11714/ 1068311023} 11367]11023 (1102311023
18 8711 | 11264|14202| 1057111264 1197310915} 11264 11616| 11264 | 1126411264
19 0464 | 12198|15346]11438|12198|12978] 1181612198 | 12586112198|12198| 12198
20 8973 {11589|14600]10873|11589112323]11229{11589|11954]| 1158911589 11589
21 9110 | 11759{14808]11030]11759|12505]11392!11759112130{ 1175911759 | 11759
22 0886 |12723|15988111924{12723|13542]12321[12723| 13130/ 1272312723|12723
23 9589 |12355| 15537]11582{12355] 1314611966 | 1235512748 12355|12355{ 12355
24 8696 | 11245|14179]10553[11245|11953]10897 | 11245]11597]11245|11245]11245
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Figure (5-8) Fuzzy Minimum Total Cost for All & -Cut Representation
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Chapter 6

Fuzzy Economical Dispatch Including Losses

6.1 Introduction

It is important to consider the losses in the transmission lines due to the large
interconnected network where power is transmitted over long distances with low load
density areas. In addition determining the distribution of load between plants needs to
consider the transmission line losses where for a given distribution of loads, usually the
plant with low incremental fuel cost rate has greater transmission losses than the other
plants which will effect the over all economy of the system and it is wise to lower the

load at that plant to achieve a minimum fuel cost.

6.2 Problem Formulation
The objective is to find the minimum value of the total cost function subject to the

equality and inequality constraints.

Minimize
- NG . NG L,
Coma =2,Ci =26 +BFs +7:Fg ©.1)
i=l i=l
Subject to satisfying
NG .
Ps 2P +P, (6.2)
i=l
P; (min)<P; <P, (max) i=1....NG (6.3)

The fuzzy variable added in this case is the power losses }5L = (P_L ,L;,R;) denoting the

middle, left and right sides of the power losses.
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The total transmission losses formula is a quadratic function of the generator power

output expressed as:

NG
Z (6.4)
J=l

A more general formula containing linear terms is known as Kron’s loss formula is:

.'.‘..MQ

NG NG
P, ZZP B,F, +ZBO,P +By, (6.5)

=~
Applying fuzzy interval arithmetic operations implemented by their & -Cut operation to
obtain the power losses formula that include the middle, left and right sides of the

triangular membership function, it becomes:

N NGNG N _
B (B.L,R)=) D By Ly oR; )B,J(P 7R )+ By (B Ly Ry )+Byy (6.6)
7 i=1 ¢ G

i=l j=

Using the simplest quadratic form we get:
- NG -
P, => B,P; (6.7)
=1

Substituting the middle, left and right sides of the generation triangular membership

function into the equation we get:

NG
) D 2 2 2
(PL’L[’RL‘):Z;(BiiPG, ,B,.,.LP(_ , ByR; ") (6.8)
ppe ;, ,
Then using table (3-2) to obtain the middle, left and right side of the equation:
_ NG _,
P, = B,F; (6.9)
i=
= z B, L (6.10)
= ZB R (6.11)

The power generation of each unit can be calculated from equation (2.20) that was

derived in chapter (2) which becomes:
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(LR Y=L R;)
2A(FysLy R, ) +(ALR ) B,)

— k
(Pg Ly Ry Y= (6.12)

Using Table (3-2) to perform the fuzzy set arithmetic calculation then, the middle crisp,

left and right value of the equation becomes:

s A5

= — (6.13)
27, +4*1B,)
k —
0 L R,
Lﬁn, [k} (6.14)
2R, +r,*1B,)
RIK-L
R, K=__14 (6.15)

A
B, +L*B,)

Substituting the generation values into the loss formula to calculate the power losses.
Then we check the equality constraints to see if it is satisfied. Ifit is not satisfied then we
NG [ OP
oP.

use the iterative method shown in flow chart (6-1). Where Z =~ | is given as:
i=l

NZG: aPuG, _]f 77:' +BiiBi
= o1 =1 BT
27, +AV B,

3 (6.16)

Replacing the fuzzy parameters with their middle, left and right sides into the equation we
get:

S ALL.R) | A

(6.17)

2
2[(7,. L, R )+(ALLR, ["13,.,.}
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The middle crisp value becomes from Table (3-2):

w(oF,) x| 7+B,73
=4 ) Ha(7, 4518, )

The left side of the power generation becomes:

NG GLF_ NG L}7 '*'BiiL/}
T =2, : — (6.19)
Al i=l 2(R}Z +R/T[k]B,~,-)

i=]

The right side of the power generation becomes:

= Z (6.20)
HofL, +L "B, )2

i=l

NG[6R~ J ¥G| R, +BiiRE

Since Aﬂ(k ) denotes the increment of change in the incremental cost is equal to:
Aplt]

___m

=(%)

Replacing the fuzzy parameters with their middle, left and right value into equation (6.21)

Atk = (6.21)

we get:

= k
AP Ly, Ry, V!

A(/T,LZ,RZ)(” = - a (6.22)
d(P;,L, R, ),

d(A,L;,R)
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The middle or crisp value from Table (3-2) will be:

_ A(P.
A(4,)= Fs) (6.23)
jf v, +B iiBi
. _— k 2
Ha(7 + 218, |
The left side becomes:
ML, )
A(L i )= : (6.24)
NG| R, +B,R,
= “g |
T2(L, +L,1B, )
The right side becomes:
A(R P )
AR;)= < (6.25)
NG L, +B,L 3
g V
A|2(r; +r "B, )
Then calculate the new value of the incremental cost
A Z 46) L Ap ) (6.26)
Substituting the middle, left and right sides into equation (6.26) we get:
— k+1 - k -~ k
(A,LZ,RZ)( ) _ (A,LZ,RZ)( ) +A(/1,LZ,RZ)( ) 627)

If the value of AA") is very small such as 10 in a per unit system then the iteration is
stopped and the power generation, the power losses and the total cost of all units are

calculated. If it is not small then the iteration continues until a convergence is achieved.
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6.3 Solution Algorithm

The iterative technique is used with a complete (ED) problem when the power losses are
included into the system to find the optimal solution. In this method the initial guess of
the incremental cost can be calculated for the middle, left and right s{de from (6.16),
(6.17) and (6.18) assuming that the power losses are small and can be ignored then the
iterative method will find the best equal incremental cost value. If this value does not
satisfies the optimality condition then the iterative program repeats the process until a
solution is found. The power generation equation has to be modified as explained in
Chapter (2) to take into account the power losses in the network when power losse are no
longer neglected and contribute to the system performance. The same simulated example
of Chapter (5) is used to calculate the optimal minimum cost values of the three units

committed to the network. The B, loss coefficients for this example are

0.0218 0 0
B,(pu)=| 0 00228 0
0 0 00179

Evaluating the results obtained using the program based on the flow chart we can observe
the following:

1. In the example presented, the optimal solution was found after 8 to 10 iterations
for each fuzzy load for 24 hours.

2. Table (6-1) and Figure (6-1) represent the fuzzy load demand with 10% deviation
which is the same load that was tested in the previous Chapter.

3. Table (6-2) and Figure (6-2) show the incremental fuel cost of the three
generators. The minimum range of the fuel incremental cost is 10.5 and the
maximum is 14.2 which is the same range of variation obtained in the previous
Chapter. The generators will increase the generation to compensate the power
losses and-distribute the load demand, the power losses evenly between the
generation units to maintain their equal incremental fuel cost range. In addition
satisfy the constraint imposed on the system.

4. Table (6-2, 6-3, 6-4) and Figure (6-3, 6-4, 6-5) represent the power generations of

unit 1, 2 and 3. The power generations spread of the three units shows almost the
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same spread but with different values of middle, left and right side of the
generation triangular membership function. This means that the power losses
formula represented in equation (6.9 - 6.11) the square value of the power

generator multiplied by the B, loss coefficients which is a small value reduced the

left and right spread of the power generation and the incremental fuel cost in the
iterative procedure to find the best value of the incremental fuel cost that satisfy
the optimality condition.

. Table (6-6) and Figure (6-6) show the total power generation of all the units for
all & -cut representation. The total power generation satisfies the constraints set to
obtain a minimum solution of the objective function in equation (6.2). Comparing
Figure (5-7) from the previous Chapter and Figure (6-6) for the same deviation for

a, f and y parameters we see an increase in the total generation in Figure (6-6) to

compensate the power losses of the transmission line as stated in equation (6.2).

. Table (6-7) and Figure (6-7) show the power losses for all & -cut representation.
The power losses have higher spread than the power generation for each unit, the
load demand and the total power generation. This in fact is a great asset to the
system operator to know all this information about the system variation on line
and hour by hours.

. Table (6-8) and Figure (6-8) show the minimum total cost for all & -cut
representation. Comparing Figure (5-8) from the previous Chapter with Figure (6-
8) we see an increase of cost do to considering the power losses in the
formulation. This proves that when considering power losses the overall economy
of the system will be affected including the upper and lower limits of the
minimum cost value. The extra cost value is a result of increased power
generation to balance the equality constraint set in equation (6.2) and compensate
the power losses in the transmission line. In addition the spread at & -cut equal to
zero has improved in Figure (6-8) when we consider losses in the formulation
which means that when we consider the losses we obtain a more realistic model

and limits the over approximation of the spread in the membership function
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8. Table (6-9) and Figure (6-10) represents the minimum total cost for 10% deviation
for the cost function «, # and y . The cost value has increased sharply and the
spread at & -cut equal to zero has increased with the increased of the cost function
coefficients. Table (6-10) and Figure (6-11) show the minimum total cost for all
@ -cut representation for a selected 2% deviation for @ and 3% deviation for
andy. The figure shows that cost has reduced considerably with decreasing in
cost function coefficients and the spread at & -cut equal to zero has reduced as

well which is the nature of the quadratic equation of the cost function.
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Chart (6-1) Iterative Flow-Chart of the Program



Membership Function of Load Demand for (0, 0.5, 0.75, 1) & -Cut Representation

Table (6-1)

for Model “A” Weekdays With 10% Deviation for (P, ,)and 3% for (53,7)

M:Z'mp 'uPLomi:O 'uPLoai =05 'uPLoadZO'75 ﬂPLoad =1
Left | Mid | Right | Left | Mid | Right | Left | Mid | Right | Left Mid | Right
Daily Hours | Load | Load | Load | Load { Load | Load | Load |Load | Load | Load | Load ] Load

MW | MW MW | MW | MW | MW | MW | MW | MW | MW | MW | MW
1 1006 | 1118 | 1229 | 1062 | 1118 | 1173 | 1090 | 1118 | 1146 | 1118 | 1118 | 1118
2 905.8 | 1006 | 1107 | 956.1 | 1006 | 1057 | 981.2 | 1006 | 1032 | 1006 | 1006 | 1006
3 849.2 | 943.6 | 1038 | 896.4 | 943.6 | 990.8| 920 | 943.6 | 967.2| 943.6 | 943.6 | 943.6
4 784.1|871.2|958.3| 827.6 | 871.2| 914.7| 849.4 | 871.2| 892.9] 871.2| 871.2| 871.2
5 731.7| 813 |894.3| 7724 | 813 |853.7| 792.7| 813 |833.3| 813 | 813 | 813
6 782.7 | 869.7 | 956.7 | 826.2 | 869.7 | 913.2| 848 |869.7|891.4] 869.7 | 869.7 | 869.7
7 823.3(914.8| 1006 | 869.1 | 914.8 | 960.5| 891.9 | 914.8  937.7| 914.8 | 914.8 | 914.8
8 880.8 | 978.7| 1077 | 929.8 | 978.7 | 1028 | 954.2 | 978.7 | 1003 | 978.7 { 978.7 | 978.7
9 1042 | 1157 | 1273 ] 1099 | 1157 | 1215 | 1128 | 1157 | 1186 | 1157 | 11567 | 1157
10 1101 | 1224 | 1346 | 1163 | 1224 | 1285 | 1193 | 1224 | 1254 | 1224 | 1224 | 1224
11 1095 | 1217 | 1338 | 1156 | 1217 | 1278 | 1186 | 1217 | 1247 | 1217 | 1217 | 1217
12 1156 | 1284 | 1413 | 1220 | 1284 | 1349 | 1252 | 1284 | 1316 | 1284 | 1284 | 1284
13 1133 | 1259 | 1384 | 1196 | 1259 | 1322 | 1227 | 1259 | 1290 | 1259 | 1259 | 1259
14 1087 | 1208 | 1329 | 1147 | 1208 | 1268 | 1178 | 1208 | 1238 | 1208 | 1208 | 1208
15 1040 | 1155 | 1271 ] 1098 | 1155 | 1213 | 1127 | 1155 | 1184 | 1155 | 11565 | 1155
16 999.5 | 1111 | 1222 1055 | 1111 | 1166 | 1083 | 1111 | 1138 | 1111 | 1111 | 1111
17 984.7 | 1094 | 1204 | 1039 | 1094 | 1149 | 1067 | 1094 | 1121 | 1094 | 1094 | 1094
18 1002 | 1113 | 1225 | 1058 | 1113 | 1169 | 1085 | 1113 | 1141 | 1113 | 1113 | 1113
19 1068 | 1186 | 1305 | 1127 | 1186 | 1246 | 1157 | 1186 | 1216 | 1186 | 1186 | 1186
20 1025 | 1139 | 1253 | 1082 | 1139 | 1196 | 1111 | 1139 | 1167 | 1139 | 1139 | 1139
21 1037 | 1152 | 1268 | 1095 | 1152 | 1210 | 1123 | 1152 | 1181 | 1152 | 1152 | 1152
22 1104 | 1227 | 1349 | 1165 | 1227 | 1288 | 1196 | 1227 | 1257 | 1227 | 1227 | 1227
23 1079 | 1198 [ 1318 | 1138 | 1198 | 1258 | 1168 | 1198 | 1228 | 1198 | 1198 | 1198
24 1001 | 1112 | 1223 | 1056 | 1112 1167 | 1084 | 1112 | 1140 | 1112 | 1112 | 1112
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Figure (6-1) Fuzzy Load Demand for All & -Cut Representation
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Table (6-2)
Membership Function of Incremental Cost for (0, 0.5, 0.75, 1) @ -Cut Representation

135

for Model “A” Weekdays With 10% Deviation for (P, ) and 3% for(c, f,})

Wembersip 1), =) 14;=05 14, =0.75 1y =1
Left), | Mid ) Right 3 Lefty, | Midy {Righty | Lefts | Mid) |Right) | Lefty | Mid) Right

. SMW/h |SMW/h SMW/h {SMW/h | SMW/h | SMW/h | SMW/h | SMW/h [ SMW/h |SMW/h
Daily Hours for for i:f::r/-’:)) for for for for for for for for f?: (:If;)

(v=0) | (1=0) w=0.5) | (1=0.5) | (1=0.5) |(1=0.75) | (r=0.75) | (1r=0.79) | (w=1) | (w=1)
1 11.99 | 12.62 | 13.214] 12.31 | 12.62 | 12.92 | 12.463 | 12.647 | 12.77 | 12.62 | 12,62 | 12.617
2 11.44 [ 12.03 [ 12.588] 11.75 | 12.03 | 12.305] 11.895 | 12.031 | 12.166 | 12.03 | 12.03 {12.031
3 1143 1.7 [12.234| 1144 | 11.7 [ 11.954|11.574|11.699 | 11.824| 11.7 | 11.7 | 11.699
4 10.78 { 11.32 | 11.827 | 11.08 | 11.32 | 11.55 | 11.202| 11.317 | 11.432] 11.32 | 11.32 | 11.317
5 105 | 11.01 [ 11.499| 10.79 | 11.01 | 11.227 | 10.903| 11.01 | 11.417| 11.01 | 11.01 | 11.01
6 10.77 | 11.31 | 11.818] 11.08 | 11.31 | 11.54 | 11.194 | 11.309 | 11.424 | 11.31 | 11.31 | 11.309
7 10.99 | 11.55 | 12.072] 11.31 | 11.55 | 11.789 | 11.427 | 11.547 | 11.668 | 11.55 | 11.55 | 11.547
8 11.31 ] 11.88 | 12.432] 11.63 | 11.88 | 12.143] 11.755 | 11.884 | 12.014| 11.88 | 11.88 | 11.884
9 1218 { 12.83 | 13.438] 12.52 | 12.83 | 13.132]12.674| 12.827 | 12.98 | 12.83 | 12.83 | 12.827
10 12,51 {13.18 | 13.812| 12.86 | 13.18 | 13.501| 13.016 | 13.178 | 13.339 13.18 [ 13.18 | 13.178
1 12.47 | 13.14 | 13.773] 12.82 | 13.14 | 13.462| 12.98 | 13.141 | 13.302| 13.14 [ 13.14 [ 13.141
12 12.8 | 13.5 [14.153]13.16 | 135 |13.836]13.328| 13.497 | 13.667] 13.5 | 13.5 |13.497
13 12,68 | 13.36 | 14.008 ) 13.03 | 13.36 [ 13.694 | 13.196 | 13.362 | 13.528 | 13.36 | 13.36 | 13.362
14 12.43|13.09 | 13.722]12.78 | 13.09 [ 13.412[12.934|13.094 { 13.253 | 13.09 | 13.09 { 13.094
15 1217 | 12.82 | 13.427] 12,51 | 12.82 | 13.122112.665{12.817 {12.969] 12.82 | 12.82 | 12.817
16 11.95| 12.58 | 13.475] 12.29 | 12.58 | 12.874 ] 12.434 | 12,581 | 12.727| 12.58 | 12.58 | 12.581
17 11.87 | 12.49 1 13.082] 12.21 | 12.49 | 12.782] 12.349 | 12.493 | 12.638 | 12.49 | 12.49 | 12.493
18 11.96 | 12.6 | 1319 | 123 | 12.6 [12.889|12.448|12.595 | 12.742} 12.6 | 12.6 | 12.595
19 12,32 12.98 | 13.602| 12.67 | 12.98 | 13.294 | 12.824 | 12.981 | 13.137{ 12.98 | 12.98 | 12.981
20 12.09 | 12.73 | 13.335| 12.43 | 12.73 | 13.031| 12.58 | 12,73 |12.881| 12.73 | 12.73 | 12.73
21 1216 | 12.8 | 13.41 | 125 | 12.8 |13.105]12.649|12.801 | 12.953| 12.8 | 12.8 | 12.801
22 1252 113.19 | 13.827] 12.87 { 13.19 | 13.516| 13.03 |13.192{13.354] 13.19 | 13.19 { 13.192
23 12.38 | 13.04 | 13.669] 12.73 | 13.04 | 13.36 | 12.886 | 13.044 | 13.202| 13.04 | 13.04 | 13,044
24 11.96 | 12.59 { 13.182] 12.29 | 12.59 | 12.88 | 12.44 | 12.587 | 12.734] 12.59 | 12.59 | 12.587
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Figure (6-2) Fuzzy Incremental Fuel Cost for All & -Cut Representation
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Membership Function of Generator #1 for (0, 0.5, 0.75, 1) & -Cut Representation

for Model “A” Weekdays With 10% Deviation for (P, ) and 3% for (&, 3, %)

Table (6-3)

Hombership Hpg1=0 HpG1=0> Hpg1=0.75 Hp1 =]

Left Mid | Right | Left | Mid | Right | Left Mid } Right | Left Mid | Right

Daily Hours | PG1 | PG1 PG1 PG1 PG1 PG1 PG1 | PG1 PG1 PG1 PG1 PG1
MW | MW | MW | MW | MW | MW | MW | MW | MW | MW MW | MW

1 |341.4]384.6|428.8] 362.9 384.6 | 406.6 373.7| 384.6 | 395.6 | 384.6 | 3846 | 3846
2 |3034]341.6| 3805|3225 | 341.6| 361 | 332 |341.6|351.3| 3416 341.6 | 3416
3 |282.2]317.7|353.7| 299.9 | 317.7| 335.6 | 308.8| 317.7 | 326.6| 317.7 | 317.7| 3177
4 | 2581]2904 3232 274.2| 200.4 | 306.7 282.3 | 2004 | 208.6| 290.4 | 290.4 | 2904
5 |218.8)268.8| 299 |253.8268.8)283.8 261.3 ] 268.8 | 276.3| 268.8 | 268.8 | 268.8
6 | 257.6289.932256] 273.7| 289.9| 306.2| 281.8| 289.9| 298 | 289.9| 289.9| 289.9
7 | 2726/ 306.8] 341.5] 289.7| 306.8 | 324.1] 208.2| 306.8 | 315.4) 306.8 | 306.8 | 306.8
8 |2941| 331 |368.7]3125| 331 |349.8|321.7| 331 |3404| 331 | 331 | 331
9 |3554| 4002 446.4] 377.5| 400.2 | 423.2| 388.8 | 400.2 | 411.7] 400.2 | 400.2 | 400.2
10 | 378.3|426.6|476.1{ 402.3 | 426.6 | 451.2| 414.4 | 426.6 | 438.8) 426.6 | 426.6 | 426.6
11 |375.8|423.8| 472.9]399.7 | 423.8| 448.2| 411.7| 423.8 | 435.9 | 423.8| 423.8| 4238
12 | 399.6|450.9]503.5| 425.1 | 450.9 | 477 | 437.9| 4509 | 463.9] 450.9 | 4509 | 4509
13 | 3005 4405|491.8| 415.3| 4405 | 466 | 427.9| 440.5| 453.2) 4405 | 4405 | 440.5
14 |372.7]420.2| 468.9] 396.3 | 420.2| 444.4) 408.2| 420.2 | 432.2| 420.2 | 420.2| 420.2
15 | 3544|3995 |44555| 376.8 | 3095 422.4| 388.1 | 399.5| 410.9| 399.5 | 3095 | 399.5
16 | 339 |381.9|425.8| 360.3 | 381.9] 403.7| 371.1 | 381.9| 392.8| 381.9| 381.9| 381.9
17 |333.3 375.5| 418.5| 354.3 | 375.5 | 396.9| 364.9| 375.5 | 386.2| 375.5| 375.5| 375.5
18 |339.9] 383 |426.9]361.3| 383 |404.8]372.1| 383 | 3039| 383 | 383 | 383
19 | 365.2]411.7] 450.3| 388.3| 411.7| 435.4| 400 | 411.7 | 4235] 411.7| 411.7 | 4117
20 |3488) 303 |438.3 3708| 393 |4155)381.9| 393 |404.2] 303 | 393 | 393
21 |353.4]398.2|444.1| 3757 | 398.2| 421.1] 386.9| 398.2 | 409.6 | 398.2 | 398.2 | 3908.2
22 |379.2|427.6|477.3] 403.3 | 427.6 | 452.3 415.4| 427.6 | 4309 | 427.6 | 4276 | 4276
23 |369.4|4165] 464.7] 392.8 | 416.5 | 440.4| 4046 | 416.5| 428.4) 4165 4165 | 4165
24 |339.4]382.4]426.3] 360.8| 382.4 | 404.2] 371.6| 3824 | 303.3] 382.4 | 3824 | 3824
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Figure (6-3) Fuzzy Power Generation of Unit #1 for All & -Cut Representation



Membership Function of Generator #2 for (0, 0.5, 0.75, 1) & -Cut Representation
for Model “A” Weekdays With 10% Deviation for (P, ) and 3% for(a, 5, 7)

Table (6-4)

M:r:’l::tr;l:'p 'uPG2=O ‘UPGz':O'S 'uPGz=0'75 ‘uPGz:l

Left Mid | Right | Left Mid | Right | Left Mid | Right | Left Mid | Right

Daily Hours | PG2 PG2 PG2 PG2 PG2 PG2 PG2 PG2 PG2 PG2 PG2 PG2
mw | mw | mw | Mw | mw | mw | Mw | mw | Mw | mw | Mw | Mw

1 337.8|377.1|417.2 | 357.3 | 377.1| 397 |367.2|377.1| 387 | 377.1|377.1|3771
2 303.6 | 338.2|373.5 | 320.8 | 338.2 [ 355.8] 329.5| 338.2| 347 | 338.2| 338.2| 338.2
3 284.5316.7 |349.3 | 300.5 | 316.7 | 333 | 308.6 | 316.7 | 324.8] 316.7 | 316.7 | 316.7
4 262.9]292.1321.8 | 277.4 | 292.1| 307 | 284.7 | 292.1 | 299.6 ] 292.1 | 282.1 | 292.1
5 245.6 |1 272.7 {300.1 | 259 |272.7{286.4] 265.9 | 272.7 | 279.5] 272.7 | 272.7 | 272.7
6 262.4 | 291.6 {321.3 | 276.9 | 291.6 | 306.5] 284.3 | 291.6 | 299.1] 291.6 | 291.6 | 291.6
7 275.9| 306.9 /338.3 | 291.3 | 306.9 | 322.6 | 299 | 306.9 | 314.7| 306.9 | 306.9 | 306.9
8 295.2 | 328.7 |362.8 | 311.8 | 328.7 | 345.8| 320.2 | 328.7 | 337.2 328.7 | 328.7 | 328.7
9 350.2 | 391.1 |433.1 | 370.5 [ 391.1| 412.1] 380.8 | 391.1 {401.6| 391.1 | 391.1 | 391.1
10 371.1] 415 460 |392.8| 415 |437.4]403.9| 415 [426.2| 415 | 4156 | 415
11 368.9 |412.5 |457.1 | 390.5|412.5|434.7|] 4014 | 412.5|423.6| 4125|4125 4125
12 3904 | 437 |484.9 |413.5| 437 |460.8]|425.2| 437 |448.9| 437 | 437 | 437
13 382.1 | 427.6 |474.3 | 404.7 | 427.6 | 450.8] 416.1 | 427.6 | 439.2| 427.6 | 427.6 | 427.6
14 366 | 409.2 {453.5 | 387.4|409.2| 431.3| 398.3 | 409.2 | 420.2| 409.2 | 409.2 | 409.2
15 349.6 | 390.5 {432.3 | 369.8 | 390.5 | 411.3 | 380.1 | 390.5 | 400.9 | 390.5 | 390.5 | 390.5
16 335.6 | 374.6 [414.4 ] 354.9 | 374.6 | 394.5| 364.7 | 374.6 | 384.5] 374.6 | 374.6 | 374.6
17 330.5 | 368.8 [407.9 | 349.5 | 368.8 | 388.3] 359.1 | 368.8 | 378.5| 368.8 | 368.8 | 368.8
18 336.5 | 375.6 |[415.5 | 355.8 | 375.6 | 395.5] 365.7 | 375.6 | 385.5| 375.6 | 375.6 | 375.6
19 359.3]401.5|444.8 | 380.2 | 401.5 | 423.1] 390.8 | 401.5 | 412.3| 401.5| 401.5 [ 401.5
20 344.4 | 384.6 |425.7 | 364.4 | 384.6 | 405.1] 374.5 | 384.6 | 394.9 | 384.6 | 384.6 | 384.6
21 348.6 | 389.4 {431.1 | 368.8 | 389.4| 410.2} 379.1 | 389.4 | 399.7| 389.4 | 389.4 | 389.4
22 3719 416 [461.1 | 393.7| 416 |438.4|404.8| 416 |427.2] 416 | 416 | 416
23 363.1|405.8 |449.7 | 384.3 | 405.8 | 427.7| 395 |405.8416.7] 405.8 | 405.8 [ 405.8
24 336 | 375 [414.9 | 355.3] 375 | 394.9]| 365.2| 375 |384.9| 375 | 375 | 375
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Figure (6-4) Fuzzy Power Generation of Unit #2 for All & -Cut Representation



141

Table (6-5)
Membership Function of Generator #3 for (0, 0.5, 0.75, 1) & -Cut Representation

for Model “A” Weekdays With 10% Deviation for (P, ) and 3% for(ct, 5, 7)

M:T::trif:p /qu:l ﬂPm:O'S 'UPGa=0'75 'uPGszl

Left Mid Right Left Mid Right Left Mid Right Left Mid Right

Daily Hours { PG3 PG3 PG3 PG3 PG3 PG3 PG3 PG3 PG3 PG3 PG3 PG3
Mmw | mw | mw | mw | mw | mw | mw | mw | uw | Mw | Mw | MW

1 407.7 | 458.1 |[509.5 | 432.8 | 458.1 | 483.7 ] 4454 | 458.1 | 470.8 | 458.1 | 458.1 | 458.1
2 363.4 | 407.8 |453.1 | 385.5 | 407.8 | 430.3]| 396.6 | 407.8 | 419 | 407.8 | 407.8 | 407.8
3 338.6 | 379.9 [421.7 | 359.2 | 379.9 | 400.7 | 369.5 | 379.9 | 390.2| 379.9 | 379.9 | 379.9
4 310.5 | 348.1 |386.2 | 329.3 | 348.1| 367 | 338.7 | 348.1 | 357.5] 348.1 | 348.1 | 348.1
5 288.1 | 322.91358.1 | 305.5| 3229 | 340.4| 314.2{322.9| 331.6| 322.9| 3229 322.9
6 309.9 | 347.4 |385.5 | 328.7 | 347.4 | 366.3| 338.11347.4|356.9] 347.4 | 3474 | 3474
7 327.4 | 367.2|407.5 | 347.3 | 367.2| 387.2] 357.2 | 367.2 | 377.2] 367.2 | 367.2 | 367.2
8 352.5 | 395.5 (439.2 | 373.9| 395.5 | 417.2] 384.7 | 395.5| 406.3 | 395.5 | 395.5 | 395.5
9 423.8 | 476.3 |530 450 | 476.3| 502.9] 463.1 | 476.3 | 489.6 | 476.3 | 476.3 | 476.3
10 450.9 | 507.1 |564.8 | 478.9 | 507.1 | 535.7| 493 | 507.1|521.4] 507.1 ] 507.1 | 507.1
11 448 | 503.9 |561.1 | 475.9 | 503.9 | 532.21 489.8 | 503.9| 518 | 503.9 | 503.9 | 503.9
12 475.9 | 535.6 |597 505.7 | 5356 | 566 | 520.6 | 535.6 | 550.8 | 535.6 | 535.6 | 535.6
13 465.2 | 523.5 |583.2 | 494.2 | 523.5 | 553.1] 508.8 | 523.5 | 538.2| 523.5 | 523.5 | 523.5
14 444.3 | 499.7 |556.4 | 471.9 | 499.7 | 527.8 | 485.8 | 499.7 | 513.7 | 499.7 | 499.7 | 499.7
15 423 | 475.4 1529 449.1|475.4] 502 | 462.2|475.4|488.7| 475.4| 4754 | 4754
16 404.9 | 454.9 {505.9 | 429.8 | 454.9 | 480.2| 442.3 | 454.9 | 467.5| 454.9 | 454.9 | 454.9
17 398.3 | 447.4 [497.5 | 422.8(447.4472.2] 435 | 447.41459.7|447.4]|4474 4474
18 406 | 456.1 [507.3 | 431 | 456.1| 481.5] 443.5 | 456.1 | 468.8 | 456.1 | 456.1 | 456.1
19 435.6 | 489.7 |545.2 | 462.6 | 489.7 | 517.2| 476.1 | 489.7 | 503.4 | 489.7 | 489.7 | 489.7
20 416.3 | 467.9 {520.5 | 442.1| 467.9 | 494 | 454.9|467.9 | 480.9| 467.9 | 467.9 | 467.9
21 421.7 | 474 |527.4 | 447.8| 474 | 500.5}460.9 | 474 |487.2| 474 | 474 | 474
22 452 | 508.4 |566.2 | 480.1 | 508.4 | 537 | 494.2 | 508.4 | 522.7 | 508.4 | 508.4 | 508.4
23 440.5 | 495.3 |551.5 | 467.8 | 495.3 | 523.1| 481.5| 495.3 | 509.2] 495.3 | 495.3 | 495.3
24 405.4 | 455.4 |506.5 | 430.4 | 455.4 | 480.8 ] 442.9 | 455.4 | 468.1| 455.4 | 455.4 | 4554
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Figure (6-5) Fuzzy Power Generation of Unit #3 for All « -Cut Representation
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Membership Function of Total PG for (0, 0.5, 0.75, 1) & -Cut Representation

For Model “A” Weekdays With 10% Deviation for (P, ) and 3% for(a, B,7)

Table (6-6)

M;T:;;:’,ip Hp, =0 Hep, =0.5 typ, =0.75 Hp. =1

Left Mid Right Left Mid Right Left Mid Right Left Mid Right
DaityHours| w6 | w6 | 6 | w6 | w6 | 6 | w6 | 6 | PG | 6 | G | G
MW Mmw MW MW MW Mw MW MW MW MW MW MW

1 1087 | 1220 | 1356 | 1153 | 1220 | 1287 | 1186 | 1220 | 1253 | 1220 | 1220 | 1220
2 970.4 | 1088 | 1207 | 1029 | 1088 | 1147 | 1058 | 1088 | 1117 | 1088 | 1088 | 1088
3 905.3| 1014 | 1125 | 959.6 | 1014 | 1069 | 986.8 | 1014 | 1042 | 1014 | 1014 | 1014
4 831.4|930.6| 1031 | 880.9{ 930.6 | 980.8] 905.7 | 930.6 | 955.7 | 930.6 | 930.6 | 930.6
5 772.6 | 864.3 | 957.21 818.4| 864.3 | 910.6 | 841.3 | 864.3 | 887.4] 864.3 | 864.3 | 864.3
6 829.9| 929 | 1029 879.3| 929 | 979 | 904.1} 929 [953.9] 929 | 929 | 929
7 875.8 | 980.8 | 1087 | 928.2 | 980.8 | 1034 | 954.5 | 980.8 | 1007 | 980.8 | 980.8 | 980.8
8 941.7| 1055 | 1171 | 998.2 | 1055 | 1113 | 1027 | 1055 | 1084 | 1055 | 1055 | 1055
9 1129 | 1268 | 1409 | 1198 | 1268 | 1338 | 1233 | 1268 | 1303 | 1268 | 1268 | 1268
10 1200 | 1349 | 1501 | 1274 | 1349 | 1424 | 1311 | 1349 | 1386 | 1349 | 1349 | 1349
1 1193 | 1340 | 1491 | 1266 | 1340 | 1415 | 1303 | 1340 | 1378 | 1340 | 1340 | 1340
12 1266 | 1423 | 1585 | 1344 | 1423 | 1504 | 1384 | 1423 | 1464 | 1423 | 1423 | 1423
13 1238 | 1392 | 1549 | 1314 | 1392 | 1470 | 1353 | 1392 | 1431 | 1392 | 1392 | 1392
14 1183 | 1329 | 1479 | 1256 | 1329 | 1403 | 1292 | 1329 | 1366 | 1329 | 1329 | 1329
15 1127 | 1265 | 1407 | 1196 | 1265 | 1336 | 1230 | 1265 | 1300 ] 1265 | 1265 | 1265
16 1080 | 1211 | 1346 | 1145 | 1241 | 1278 | 1178 | 1211 | 1245 ] 1211 | 1211 | 1211
17 1062 | 1192 | 1324 | 1127 | 1192 | 1257 | 1159 | 1192 | 1224 | 1192 [ 1192 | 1192
18 1082 | 1215 | 1350 | 1148 | 1215 | 1282 | 1181 | 1215 | 1248 | 1215 | 1215 | 1215
19 1160 | 1303 | 1449 | 1231 | 1303 | 1376 | 1267 | 1303 | 1339 | 1303 | 1303 | 1303
20 1110 | 1246 | 1385 | 1177 | 1246 | 1315 | 1211 | 1246 | 1280 | 1246 | 1246 | 1246
21 1124 | 1262 | 1403 | 1192 | 1262 | 1332 | 1227 | 1262 | 1297 | 1262 | 1262 | 1262
22 1203 | 1352 | 1505 | 1277 | 1352 | 1428 | 1314 | 1352 | 1390 | 1352 | 1352 | 1352
23 1173 | 1318 | 1466 | 1245 | 1318 | 1391 | 1281 | 1318 | 1354 | 1318 | 1318 | 1318
24 1081 | 1213 | 1348 | 1146 | 1213 | 1280 ] 1180 | 1213 | 1246 | 1213 | 1213 | 1213
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Figure (6-6) Fuzzy Total Power Generation for All & -Cut Representation
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Membership Function of the Power Losses for (0, 0.5, 0.75, 1) @ -Cut Representation

Table (6-7)

for Model “A” Weekdays With 10% Deviation for (P, ) and 3% for(c, 3, 7)

Mombersnip Hp =0 up =05 Hp =075 Hp =1
Daily Hours | Left PL | Mid PL |Right PL| Left PL | Mid PL | Right PL | Left PL |Mid PL | Right PL | Left PL |Mid PL | Right PL
1 81.18 | 102.2 | 126.2 | 91.35|102.2 | 113,85 96.7 | 102.2|107.95 102.2 | 102.2 | 102.23
2 64.72 | 81.3 | 1001 | 72.74| 81.3 | 90.42 | 76.95| 81.3 |85.786| 81.3 | 81.3 | 81.296
3 56.34 | 70.69 | 86.92 | 63.29 | 70.69 | 78.567 | 66.93 | 70.69 | 74.568 | 70.69 | 70.69 | 70.69
4 47.53 | 59.53 | 73.09 | 53.34 | 59.53 | 66.114 | 56.39 | 5§9.53 | 62.774 ] 59.53 | 59.53 | 59.533
5 41.05 | 51.36 | 62.97 | 46.05 | 51.36 | 57.002 | 48.66 | 51.36 | 54.139 | 51.36 | 51.36 | 51.36
6 47.36 | 59.32 | 72.82 | 53.15 | 59.32 | 65.875 | 56.19 | 59.32 | 62.547 | 59.32 | 59.32 | 59.318
7 52.74 | 66.12 | 81.25 | 59.22 | 66.12 | 73.466 | 62.62 | 66.12 | 69.737 | 66.12 | 66.12 | 66.121
8 60.96 | 76.52 | 94.18 | 68.48 | 76.52 | 85.078 | 72.44 | 76.52 | 80.731 76.52 | 76.52 | 76.517
9 87.59 | 110.4 | 136.5 | 98.61 | 110.4 | 123.02 | 104.4 | 110.4116.61} 110.4 | 110.4 | 110.41
10 | 98.97| 125 | 154.7 | 111.5| 125 | 139.36 | 118.1| 125 |132.04| 125 | 125 |124.97
11 97.74 | 123.4 | 152.8 | 110.1|123.4 | 137.58 | 116.6 [ 123.4 | 130.36 | 1234 | 1234 | 123.38
12 1104 |139.2 | 172.7 | 124.1|139.2 | 155.37 | 131.5 | 139.2 | 147.15] 139.2 | 139.2 | 139.21
13 | 1053 133 | 164.9 [ 118.7] 133 |148.42|125.7| 133 | 140.6 | 133 | 133 |133.03
14 | 96.16 [ 121.4 | 150.2 | 108.3 | 121.4| 135.32 | 114.7 | 121.4 | 128.22| 121.4 | 121.4 | 121.36
15 | 87.27| 110 | 136 | 98.25| 110 | 122,57 | 104 | 110 |116.19] 110 | 110 |110.01
16 | 80.08 | 100.8 | 124.5 | 90.1 | 100.8 | 112.28 | 95.38 | 100.8 | 106.46 | 100.8 | 100.8 | 100.83
17 | 77.52|97.57 | 120.4 | 87.21| 97.57 | 108.63 | 92.3 | 97.57 | 103.01 | 97.57 | 97.57 | 97.567
18 80.5 [ 101.4 | 125.2 [ 90.58 | 101.4 | 112.89 | 95.89 | 101.4 | 107.03| 101.4| 101.4 | 101.37
19 | 92.47 [ 116.6 | 144.3 | 104.1 | 116.6 | 130.02| 110.3 | 116.6 [123.22] 116.6 | 116.6 | 116.64
20 84.6 |106.6 | 131.7 | 95.22 | 106.6 | 118.74 | 100.8 | 106.6 | 112.57 | 106.6 | 106.6 | 106.59
21 86.76 | 109.4 | 135.2 | 97.68 | 109.4 | 121.84 | 103.4 | 109.4 | 115.5 | 109.4 | 109.4 | 109.36
22 |99.45[125.6 | 155.5 | 112.1| 125.6 | 140.05 | 118.7 | 125.6 | 132.7 | 125.6 | 125.6 | 125.58
23 | 94.53[119.3 | 147.6 [ 106.5| 119.3| 132.97 | 112.8| 119.3 |126.01} 119.3 | 119.3 | 119.28
24 | 80.27[101.1 | 124.8 [ 90.32| 101.1] 112.55| 95.6 | 101.1[106.72] 101.1 | 101.1 [101.07
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Figure (6-7) Fuzzy Power Losses for All @ -Cut Representation



Membership Function of Total Cost for (0, 0.5, 0.75, 1) @ -Cut Representation
for Model “A” Weekdays With 10% Deviation for (P, ) and 3% for(a, 5,7)

Table (6-8)

"’;'::;:'1’7’ Mo =0 [,uc =0.5] |,uc =0.75| Lo =1

Lot | Mid | Right | Left | Mid | Right | Let | Mid | Right | Left | Mid | Right

Daily Hours | Cost Cost Cost Cost Cost Cost Cost Cost Cost Cost Cost Cost

h h h h h h h Sh h $h h h

1 10605 | 12635 | 14904 | 11592{12635| 13738 12106 | 12635 [ 13179} 12635 | 12635 | 12635
2 9233 | 10943|12843}10142/10943 (11781 1055810943 | 1133610943 | 10943 | 10943
3 8496 |10041|11750| 9355 | 10041|10754| 9709 | 1004110380} 10041 | 10041 | 10041
4 7685 | 9051 | 10555 8463 | 9051 | 9659 | 8762 | 9051 | 9345 | 9051 | 9051 | 9051
5 7061 | 8292 | 9643 | 7771 | 8292 | 8828 | 8033 | 8292 | 8554 | 8292 | 8292 | 8292
6 7669 | 9032 | 10532) 8457 | 9032 | 9624 | 8744 | 9032 | 9324 | 9032 | 9032 | 9032
7 8169 | 9642 | 11267] 9021 | 9642 |10283] 9330 | 9642 | 9959 | 9642 | 9642 | 9642
8 8905 | 10541|12356| 9848 |10541|11258|10192}10541|10896| 10541 | 10541 | 10541
9 11119 | 13271 15682| 12349|13271!14230| 12806 | 13271 | 13745| 1327113271 | 13271
10  |12007|14375|17038] 1335614375 15436] 1386014375 14900} 14375 | 14375| 14375
11 11912 | 14256 | 16892] 13248 | 1425615306 | 1374714256 {14776 14256 | 14256 | 14256
12 |12850|15425|18331|14313|15425| 16586 | 14863 | 15425 | 15999| 15425 | 15425| 15425
13 12486 | 14972 17774] 13901 [ 14972 16090| 1443114972 15525} 14972 | 1497214972
14 |11790|14105|16705|13110]14105|16140|13602| 14105|14617] 1410514105 14105
15  |11094|13240] 15644 12321[13240|14195]12776 | 1324013713} 13240 13240 13240
16 |10516|12525|14769| 1166712525 | 13415]12092] 12525 |12966| 12625 | 12525 | 12525
17 10307 | 12267 | 14454]11431[12267| 13134 11845 12267 {12696 12267 | 12267 | 12267
18 10550 | 12567 | 14821| 11706 | 12567 | 13461] 12133 [ 12567 | 13010] 12567 | 12567 | 12567
19 |11503|13748|16267|12785|13748| 14750} 13261 | 13748 |14244] 13748 1374813748
20 10880 | 12976 | 1532112080 (12976 | 13907 | 12523 [ 12976 | 13437] 12976 | 12976 | 12976
21 11053 | 13190| 15583} 12275{13190| 14140| 12728 13190|13660| 1319013190} 13190
22 12044 | 14421] 17094 13398 | 1442115486 13904 | 14421 | 14948] 14421 14421 14421
23 |11663]13947|16512| 1296713947 | 14968] 13452 13947 | 14452| 13947 | 13947 | 13947
24 10531 | 12543 14792|11685[12543| 13435/ 12110|12543 | 12985 12543 | 12543 [ 12543

147



148

—o— Left Cost $/h for p=0 —=— Mid Cost $/h for p=0

\

. —a—Right Cost $/h for y=0 —e— Left Cost $/h for p=0.5
5 —»— Mid Cost $/h for y=0.5 —eo— Right Cost $/h for p=0.5
| —+— Left Cost $/h for p=0.75 ——Mid Cost $/h for p=0.75
} ——— Right Cost $/h for p=0.75 Left Cost $/h for p=1

1 Mid Cost $/h for p=1 —a&— Right Cost $/h for py=1

0 5 10 15 - 20 25 30

Daily Hours

Figure (6-8) Fuzzy Min Total Cost for All & -Cut Representation
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Membership Function of Total Cost for (0, 0.5, 0.75, 1) & -Cut Representation

for Model “A” Weekdays With 10% Deviation for (P,,,) and 10% for (5, 7)

Table (6-9)

Mambarship He =0 l4c =0.3] [4c =0.75] b =1
Left Mid Right Left Mid Right Left Mid | Right Left Mid Right
Daily Hours | Cost Cost Cost Cost Cost Cost Cost Cost Cost Cost Cost Cost

$/h $/h $/h &h $h $/h $h h $/h $/h $/h $/h
1 9824 |12635]15925|11178{1263514212|11892/12635]13408]12635]12635]12635
2 8555 |10943|13720] 9963 [10943/11985/10511}10943|11385|10943[10943,10943
3 7854 {10041]12529] 9273 |10041|10848} 9698 |10041[10391]|10041|10041 10041
4 7105 | 9051 |11262] 8426 | 9051 | 9701 | 8760 | 9051 | 9348 | 9051 | 9051 | 9051
5 6527 | 8292 {10293] 7754 | 8292 | 8847 | 8032 | 8292 | 8554 | 8292 | 8292 | 8292
6 7090 | 9032 {11237 8448 | 9032 | 9635 | 8744 | 9032 | 9324 | 9032 | 9032 | 9032
7 7552 | 9642 {12017] 9016 | 9642 |10289) 9330 | 9642 | 9959 | 9642 | 9642 | 9642
8 8252 [10541[13199} 9846 [10541|11261]10192/10541)10896]|1054110541]10541
9 10299 | 13271[16757]12347[13271)|14232]12806 [13271|13745|13271|13271]13271
10 11120 [14375[18207|13355[1437515437|1386014375]14900]1437514375[14375
11 11032 |14256|18051}13248|14256|15307|13747|14256 {14776 14256 | 14256 {14256
12 11919 |15425/19567|14312[1542516586| 14863 | 1542515999 15425|15425(15425
13 11563 |14972]|18994}13901|14972[16090]14431|14972[15525|14972)|14972114972
14 10919 |14105/17851]13110/14105{15140|13602|14105|14617|14105|14105;14105
15 10276 |1324016716[12321|13240[14195[12776|13240{13713|1324013240{13240
16 9742 {12525{15780]11667{12525|13415]12092[12525|12966|12525|12525)|12525
17 9549 |12267{15443|11431[12267|13134|11845(12267 1269612267 |12267 12267
18 9774 |12567]15836]11706[12567{13461]12133{12567|13010]12567 1256712567
19 10654 | 13748 |17383]12785[13748[14750]13261[1374814244|13748|1374813748
20 1007912976 |16370}12080|1297613907}12523|1297613437]12976 1297612976
21 10239 /13190}16651|12275/13190/14140|12728|13190]13660]/13190{1319013190
22 11154 (14421[18267} 13398 [14421)|15486|13904 [14421]14948|14421 1442114421
23 10803 |13947|17645]12967 1394714968} 13452 13947 |14452]13947 1394713947
24 9756 |12543|15805]11685[12543/13435[12110]12543]12985]|12543|12543]12543
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Figure (6-10) Fuzzy Minimum Total Cost for All -Cut Representation
for Table (6-9)



Membership Function of Total Cost for (0, 0.5, 0.75, 1) & -Cut Representation

Table (6-10)

for Model “A” Weekdays With 2% Deviation for (&) and 3% for (5,7)

M:,:’:Leﬁr:;lp te =0 l/‘C =0.5| l,uC =O.75] Mo =1

Left Mid Right Left Mid Right Left Mid Right Left Mid Right

Daily Hours } Cost Cost Cost Cost Cost Cost Cost Cost Cost Cost Cost Cost

h $/h $/h $/h $/h h $h $h h $h 3/h $/h

1 10610 |12635|14899|11594|12635]13736{12107|12635]13178|12635]12635]12635
2 9238 {10943]12838]10143}10943{11779]10558]10943{11335/10943 11094310943
3 8501 [10041)|11745] 9356 |10041|10754 9709 1004110380} 10041 1004110041
4 7691 | 9051 {10550| 8464 | 9051 | 9659 | 8762 | 9051 | 9345 | 9051 | 9051 | 9051
5 7066 | 8292 | 9637 | 7772 | 8292 | 8827 | 8033 | 8292 | 8554 | 8292 | 8292 | 8292
6 7675 | 9032 {10527] 8457 | 9032 | 9624 | 8744 | 9032 | 9324 | 9032 | 9032 | 9032
7 8174 | 9642 [11262] 9021 | 9642 |10283] 9330 | 9642 | 9959 | 9642 | 9642 | 9642
8 8910 [10541]12351] 9848 [10541[11258|1019210541|10896|10541[10541)10541
9 11124 |13271}15677|12349|13271]14230]12806 |13271[13745|1327113271 {13271
10 12012|14375[17032|13356[14375]|15436}13860| 1437514900 14375)|14375]14375
11 11917 | 14256 [ 1688713248 (14256 | 1530613747 14256 |14776[14256 | 14256 | 14256
12 12856 | 15425[18326)14313[15425/16586| 14863 |15425)|15999]|15425|15425|15425
13 12492 {14972(17769]13901[14972|16090§14431[14972|15525|14972|14972]14972
14 11795 |14105[16700}13110114105)|15140|13602]14105)14617|14105]|14105]14105
15 11099 |13240]15639]12321{13240({14195]12776{13240|13713]13240|13240{13240
16 10521 |12525|14764|11667|12525]13415|12092| 1252512966} 12525 1125256112525
17 1031212267 [14449|11431(1226713134{11845|12267 11269612267 12267 | 12267
18 10556 | 12567 {14816]11706 12567 [13461[12133]12567{13010}12567|12567|12567
19 11508 | 13748 [16262]12785[13748|14750|13261[13748)|14244|13748 |13748|13748
20 10886 | 12976 | 15315/12080/1297613907|12523|1297613437{12976|12976]12976
21 11058 | 13190{15578|12275{13190|14140|12728(1319013660}13190|13190]13190
22 12049 |14421]17089]13398(1442115486]13904|1442114948]|14421)14421|14421
23 11669 | 13947 |16507]12967 [ 13947 [14968]13452{13947 |14452]13947 | 13947 [ 13947
24 10537 | 12543 |14787|11685[12543/13435]12110/12543|12985]| 12543 | 12543 ]12543
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Figure (6-11) Fuzzy Minimum Total Cost for All @ -Cut Representation
for Table (6-10)
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6.4 Conclusion
Load conditions change from time to time. The basic objective of economic dispatch
operation of power systems is “the distribution of total »generation of power in the
network between various regional zones; various power stations in respective zones and
various units in respective power stations such that the cost of power delivered is
minimum.” In the cost of power delivered, the cost of power generation and transmission
losses should be considered. It means for every load condition, the load control center
should decide the following:

a) - How much power is to be generated to meet the prevailing load condition to

maintain constant frequency.

b) - How much power should each region generate?

c) - What should be the exchange of power between the regions (area)?
This aspect can be decided by the regional control center. This thesis provides all the
information mentioned above. The variations of load were assumed as fuzzy, which
made the output generation of each unit, the system power losses and the total network
cost become fuzzy. This fuzziness provides the load control center with valuable
information, which is listed below:

1. The 10% fuzzy load deviation presented gives a range of security knowledge
assessment to the load control center. Knowing the minimum and maximum
generation needed to compensate the load variation which occurs at each hour in
question can be a great asset to the command and control engineer. If this
variation can not be supplied by the unit committed to the network, then more
units can be brought in to overcome the sudden variation.

2. The maximum, minimum and middle cost variation at each hour is calculated.
This give the company supplying the load an optimal minimum cost generation of
each unit and the total cost of all units for that particular load variation at the hour
in question. This information is very helpful in decision making for the company
supplying the load to the consumer. The company can decide weather to supply it

if it is not costly or buy it from another company interconnected with the network.
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3. Inpractice, the heat rate characteristic depends on thermal dynamic parameters
such as ambient dry and wet bulb temperatures, operating pressures and water
pumping rates. In addition the convexity of the cost curve are do to valve points,
rotor metal differential temperatures, exhaust hood temperatures and rotor and
shell expansion of the turbine. This applies not only to the characteristic curve of
the heat rate itself, but also to upper and lower limits of generation. These
variations causing discontinuity in the heat rate curve and thus in the cost curve.
Considering the uncertainties involved in the variations, a fuzzy triangular
membership function is chosen to model the variations. The variation of the cost
function parameters that was chosen as shown in tables (6-8, 6-9 and 6-10) can
effect the over all performance of the network including the total cost.

4. The power loss information is very helpful to the sub-station control room where
the reactive power flow is minimized through transmission lines by compensation
to minimize line losses and to maintain a stable voltage level.

5. The fuzzy load, cost function coefficients and fuzzy losses formulation using
fuzzy sets operation and membership function implemented in Chapter (4), (5)
and (6) enhanced the reliability of the system performance where all the
information needed is available online hour by hours the load variation, the total
minimum cost of the system and the power losses. The computation time is
reduced where all the variation including the crisp output data which represents
the conventional method solution are all included in the analysis where as in the
conventional method every variation in the parameter is calculated separately.
The decision maker will be in control of the operation any sudden changes outside
the limit set for the membership function of the load demand has to be looked into
with concern and series action. On the other hand if the load stays with in the

chosen upper and lower value then the system is secure and stable.



Chapter 7
Fuzzy Optimal Power Flow with Fuzzy Active,

Reactive Power Generation and Load

7.1 Introduction

Because of the vagueness, uncertainty or random nature of the data associated with load,
generators, active power, reactive power, voltages and phase angles, the models
assumptions could result in enormous error. It is difficult to obtain an optimal logical
solution to satisfy the constraints included in the model. For this reason, a fuzzy optimal
power flow model is needed more than ever to develop a realistic solution. In this chapter
a fuzzy optimal power flow is discussed and analyzed to calculate the minimum total cost
function for system operation. Some risk analysis has to be taken as qualitative
assessment or linguistic declarations such as more or less of certain values of fuzzy
variables are present in the calculations. Fuzzy nonlinear programming optimization
procedures are introduced to find the optimal solution for a case study consisting of a

system with several buses.

7.2 Fuzzy OPF Problem Formulation

In this chapter and the next a FNLP approach is constructed to transform the fuzzy
constraints input and fuzzy objective function into a number of optimal crisp outputs
between [0,1]. The values of the outputs rely on the judgment of the decision maker to
choose the best optimal solution. We will start with fuzzy generation, load demand and

crispa, B and y, then in the next chapter we will consider fuzzy coefficient parameters in

the (&, B and 7) objective function.

7.2.1 Fuzzy Generation, Load Demand and Crisp (o S y)

Fuzzy load demand and generation can be used instead of deterministic load and

generation values. The fuzzy parameters used in this chapter are listed below:



1. Fuzzy active power generation denoted by its middle, left and right sides of a

triangular number representation ISG' = (}—’;;’ ,L 5, ,R B, )
2. Fuzzy reactive power generation QG, = (Q—Gi ,L 0, ? R G, )
3. Fuzzy active load demand ISD, = (FD, L .R5)

4. Fuzzy reactive load demand Q D, = ©, pLs.Rp5)

Then the FNLP optimization becomes:

NG
min J = Z(a,. + B K, +;/,-P62i)

i=1

Subject to
P2, -F,
0, =20, —Q~D,.
Or simplifying the FNLP to
min J
Subject to
P,(x)2F; -P)
Q;(x) 5Q~Gi _QD,.

The symbol “=” is a fuzzy equality relation in the equality constraint. It can be

equivalent to two” <” inequality constraints representing the difference between the

active, reactive power generation (F; — Pp, ) and active reactive power load
i 1
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(7.1)

(72)

(Q~G‘ —Q p.)- The left, middle and right sides are represented by a triangular membership

function as shown in figure (7-1) and (7-2), which represents the low level (the left side of

the membership function) and high level (the right side of the membership function).

P;(x) and Q, (x ) are the active and reactive power flow of the network and they are a

function of (x ) where it contains the system voltage magnitude and phase angle shown in

the power flow equation (2.23) and (2.24). Assume the difference between the active,

reactive power generation and loads are Pk, Qk respectively. The result of the difference

is a triangular membership function, and equation (7.2) can be simplified to:
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P(x)=Pk =P; —Pp (7.3)
0,(x)20k =06 -0, (7.4)
Transforming the equality constraints into inequality constraint yields:
min J
Subject to
P (x)EPk (7.3)
0,(x)<0k

In equation (7.5), the objective cost function J (a quadratic function in ]5(;’_ ) is

representing the variablecx (a linear function inx ) as shown in equation (3.32) and

(3.33) for fuzzy linear programming with fuzzy resources. A4 (x ), represents the active
power flow P; (V'; ,6;) and reactive power flow Q; (V;,5; ), where x =, 5;)
represents the magnitude voltages and phase angle. In equation (3.32) bis equal to the

difference between the active generation Pk; and reactive load Ok .

The left and right linear region of the membership function shown in figure (7-1) can be

mathematically described as:

1 P, =Pk, ]
(P, —Pk)/(Pk, —Pk;) Pk, <P, <Pk,
w(Pk;Y={(Pkp —P)(Pkp —Pk,) Pk, <P, <Pkg¢ (7.6)
0 otherwise

,u(ﬁkl. ) is a triangular membership function and the Pk, parameter represents the
desired lowest limit that needs to be enforced and Pk , is the highest limit that the

constraint is allowed to be or the permissible width of the constraint. Physically, for soft
constraints Pk, is the normal limit and (Pk ,, + 0Pk, ) is the emergency limit. It is
acceptable to violate the normal limit of a soft constraint “a little bit” but the emergency

limit should never be violated.
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Similarly, the reactive power membership function is shown in figure (7-2) and its

mathematical formula becomes:
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1 0, =0k,

©; —Ok YOk, Ok ) Ok; <Q; <Gk,
Ok ) =4Ok —O) Ok —Ok,) Ok, <OP, <Ok
0 otherwise

(7.7)

'

L

Representing the fuzzy objective function in equation (7.1) by its linearly decreasing

membership function shown in figure (7-3). The mathematical formula for the decreasing

linear region is shown in equation (7.8).

HJ)

aJ ~
J
Y/ ,

J o Jy=J,+dJ

Figure (7-3) Fuzzy Objective Membership Function

1 J<J,
u(J)y=3(1—-(J =J)/8J) Jo<J <Jy+aJ (7.8)
0 otherwise

The membership function (J ) represents a fuzzy objective function which is given a
degree of satisfaction limit that can be violated to some extent without over costing the
system. The difference between Zimmermann and Werner’s approach is that

Zimmermann assumes an initial value for the aspiration level J|, representing the ideal
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cost production of the power system and the tolerance 8. , while in Werner’s approach
these values are unknown and should be calculated using the method discussed in chapter
(3). The optimization problem is to maximize the minimum degree of satisfaction of the

fuzzy decision z among all fuzzy objective and fuzzy constraints.
max z when z = min{ w(J), /1(15,- ) ,u(Q,- )} (7.9)
The fuzzy decision is defined by Bellman and Zadeh’s principle as:
D{x)= min{,uo(x Do 1 (X )yenenns i (X )}
Where ££,(x ), 14,(x ), --ees 4, (x ) are all the membership function of the fuzzy objective
and fuzzy constraints. The x value can be any element of the » dimensional space,

because any element has a degree of feasibility, which is between [0, 1]. The optimal

solution of the FNLP is determined from the relationship D (x *) = m%)"(D (x). The

minimum degree of satisfaction is found by using triangular norms (t-norms) which is
used extensively in fuzzy set theory to present the intersection of fuzzy sets.

Applying the approach recommended by Werner, as explained in chapter (3), we can find
the minimum degree of satisfaction to the objective function with fuzzy resources
represented by fuzzy active generation, active load, reactive generation and reactive load.

Calculating J;, of the objective function by using Werner’s first definition then equation

(3.34) becomes:

NG
min J, = Z(“i +ﬂiﬁG, +7iﬁGz,)

i=l

subject to (7.10)
P,0/,.6,)% Pk,
0, ;.6,) 20k,

and J, can be calculated by:

i=]

S.t (7.1D)
P,(V;,6,)< Pk; +0Pkp

Q;V,;.6,)<0k; +00k g

NG
min J, = Z (a; + B Fg, +7iPc;2,)
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Then to fit the optimal fuzzy objective function solution between J; and

Ji approximately on the decreasing linear region then equation (3.36) becomes:

min (=z)
S.t
z <ulJ
H ~) (7.12)
z < p(Pk;)
z < u(Ok;)
0<z <1
Substituting the membership function into the optimization problem we have:
min  (-z)
S.t
<(1-(J =Jy)/eJ)
(7.13)

<(Pkn —P)/(Pkp —Pk,)
S(Qi _QkL)/(ka _QkL)
S ©@kg -0,)/(Qky -0k,,)

0<z <1

Z
z <(P, — Pk, )/(Pk, —Pk,)
zZ
4

N

The calculated optimal objective function J is fuzzy corresponding to the membership
grades. According to this relationship, the decision maker can then get the desired
optimal solution under pre-determined imprecision allowable.

The FNLP optimization converts the fuzzy problem to a crisp one while satisfying the
fuzzy objective and fuzzy constraint simultaneously. Then we can substitute the objective
function, the active and reactive formula into the Lagrangian to relax the system wide

constraints.
L=J+AJy-J-(1-2)d])
+ " Ap, (2 (Pk,, — Pk )~ (P, ~Pk,))
+> Ap (2 (Pkg — Pk,,)~(Pkp —P;)) (7.14)
+ZAQL (z(©Ok,, -0k, )—(©; -0k.))
+ZAQR @ ©Qky —0Ok,)—(Okr -0,))
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The NLP optimization was calculated using Matlab optimization toolbox / fuzzy toolbox.
The starting search for the NLP optimization is obtained from the sensitivity analysis of

the power flow calculation as discussed below.

7.3 Sensitivity Model for Power Flow Analysis [33, 42, 44]

A linearized power flow model is proposed to simplify the initial search for the optimal
solution. In this model, only 1.0-level of « -cut is needed to solve equation (7.10) and
(7.1 i) for a crisp power flow calculation. For fuzzy load flow calculation other « -cuts
are computed by using the sensitivity analysis and fuzzy number operations shown in
Table (3-2). Applying Taylor’s series’ expansions to equation (2.23) and (2.24) about the
initial estimate and neglecting all higher order terms, we can obtain the following

sensitivity model of system state variables.

[22]2[2 jj[AA}SJ (7.15)

Setting J,and J; equal to zero because AP is less sensitive to changes in the voltage

magnitude and are most sensitive to changes in phase angle Ad . Similarly, reactive

powers are less sensitive to changes in angle and are mainly dependent on changes in

[ig}li{)l jj[ﬁ;d (7.16)

Then the changes in active and reactive power become:

0o

voltage magnitude.

AS (7.17)

oQ

|

After a simple adjustment and assumption we arrive at the final formula of the fast

AQ =J,AY |= Al | S (718

decoupled power flow involving the imaginary part of the bus admittance matrix

B'And B”

As=-[BT' % (7.19)
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A =BT 55 720

In fuzzy power flow calculation the inputs to the above equations should be fuzzy.

Applying the fuzzy input to the sensitivity model equations we get:

A6 =-[B (7.21)

F’ l

A]V I_—[B I 180 (1.22)

¥l

Where the bus incremental active power vector is:
AP =p5" —p© (7.23)

And the reactive incremental power vector is:
3 3 Sch 0
AQ; =0, ~0;" (7.24)

p.Seh , Q S¢h are the fuzzy bus active and reactive injection or scheduled vector, and

i
P, © 0, © are their initial point vector that can be calculated by using « -cut equal to 1.
Updating the voltage and angle can be done using the following formulas

E=56+A6
- . (7.25)
V =V,+AV
Where thed , V are the fuzzy bus voltage and angle vectors, andS,, ¥, are their initial

point vector. The division and multiplication of the fuzzy equations can be calculated by

using the triangular fuzzy operations shown in Table (3-2) in chapter (3).
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7.4 Numerical Testing of a Study Case

For the purpose of estimating the performance of the algorithm, it will be tested on a
9-bus power system network of an Electric Utility Company shown in figure (7-4), all the
system data are tabulated in table (7-1, 7 -2 ,7-3, 7-4) and (7-5). Taking bus 1 as the slack
bus and the selected base unit is I00MVA.

G7 e

I
sy .

Figure (7-4) 9-Bus Power System Network



Table (7-1)

LOAD DATA

Bus
No.

Load

MW Mvar

QO~NOOUAEWN-

0 0
20 10
25 15
10 5
40 20
60 40
10 5
80 60
100 80

Table (7-2)
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Bus
No.
1

NN O WNDN -

LINE DATA

Bus R, X

No. PU PU

0.018 0.054
0.014 0.036
0.006 0.030
0013 0.036
0.010  0.050
0.018  0.056
0.020 0.060
0.015 0.045
0.002 0.066
0.032 0.076
0.022 0.085

[\

O 0 W ~ O U1 A WO OO

1128,
PU
0.0045
0.0030
0.0028
0.0030
0.0000
0.0000
0.0000
0.0038
0.0000
0.0000
0.0000

Table (7-3)
SHUNT CAPACITORS
Bus No. Myvar
3 1
4 3
Table (7-4)
GENERATOR REAL POWER LIMITS
Gen. Min. MW Max. MW
I 50 200
2 50 200
7 50 100
Table (7-5)
GENERATION DATA
Bus Voltage Generation  MvarLimits
No. Mag. MW Min  Max
1 103
2 104 80 0 20
7 101 120 0 100

The generators operating cost in $/h are as follows:

C, =240+6.7P; +0.009P,’
C,=220+6.1P, +0.005P,
C, =240+6.5P; +0.008P, °

Table (7-6) summarizes all the data output of the fuzzy non linear programming approach

by Wermner. The calculations of J; , j] and the optimal crisp and fuzzy cost of the

decreasing linear region is tabulated. A 10%, 15% and 20% deviation is applied to the A

load and generator data for different « -cuts between [0, 1].
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Table (7-6) Fuzzy Nonlinear Programming Parameters

i Load+Gen. | Fuzzy' { Fuzzy | Fuzzy | Crisp ~ 3:‘ ';7: & oﬁtimé.’f OE':T“Z;};'
d-cut |Deviation P1Left | P1Mid | P1Right| Total i 1 $h Total
% MW »Mw MW Cost$/h | - - - | Cost $/h
0 10 135.8622 | 150.4327 | 290.7173 | 3326.769 | 3276.863 | 3472.683 | 3472.683
0.1 10 137.3184 | 150.4327 | 276.593 | 3326.769 | 3276.863 | 3472.683 | 3394.544
0.2 10 138.7748 | 150.4327 | 262.4829 | 3326.769 | 3276.863 | 3472.683 | 3383.3
0.3 10 140.2314 | 150.4327 | 248.3895 | 3326.769 | 3276.863 | 3472.683 | 3379.912
0.4 10 141.6881 | 150.4327 | 234.3152 | 3326.769 | 3276.863 | 3472.683 | 3358.487
0.5 10 143.1451 | 150.4327 | 220.2629 | 3326.769 | 3276.863 | 3472.683 | 3351.335
0.6 10 144.6023 | 150.4327 | 206.2352 | 3326.769 | 3276.863 | 3472.683 | 3322.907
0.7 10 146.0596 | 150.4327 | 192.2351 | 3326.769 | 3276.863 | 3472.683 | 3305.181
0.8 10 147.5171 ] 150.4327 | 178.2658 | 3326.769 | 3276.863 | 3472.683 | 3301.3
0.9 10 148.9748 | 150.4327 | 164.3305 | 3326.769 | 3276.863 | 3472.683 | 3301.7
1 10 150.4327 | 150.4327 | 150.4327 | 3326.769 | 3276.863 | 3472.683 | 3276.863
0 15 128.0601 | 150.4327 | 304.4139 | 3326.769 | 3276.863 | 3526.292 | 3526.292
0.1 15 130.3008 | 150.4327 | 288.9419 | 3326.769 | 3276.863 | 3526.292 | 3406.003
0.2 15 132.5407 | 150.4327 | 273.478 | 3326.769 | 3276.863 | 3526.292 | 3405.036
0.3 15 134.7798 | 150.4327 | 258.0251 | 3326.769 | 3276.863 | 3526.292 | 3407.006
0.4 15 137.0182 | 150.4327 | 242.5861 | 3326.769 | 3276.863 | 3526.292 | 3405.429
0.5 15 139.2557 | 150.4327 | 227.1642 | 3326.769 | 3276.863 | 3526.292 | 3401.136
0.6 15 141.4926 | 150.4327 | 211.7628 | 3326.769 | 3276.863 | 3526.292 3376.988
0.7 15 143.7287 | 150.4327 | 196.3851 | 3326.769 | 3276.863 | 3526.292 | 3353.122
0.8 15 145.964 | 150.4327 ] 181.035 | 3326.769 | 3276.863 | 3526.292 | 3305.181
0.9 15 148.1987 | 150.4327 | 165.7162 | 3326.769 | 3276.863 | 3526.292 | 3300.467
1 15 150.4327 | 150.4327 { 150.4327 | 3326.769 | 3276.863 | 3526.292 3276.863
0 20 120.2932 ] 150.4327 | 318.1588 | 3326.769 | 3276.863 | 3581.286 | 3581.286
0.1 20 123.3111] 150.4327 | 301.3306 | 3326.769 { 3276.863 | 3581.286 | 3402.013
0.2 20 126.3282 ] 150.4327 | 284.5052 | 3326.769 | 3276.863 | 3581.286 | 3404.289
0.3 20 129.3444 | 150.4327 | 267.6858 | 3326.769 | 3276.863 | 3581.286 | 3405.402
0.4 20 132.3598 | 150.4327 | 250.8758 | 3326.769 | 3276.863 | 3581.286 | 3406.762
0.5 20 135.3742 | 150.4327 | 234.0789 | 3326.769 | 3276.863 | 3581.286 | 3405.192
0.6 20 138.3878 | 150.4327 ) 217.299 | 3326.769 | 3276.863 | 3581.286 | 3405.679
0.7 20 141.4004 | 150.4327 | 200.5401 | 3326.769 | 3276.863 | 3581.286 | 3394.544
0.8 20 144.4121 | 150.4327 §{ 183.8064 | 3326.769 | 3276.863 | 3581.286 | 3337.116
0.9 20 147.4229 | 150.4327 | 167.1024 | 3326.769 | 3276.863 | 3581.286 | 3326.533
1 20 150.4327 1 150.4327 | 150.4327 | 3326.769 | 3276.863 | 3581.286 | 3276.863

The minimum optimal total cost calculation is fuzzy with a linear decreasing membership
function. Figure (7-5A, 7-7A and 7-10) show the membership grade versus the minimum
optimal total cost. Figure (7-5B and 7-7B) show a 3D plot of Figure (7-5A and 7-7A).
Figures (7-6, 7-8, 7-9) show the obtained minimum optimal total cost of the three
generation versus their corresponding membership grades. Figure (7-9) shows that the
decreasing values of the total optimal cost for 20% deviation does not start until & -cut is
equal to 0.6. In Figure (7-8) the decreasing values for 15% deviation starts at« -cut equal
to 0.5 while, the total optimal cost for 10 % deviation shown in Figure (7-6) starts ata
lower & -cut level equal to 0.1 or 0.2. Increasing the deviation higher than 20% will give
unsatisfactory results. The percentage of deviation for the active, reactive power load and

power generation is very important in decision making where the 10% deviation gives the
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decision maker a range of decreasing values between [0,1]. In addition, the fuzzy OPF is
higher than the crisp OPF at lower & -cut and lower than crisp OPF at higher order « -cut
which gives a higher degree of satisfaction as shown in Table (6-7). We must stress here
that it is up to the decision maker to choose the best degree of satisfaction needed to

obtain the minimum optimal total cost of the network.
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Using this approach show that the limits on variables are not rigid and this makes it more
suitable than standard LP for some practical cases where the small violations of the limits

of the power system variables may be tolerable. The table shows that even though we had
found some constraint violation we still did not go beyond the maximum limits set by J,
the optimal solution are with in limits of the violation. This proves that fuzzy sets can

represent a power system’s operating conditions more realistically and so by fuzzifying

certain variables, more satisfactory results can be obtained.
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Next, we will consider a fuzzy load demand that varies hour by hour for 24-hours. This
means that its crisp or mean values vary at the same rate for 24-hours. The load demand
of bus-9 will be selected for this operation, while keeping the load and generation of the
other buses unchanged. Based on the results tabulated in Table (7-7A, 7-7B, 7-7C, 7-7D,
7-7E and 7-7F ) with the same approach and calculation that was used on the last network,
the minimum optimal cost is changed simultaneously with load‘variation of bus-9 and at
each hour we get a linearly decreasing membership function as shown ih Figure (7-11) for
the second hour. Since 10% deviation of the load demand and generation gave the best

result in the first case, it will be chosen to be the best allowable limit exceeding the load

and generation expectation value. The tabulated values show the low limit J;, and the

high limit J; calculated by Werner’s approach, the crisp minimum total cost and fuzzy

minimum total cost. To analyze the reason why the fuzzy method produces a better result
than the crisp OPF analysis is because data obtained by the fuzzy method can be adjusted
based on the historical data or human experience. Selecting the right optimal solution
from a number of available optimal values will reduce the outcome of the cost based on
the input information applied to the system. When system demand varies suddenly the
operator has to recalculate the minimum cost according to the sudden change. In fact, the
fuzzy model calculated result of the sudden change is done once and included in the entire
network hour by hour.

In this chapter an interactive decision-making process is formulated in which decision
maker can learn to recognize good solution by considering all the possibilities of
fuzziness. The formulation of the fuzzy model is to deal with imprecise nature of the
decision maker judgment in OPF system operation. The proposed approach enables
power system operator and planners to operate the system more economically for a given
range of loads, while conflicting objectives such as minimum cost are modeled easily by
using fuzzy sets. In addition the fuzzy approach can discriminate between different
values of variables within their operating ranges which may be difficult to implement in
conventional optimization techniques. The limitations on the constraint are restricted in
the conventional OPF which can be overcome by using FNLP approach. The uncertainty
in the OPF input data such as load values, generator characteristics and line flow limits
can be translated into a fuzzy membership function then implemented into the formulation

to achieve the crisp minimum objective cost of the system.
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Table (7-7A) Fuzzy Nonlinear Programming Parameters for 24-Hours

S-cut " Load+Gen. |Fuzzy PG1[ P GF;'::’ Fuzxy PG1|Crisp Total] Optimal Optimal Optimal
Deviation % .| Left MW MW Right MW | cost $/h JO $/h J1 $/h |[Cost $/h
0 10 112.0579 | 124.0873 | 136.1332 | 3085.164 | 3120.184 | 3198.713 | 3198.713
0.1 10 113.2601 | 124.0873 | 134.9279 | 3085.164 | 3120.184 | 3198.713 | 3165.561
0.2 10 114.4624 | 124.0873 | 133.7228 | 3085.164 | 3120.184 | 3198.713 | 3152.755
0.3 10 115.6649 | 124.0873 | 132.5178 | 3085.164 | 3120.184 | 3198.713 | 3146.697
0.4 10 116.8676 | 124.0873 | 131.3129 | 3085.164 | 3120.184 | 3198.713 | 3132.585
0.5 10 118.0705 | 124.0873 | 130.1083 | 3085.164 | 3120.184 | 3198.713 | 3125.875
0.6 10 119.2735| 124.0873 | 128.9038 | 3085.164 | 3120.184 | 3198.713 | 3099.17
0.7 10 120.4767 | 124.0873 | 127.6994 | 3085.164 | 3120.184 | 3198.713 | 3082.534
0.8 10 121.6801 | 124.0873 | 126.4952 | 3085.164 | 3120.184 | 3198.713 | 3067.539
0.9 10 122.8836 | 124.0873 | 125.2912 | 3085.164 | 3120.184 | 3198.713 | 3077.559
1 10 124.0873 | 124.0873 | 124.0873 | 3085.164 | 3120.184 | 3198.713 | 3120.184
0 10 105.1821 ] 116.4721 | 127.7783 | 3017.654 | 3052.128 | 3122.397 | 3122.397
0.1 10 106.3103 | 116.4721 126.647 | 3017.654 | 3052.128 )| 3122.397 | 3097.679
0.2 10 107.4387 | 116.4721 | 125.5158 | 3017.654 | 3052.128 | 3122.397 | 3088.764
0.3 10 108.5673 | 116.4721 | 124.3848 | 3017.654 | 3052.128 | 3122.397 | 3082.82
04 10 109.696 | 116.4721} 123.2539 | 3017.654 | 3052.128 | 3122.397 | 3068.971
0.5 10 110.8249 | 116.4721 | 122.1232 | 3017.654 | 3052.128 | 3122.397 | 3054.167
0.6 10 111.954 | 116.4721 | 120.9927 | 3017.654 | 3052.128 | 3122.397 | 3036.166
0.7 10 113.0833 | 116.4721 ] 119.8623 | 3017.654 | 3052.128 | 3122.397 } 3019.845
0.8 10 114.2127 ] 116.4721 ] 118.7321 | 3017.654 | 3052.128 | 3122.397 | 3015.735
0.9 10 115.3423 ) 116.4721 117.602 | 3017.654 | 3052.128 | 3122.397 | 3012.433
1 10 116.4721 | 116.4721 ] 116.4721 | 3017.654 | 3052.128 | 3122.397 | 3052.128
0 10 101.308 | 112.1804 | 123.0689 | 2980.069] 3014.23 | 3079.956 | 3079.956
0.1 10 102.3945| 112.1804 | 121.9794 | 2980.069 ] 3014.23 | 3079.956 | 3059.828
0.2 10 103.4812 | 112.1804 120.89 2980.069 | 3014.23 | 3079.956 | 3053.042
0.3 10 104.568 | 112.1804 | 119.8007 | 2980.069 | 3014.23 | 3079.956 | 3047.161
0.4 10 105.655 | 112.1804 | 118.7117 | 2980.069 ] 3014.23 | 3079.956 | 3033.461
0.5 10 106.7421 | 112.1804 | 117.6227 | 2980.069 | 3014.23 | 3079.956 | 3026.946
0.6 10 107.8295 | 112.1804 | 116.534 | 2980.069 | 3014.23 | 3079.956 | 3000.992
0.7 10 108.917 | 112.1804 | 115.4453 | 2980.069 | 3014.23 | 3079.956 | 2984.853
0.8 10 110.0046 | 112.1804 | 114.3569 | 2980.069 | 3014.23 | 3079.956 | 2968.174
0.9 10 111.0925 ]| 112.1804 | 113.2686 | 2980.069 | 3014.23 | 3079.956 | 2976.145
1 10 112.1804 | 112.1804 | 112.1804 | 2980.069 ] 3014.23 | 3079.956{ 3014.23
0 10 96.8481 | 107.2388 | 117.6454 | 2937.202 | 2970.998 | 3031.592 | 3031.592
0.1 10 97.8864 | 107.2388 | 116.6041 | 2937.202 | 2970.998 | 3031.592 | 3016.602
0.2 10 98.9249 | 107.2388 | 115.5629 | 2937.202 | 2970.998 | 3031.592 | 3012.208
0.3 10 99.9636 | 107.2388 | 114.5218 | 2937.202 | 2970.998 | 3031.592| 3006.4
0.4 10 101.0024 | 107.2388 | 113.4809 | 2937.202 | 2970.998 | 3031.592 | 2992.868
0.5 10 102.0414 | 107.2388 | 112.4402 | 2937.202 ) 2970.998 | 3031.592 | 2986.435
0.6 10 103.0806 | 107.2388 | 111.3996 | 2937.202 | 2970.998 | 3031.592 | 2960.794
0.7 10 104.1199 | 107.2388 | 110.3592 | 2937.202 | 2970.998 | 3031.592 | 2944.865
0.8 10 105.1594 | 107.2388 | 109.3189 | 2937.202 | 2970.998 | 3031.592| 2927.58
0.9 10 106.199 | 107.2388 | 108.2788 | 2937.202 | 2970.998 | 3031.592| 2934.73
1 10 107.2388 | 107.2388 | 107.2388 | 2937.202 | 2970.998 | 3031.592 | 2970.998
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Table (7-7B) Fuzzy Nonlinear Programming Parameters for 24-Hours

Fuzzy Fuzzy | Fuzzy Crisp Fuzzy
aout [LO30Gen. | oGy |Gt Mia|PG1Right| Total | TRUTM e | Optimal

Lot MW| MW - | MW | Costsm | ¢ | cost_sin
o 10 93.2726 | 103.2764 | 113.2959 | 2003.146 | 2936.647 | 2993.202 | 2986.321
0.1 10 94.2722 | 103.2764 | 112.2933 | 2903.146 | 2936.647 | 2693.202 | 2982.218
0.2 10 95.272 | 103.2764 | 111.2908 | 2903.146 | 2936.647 | 2993.202 | 2879.701
0.3 70 96.272 | 103.2764 | 110.2885 | 2903.146 | 2936.647 | 2993.202 | 2973.952
04 10 97.2721 | 103.2764 | 109.2863 | 2903.146 | 2036.647 | 2093.202 | 2960.557
05 10 98.2724 | 103.2764 | 108.2842 | 2003.146 | 2036.647 | 2993.202 | 2954.189
06 10 99.2729 | 103.2764 | 107.2824 | 2903.146 | 2936.647 | 2993.202 | 2928.799
0.7 10 100.2735 | 103.2764 | 106.2806 | 2003.146 | 2036.647 | 2993.202 | 2913.036
08 10 101.2743 | 103.2764 | 105.2791 | 2903.146 | 2936.647 | 2993.202 | 2695.304
0.9 10 102.2753 | 103.2764 | 104.2776 | 2003.146 | 2536.647 | 2993.202 | 2501.809
1 10 103.2764 | 103.2764 | 103.2764 | 2003.146 | 2036.647 | 2993.202 | 2871.403
0 10 96.7577 | 107.1386 | 117.5354 | 2936.337 | 2670.126 | 3030.617 | 3019.468
0.1 10 97.795 | 107.1386 | 116,495 | 2936.337 | 2070.126 | 3030.617 | 3015.729
0.2 10 98.8325 | 107.1386 | 115.4548 | 2936.337 | 2970.126 | 3030.617 | 3011.383
0.3 10 99.8702 | 107.1386 | 114.4148 | 2936,337 | 2970.126 | 3030.617 | 3005.577
0.4 10 100,9081 | 107.1386 | 113.3749 | 2936.337 | 2970.126 | 3030.617 | 2992.049
05 10 101.9461 | 107.1386 | 112.3351 | 2936.337 | 2970.126 | 3030.617 | 2985.617
0.6 10 102.9843 | 107.1386 | 111.2956 | 2036.337 | 2670.126 | 3030.617 | 2959.983
0.7 10 104.0226 | 107.1386 | 110.256 | 2936.337 | 2670.126 | 3030.617 | 2944.057
0.8 70 105.0611 | 107.1386 | 109.2167 | 296,337 | 2970.126 | 3030.617 | 2926.761
0.9 10 106.0998 | 107.1386 | 108.1776 | 2036.337 | 2670.126 | 3030.617 | 2933.895
1 10 107.1386 | 107.1386 | 107.1386 | 2036.337 | 2670.126 | 3030.617 | 2509.145
0 10 99.5336 | 110.2145 | 120.9113 | 2062.962 | 2996.979 | 3060.65 | 3044.824
0.1 10 700.6009 | 110.2145 | _119.841 | 2062.962 | 2996.978 | 3060.65 | 3042.586
02 10 101.6684 | 110.2145 | 118.7708 | 2662.962 | 2996.979 | 3060.65 | 3036.759
0.3 10 102.7361 | 110.2145 | 117.7007 | 2062.962 | 2996.679 | 3060.65 | 3030.907
o4 10 103.804 | 110.2145 | 116.6308 | 2962.962 | 2996.979 | 3060.65 | 3017.273
0.5 10 104.872 | 110.2145 | 115561 | 2962.962 | 2096.979 | 3060.65 | 3010.79
0.6 10 105.5401 | 110.2145 | 114.4914 | 2062.962 | 2096.979 | 3060.65 | 2984.961
0.7 10 107.0085 | 110.2145 | 113.4219 | 2962.962 | 2996.979 | 3060.65 | 2968.906
0.8 10 108.077 | 110.2146 | 112.3526 | 2962.962 | 2996.979 | 3060.65 | 2951.979
0.9 10 705.1457 | 110.2145 | 111.2835 | 2062.962 | 2996.979 | 3060.65 | 2959.621
1 10 110.2145 | 110.2145 | 110.2145 | 2962.962 | 2996.979 | 3060.65 | 2930.519
0 10 103.4725 | 114.5783 | 125.7003 | 3001.028 | 3035.364 | 3103.619 | 3099.84
0.1 10 104.5823 | 114.5783 | 124.5874 | 3001.028 | 3035.364 | 3103.619 | 3080.94
02 10 105.6923 | 114.5783 | 123.4746 | 3001.028 | 3035.364 | 3103.619 | 3072.97
0.3 10 106.8024 | 114.5783 | 122.3621 | 3001.028 | 3035.364 | 3103.619 | 3067.054
0.4 10 107.9128 | 114.5783 | 121.2496 | 3001.028 | 3035.364 | 3103.619 | 3053.272
0.5 10 109.0233 | 114.5783 | 120.1373 | 3001.028 | 3035.364 | 3103.619 | 3046.719
0.6 10 710.134 | 114.5783 | 119.0252 | 3001.028 | 3035.364 | 3103.618 | 3020.615
0.7 10 711,248 | 114.5783 | 117.9132 | 3001.026 | 3035.364 | 3103.619 | 3004.374
0.8 10 112.3558 | 114.5763 | 116.8014 | 3001.028 | 3035.364 | 3103.619 | 2088.008
0.9 10 113.467 | 114.5783 | 115.6898 | 3001.028 | 3035.364 | 3103.615 | 2996.383
1 10 114.5783 | 114.5783 | 114.6783 | 3001.028 | 3035.364 | 3103.619 | 2071.387
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Table (7-7C) Fuzzy Nonlinear Programming Parameters for 24-Hours

' Fuzzy | Fuzzy | Fuzzy | Crisp - - Fuzzy

d-cut '523;:,3:,"&,,' PG1 | PG1 Mid|PG1 Right| Total 3‘:‘2:' 3:’";‘:' Optimal
Left MW| MW MW | Cost$m Cost $/h

0 10 1145178 126811 139.121 3109.563 3144776 3226.321 3193.22
04 10 1157463 126611 137.8893 3100563 3144.776 3226.321 3189.951
0.2 10 116.975 126811 136.6577 3109.563 3144.776 3226.321 3175.829
0.3 10 118.2030 1266811 1354263 3109.563 3144.776 3226.321 3179.219
0.4 10 119.433 126811 134.1951 3109.563 3144.776 3226.321 3156.522
0.5 10 1206622 126811 132064 3109.563 3144.776 3226.321 3148.767
0.6 10 1218916 126811 131.7331 3109.563 3144.776 3226.321 3121.886
0.7 10 1234212 126811 130.5023 3100.563 3144776 3226.321 3105.14
0.8 10 124351 126811 129.2717 3109.563 3144.776 3226.321 3090.578
0.9 10 1256809 126.811 128.0413 3109.563 3144.776 3226.321 3100.246
1 10 126811 126811 126811 3109.563 3144.776 3226.321 3151.863
10 T18.6441 1313794 1441315 3150.786 3186.32 3272.997 3236.322

04 70 1199168 1313794 1428556 3150.786 3186.32 3272.997 3231.336
0.2 10 1211897 1313794 1415798 3150.786 3186.32 _3272.997 3214.747
03 10 1224628 1313794 140.3042 3150786 3186.32 3272.997 3218.176
0.4 10 123736 131.3794 139.0287 3150.786  3186.32  3272.997 3194.213
05 10 125.0095 1313794 1377534 3150786 3186.32 3272.997 3187.382
0.6 10 7262831 1313794 1364783 3150.786 3186.32 3272.997 3160.203
07 10 1275569 1313794 135.2033 3150786 3186.32 3272.997 3143.271
0.8 10 128.8309 1313794 133.0285 3150.786 3186.32 _3272.997 3129.475
0.9 10 130105 1313794 132.6536 3150.786 3186.32 3272.997 3139.922
1 10 1313794 1313794 131.3794 3150.786 3186.32 3272.997 3193492
0 10 118.2094 130.8981 143.6038 3146.426 3181.027 3268.056 3227.12
0 10 1194774 1308981 142.3325 3146.426 3181.927 3268.058 3226.961
0.2 10 1207457 130.8981 1410614 3146.426 3181.927 3268.058 3210.635
0.3 10 1220141 130.8981 139.7904 3146.426 3181.027 3268.058 3214059
04 10 1232827 130.8981 138.5196 3146.426 3161.927 3268.058 3190.124
05 10 1245515 130.8981 137.2489 3146.426 3181.027 3268058 3183.301
06 10 1256205 1308981 135.0784 3146.426 3181.927 3268.056 3156.154
07 10 1270897 130.8981 134.7081 3146.426 3181927 3268.058 3130.242
0.8 10 126359 13008981 133.438 3146426 3161.927 3266.058 3125.362
0.9 10 1296285 130.8081 132168 3146.426 3181.927 3268.058 3135.727
1 10 1308981 130.8981 130.8981 3146.426 3181.927 3268.058 3189.089
0 10 122.4045 1355419 148.6964 3188.675 3294.499 3315.931 3269.54
X 10 1237175 135.5419 147.3802 3188.675 3224.499 3315.031 3267.836
0.2 10 1250306 1355419 146.0642 3188.6756 3224.499 3315.931 3250447

0.3 10 1263439 135.5419 144.7484 3188.675 3224499 3315.931  3253.91
0.4 10 1276573 1355419 143.4327 3186.675 3224.499 3315.931 3229.703
0.5 10 126971 1355419 1421171 3188.675 3224.499 3315.931 3222.802
06 10 130.2848 1355419 140.8017 3188.675 3224.499 3315.931 3195352
07 10 1315988 1355419 139.4865 3186.675 3224.499 3315.931 3178.251
0.5 10 132913 1355419 1384715 3188.675 3224.499 3315.931 3165197
0.9 10 1340274 1355419 136.8566 3186.675 3224.499 3315.931 3176.366
1 10 1355419 1355419 1355419 3186.675 3224.499 3315031 3231.75
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Table (7-7D) Fuzzy Nonlinear Programming Parameters for 24-Hours

scut "g:::ﬁ:: Fuzzy PGi|Fuzzy PG1|Fuzzy PG1|CrispTotallOptimal Jo| Optimal :;izzl

o | et Mw | mid Mw | Right MW | cost S | S dsm |
0 10 120.8064 | 133.7729 | 146.7565 | 3172.536 | 3208.236 | 3297.638 | 3255.12
0.1 10 1221022 | 133.7729 | 145.4574 | 3172.536 | 3208.236 | 3297.638 | 3250.103
0.2 10 123.3982 | 133.7729 | 144.1585 | 3172.536 | 3208.236 | 3297.638 | 3235.248
0.3 10 124.6944 | 133.7729 | 142.8598 | 3172.536 | 3208.236 | 3297.638 | 3229.045
0.4 10 125.9008 | 133.7729 | 141.5612 | 3172.536 | 3208.236 | 3297.638 | 3214.593
0.5 10 127.2874 | 133.7729 | 140.2627 | 3172.536 | 3208.236 | 3297.638 | 3199.143
0.6 10 128.5842 | 133.7729 | 138.9644 | 3172.536 | 3208.236 | 3297.638 | 3180.387
0.7 10 129.8811 | 133.7729 | 137.6663 | 3172.536 | 3208.236 | 3297.638 | 3163.358
0.8 10 131.1782 | 133.7729 | 136.3683 | 3172.536 | 3208.236 | 3297.638 | 3149.984
0.9 10 132.4755 | 133.7729 | 135.0706 | 3172.536 | 3208.236 | 3297.638 | 3161.745
1 10 133.7729 | 133.7729 | 133.7729 | 3172.536 | 3208.236 | 3297.638 | 3129.038
0 10 117.6506 | 130.2795 | 142.9253 | 3140.828 | 3176.285 ]| 3261.717 | 3225.453
0.1 10 118.9127 | 130.2795 | 141.66 | 3140.828 | 3176.285 | 3261.717 | 3220.086
0.2 10 120.1749 | 130.2795 | 140.3949 | 3140.828 | 3176.285 | 3261.717 | 3205.353
0.3 10 121.4374 | 130.2795 | 139.1299 | 3140.828 | 3176.285 | 3261.717 | 3199.202
0.4 10 122.7 | 130.2795 | 137.8651 | 3140.828 | 3176.285 | 3261.717 | 3184.873
05 10 123.0629 | 130.2795 | 136.6004 | 3140.828 | 3176.285 | 3261.717 | 3169.554
0.6 10 125.2258 | 130.2795 | 135.3359 | 3140.828 | 3176.285 | 3261.717 | 3150.953
0.7 10 126.489 | 130.2795 | 134.0716 | 3140.828 | 3176.285 | 3261.717 | 3134.067
0.8 10 127.7523 | 130.2795 | 132.8074 | 3140.828 | 3176.285 ] 3261.717 | 3120.081
0.9 10 129.0159 | 130.2795 | 131.5434 | 3140.828 | 3176.285 | 3261.717 | 3131.207
1 10 130.2795 | 130.2795 | 130.2795 | 3140.828 | 3176.285 | 3261.717 | 3100.062
0 10 1144 | 126.6806 | 138.9779 | 3108.392 | 3143.596 | 3224.995 | 3189.412
0.1 10 115.6272 | 126.6806 | 137.7475 | 3108.392 | 3143.596 | 3224.995 | 3188.887
0.2 10 116.8547 | 126.6806 | 136.5172 | 3108.392 | 3143.596 | 3224.995 | 3174.722
0.3 10 118.0823 | 126.6806 | 135.2871 | 3108.392 | 3143.596 | 3224.995 | 3168.625
0.4 10 119.3101 | 126.6806 | 134.0571 | 3108.392 | 3143.596 | 3224.995 | 3154.422
0.5 10 120.5381 | 126.6806 | 132.8273 | 3108.392 | 3143.596 | 3224.995 | 3139.238
0.6 10 121.7663 | 126.6806 | 131.5976 | 3108.392 | 3143.596 | 3224.995 | 3120.796
0.7 10 122.9946 | 126.6806 | 130.3681 | 3108.392 | 3143.596 | 3224.995 | 3104.055
0.8 10 124.2231 | 126.6806 | 129.1388 | 3108.392 | 3143.596 | 3224.995 | 3089.472
0.9 10 1254518 | 126.6806 | 127.9096 | 3108.392 | 3143.596 | 3224.995 | 3099.952
1 10 126.6806 | 126.6806 | 126.6806 | 3108.392 | 3143.596 | 3224.995 | 3067.385
0 10 111.6245 | 123.6073 | 135.6067 | 3080.878 | 3115.864 | 3193.865 | 3166.234
0.1 10 112.822 | 123.6073 | 134.406 | 3080.878 | 3115.864 | 3193.865 | 3161.256
0.2 10 114.0197 | 123.6073 | 133.2055 | 3080.878 | 3115.864 | 3193.865 | 3148.699
0.3 10 115.2175 | 123.6073 | 132.0052 | 3080.878 | 3115.864 | 3193.865 | 3142.648
0.4 10 116.4155 | 123.6073 | 130.805 | 3080.878 | 3115.864 | 3193.865 | 3128.552
0.5 10 117.6137 | 123.6073 | 129.605 | 3080.878 | 3115.864 | 3193.865 | 3121.851
0.6 10 118.8121 | 123.6073 | 128.4051 | 3080.878 | 3115.864 | 3193.865 | 3095.176
0.7 10 120.0107 | 123.6073 | 127.2054 | 3080.878 | 3115.864 | 3193.865 | 3078.56
0.8 10 121.2094 | 123.6073 | 126.0059 | 3080.878 | 3115.864 | 3193.865 | 3063.491
0.9 10 122.4083 | 123.6073 | 124.8065 | 3080.878 | 3115.864 | 3193.865 | 3073.427
1 10 123.6073 | 123.6073 | 123.6073 | 3080.878 | 3115.864 | 3193.865 | 3040.894
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Load+Gen. | Fuzy | Fuzy |- -] “casp| oo Fuzzy
Gcut |Deviation | PG1Left | PG1Mid F;z:t;g’ Total costP ;"“s,'“:' 3:’";',‘:' Optimal

% MW MW © - $h Cost $/h
0 10 110.6031 | 122.4763| 134.3658 | 3070.795| 3105.7 | 3182.46 | 3153.344
0.4 10 111.7897 | 122.4763| 133.1762 | 3070.795| 3105.7 | 3182.46 | 3151.124
0.2 10 112.9764 | 122.4763] 131.9867 | 3070.795| 3105.7 | 3182.46 | 3139.153
0.3 10 114.1632 | 122.4763| 130.7973 | 3070.795| 3105.7 | 3182.46 | 3133.12
0.4 10 115.3503 | 122.4763] 129.6081 | 3070.795| 3105.7 | 3182.46 | 3119.063
0.5 10 116.5375 | 122.4763] 128.4191 | 3070.795| 3105.7 | 3162.46 | 3112.38
0.6 10 117.7249 | 122.4763] 127.2302 | 3070.795 | 3105.7 | 3182.46 | 3085.779
0.7 10 118.9125 | 122.4763] 126.0415 | 3070.795| 3105.7 | 3182.46 | 3069.208
0.8 10 120.1003 | 122.4763] 124.8529 | 3070.795| 3105.7 | 3182.46 | 3053.966
0.9 10 121.2882 | 122.4763] 123.6645 | 3070.795| 3105.7 | 3182.46 | 3063.703
1 10 122.4763 | 122.4763] 122.4763 | 3070.795| 3105.7 | 3182.46 | 3031.135
0 10 111.7917 | 123.7924] 135.8097 | 3082.53 | 3117.53 | 3195.734| 3165.34
04 10 112.991 | 123.7924] 134.6073 | 3082.53 | 3117.53 | 3195.734 | 3162.916
0.2 10 114.1904 | 123.7924] 133.405 | 3082.53 | 3117.53 | 3195.734 | 3150.263
0.3 10 115.3901 | 123.7924] 132.2029 | 3082.53 | 3117.53 | 3195.734| 3144.21
0.4 10 116.5899 | 123.7924] 131.0009 | 3082.53 | 3117.53 | 3195.734 | 3130.107
0.5 10 117.7899 | 123.7924] 129.7991 | 3082.53 | 3117.53 | 3195.734 ] 3115.031
0.6 10 118.9901 | 123.7924] 128.5975 | 3082.53 | 3117.53 | 3195.734 | 3096.716
0.7 10 120.1904 | 123.7924] 127.396 | 3082.53 | 3117.53 | 3195.734 | 3080.092
0.8 10 121.3909 | 123.7924] 126.1946 | 3082.53 | 3117.53 | 3195.734 | 3065.052
0.9 10 122.5916 | 123.7924] 124.9935 | 3082.53 | 3117.53 | 3195.734| 3075.02
1 10 123.7924 | 123.7924| 123.7924 | 3082.53 | 3117.53 | 3195.734 | 3044.073
0 10 116.3225 | 128.8092| 141.3127 | 3127.548 | 3162.902 | 3246.68 | 3209.122
0.1 10 117.5704 | 128.8092] 140.0616 | 3127.548 | 3162.902 | 3246.68 | 3207.499
0.2 10 118.8184 | 128.8092] 138.8107 | 3127.548 | 3162.902| 3246.68 | 3192.818
0.3 10 120.0666 | 128.8092] 137.5599 | 3127.548 | 3162.902 | 3246.68 | 3186.69
0.4 10 121.3151 | 128.8092] 136.3094 | 3127.548 | 3162.902 | 3246.68 | 3172.412
0.5 10 122.5636 | 128.8092| 135.0589 | 3127.548 | 3162.902 | 3246.68 | 3157.148
0.6 10 123.8124 | 128.8092| 133.8087 | 3127.548 | 3162.902 | 3246.68 | 3138.612
0.7 10 125.0614 | 128.8092| 132.5585 | 3127.548 | 3162.902 | 3246.68 | 3121.785
0.8 10 126.3105 | 128.8092| 131.3086 | 3127.548 | 3162.902 | 3246.68 | 3107.551
0.9 10 127.5597 | 128.8092| 130.0588 | 3127.548 | 3162.902 | 3246.68 | 3118.412
1 10 128.8092 | 128.8092| 128.8092 | 3127.548 | 3162.902 | 3246.68 | 3086.413
0 10 113.3836 | 125.5552] 137.7434 | 3098.207 | 3133.421 | 3213.571| 3179.98
0.1 10 114.5999 | 125.5552] 136.5239 | 3098.297 | 3133.421 | 3213.571 | 3178.751
0.2 10 115.8165 | 125.5552] 135.3045 | 3098.297 | 3133.421| 3213.571 | 3165.178
0.3 10 117.0332 | 125.5552] 134.0853 | 3098.297 | 3133.421 | 3213.571 | 3159.098
0.4 10 118.2501 | 125.5552| 132.8662 | 3098.297 | 3133.421 | 3213.571 | 3144.934
0.5 10 119.4672 | 125.5552] 131.6473 | 3098.297 | 3133.421 ] 3213.571 | 3129.792
0.6 10 120.6845 | 125.5552] 130.4286 | 3098.297 | 3133.421] 3213.671| 31114
0.7 10 121.9019 | 125.6552] 129.21 | 3098.297 | 3133.421 | 3213.571 | 3094.704
0.8 10 123.1195 | 125.5552| 127.9915 | 3098.297 | 3133.421 | 3213.571 | 3079.941
0.9 10 124.3372 | 125.5552] 126.7733 | 3098.297 | 3133.421 | 3213.571 | 3090.221
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Load+Gen, | FuRY | Fuzy | Fuzzy o, oo optimal Jo|Optimal J1| | FUZY
dout | LORHOOT | p1Left | P1Mid | P1Right [“CoF O %P O an | optimal

MW MW.- | MW b : Cost $/h
0 10 114.2078 | 126.4679| 138.7445 | 3106.482 | 3141.671 | 3222.833 | 3188.35
0.1 10 115.433 | 126.4679] 137.5162 | 3106.482 | 3141.671 | 3222.833 | 3186.969
0.2 10 116.6584 | 126.4679| 136.2879 | 3106.482 | 3141.671| 3222.833 | 3172.916
0.3 10 117.884 | 126.4679] 135.0599 | 3106.482 | 3141.671| 3222.833 | 3166.823
0.4 10 119.1097 | 126.4679| 133.832 | 3106.482 | 3141.671 | 3222.833 | 3152.627
0.5 10 120.3357 | 126.4679] 132.6042 | 3106.482 | 3141.671| 3222.833 | 3137.451
0.6 10 121.5618 | 126.4679] 131.3766 | 3106.482 | 3141.671 | 3222.833 | 3119.018
0.7 10 122.788 | 126.4679] 130.1492 | 3106.482 | 3141.671 | 3222.833 | 3102.286
0.8 10 124.0145 | 126.4679| 128.9219 | 3106.482 | 3141.671 | 3222.833 | 3087.668
0.9 10 125.2411| 126.4679] 127.6948 | 3106.482 | 3141.671 | 3222.833 | 3098.11
1 10 126.4679 | 126.4679] 126.4679 | 3106.482 | 3141,671 | 3222.833 | 3065.654
0 10 118.8118| 131.565 | 144.3351 | 3152.47 | 3188.016 | 3274.903 | 3234.44
01 10 120.0863 | 131.565 | 143.0574 | 3152.47 | 3188.016 | 3274.903 | 3231.113
0.2 10 121.361 | 131.565 | 141.7798 | 3152.47 | 3188.016 | 3274.903 | 3216.335
0.3 10 122.6358| 131.565 | 140.5024 | 3152.47 | 3188.016 | 3274.903 | 3210.165
0.4 10 123.9109| 131.565 | 139.2251 | 3152.47 | 3188.016 | 3274.903 | 3195.791
0.5 10 125.1862| 131.565 | 137.948 | 3152.47 | 3188.016 | 3274.903 | 3188.956
0.6 10 126.4616 | 131.565 | 136.6711 | 3152.47 | 3188.016 | 3274.903 | 3161.766
0.7 10 127.7372] 131.565 | 135.3943 | 3152.47 | 3188.016 | 3274.903 | 3144.827
0.8 10 129.0129| 131.565 | 134.1177 | 3152.47 | 3188.016 | 3274.903 | 3131.062
0.9 10 130.2889 | 131.565 | 132.8413 | 3152.47 | 3188.016 | 3274.903 | 3142.421
1 10 131.565 | 131.565 | 131.565 | 3152.47 | 3186.016 | 3274.903 | 3116.847
0 10 117.0671| 129.6336 | 142.2169 | 3134.989 | 3170.401 | 3255.105 | 3216.332
0.1 10 118.323 | 129.6336] 140.9578 | 3134.989 | 3170.401 | 3255.105 | 3214.553
0.2 10 119.579 | 129.6336| 139.6989 | 3134.989 | 3170.401 | 3255.105 | 3199.843
0.3 10 120.8352 | 129.6336| 138.4402 | 3134.989 | 3170.401 | 3255.105 | 3193.702
0.4 10 122.0916| 129.6336| 137.1816 | 3134.989 | 3170.401 | 3255.105 | 3179.395
0.5 10 123.3482 | 129.6336| 135.9232 | 3134.989 | 3170.401 | 3255.105 | 3164.101
0.6 10 124.6049 | 129.6336| 134.665 | 3134.989 | 3170.401 | 3255.105 | 3145.528
0.7 10 125.8618 | 129.6336| 133.4069 | 3134.989 | 3170.401 | 3255.105 | 3128.668
0.8 10 127.1189 129.6336| 132.1489 | 3134.989 | 3170.401 | 3255.105 | 3114.572
0.9 10 128.3762 | 129.6336| 130.8912 | 3134.989 | 3170.401 | 3255.105 | 3125.581
1 10 129.6336 | 129.6336| 129.6336 | 3134.989 | 3170.401 | 3255.105 | 3097.886
0 10 111.6988 | 123.6896| 135.6969 | 3081.612 | 3116.604 | 3194.695 | 3166.754
0.1 10 112.8971 | 123.6896 | 134.4955 | 3081.612 | 3116.604 | 3194.695 | 3161.994
0.2 10 114.0956 | 123.6896| 133.2942 | 3081.612 | 3116.604 | 3194.695 | 3149.394
0.3 10 115.2942| 123.6896 | 132.0931 | 3081.612 | 3116.604 | 3194.695 | 3143.342
04 10 116,493 | 123.6896] 130.8921 | 3081.612 | 3116.604 | 3194.695 | 3129.243
05 10 117.692 | 123.6896] 129.6913 | 3081.612 | 3116.604 | 3194.695 | 3122.54
0.6 10 118.8912 | 123.6896| 128.4906 | 3081.612 | 3116.604 | 3194.695 | 3095.861
0.7 10 120.0906 | 123.6896] 127.2901 | 3081.612 | 3116.604 | 3194.695 | 3079.241
0.8 10 121.2901| 123.6896 | 126.0898 | 3081.612 | 3116.604 | 3194.695 | 3064.185
0.9 10 122.4897 | 123.6896 | 124.8896 | 3081.612 | 3116.604 | 3194.695 | 3074.135
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Chapter 8
Fuzzy Active, Reactive Power Flow and the

Parameter of the Objective Function as Fuzzy

8.1 Introduction

In this chapter we will transform the coefficient of the objective functione; , f; and

¥; into fuzzy parameters. Then the FNLP will become fuzzy objective function,

a;, 5’,- and 7; with fuzzy resources. This type of FNLP is called possibilistic
programming or stochastic programming. It has been used for decision making where
input data (coefficients in LP) has been given probability distributions. Many
research areas such as speech recognition, robotics, medical diagnosis, analysis of rare
events, decision-making under uncertainty, picture analysis, information retrieval and
related areas have used this method. The pioneers in this area are Lai and Hwang

[56], [59].

8.2 Problem Formulation

The methods used in chapter (3) section (3.9.3) by Lai & Hwang will be used to
formulate the problem of fuzzy objective function and fuzzy resources. The
procedure will start by transforming the crisp parameters of the cost function into
fuzzy coefficients &; , ,Bi and ¥; with a piecewise linear triangular membership
function as shown in Figure (8-1).

The mathematical formula that describes the membership function of &; is:

N

1 aizao
(o 0 - PPN |
/1(07,-)=<1 (" —ag)(a" —a”) @ <q<a| 8.1)
1-(a, —a®) (" - a®) a®<a; <a’
0 otherwise
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w#(@;)

o o’ a’

Figure (8-1) A Triangular Membership Function for &; Coefficient

The parameter & 9 is the nominal value of Q; , having the maximum grade of
membership and@* and @~ are the maximum and minimum allowed values of the

parameter of the membership function. The same applies to El and ¥; membership

functions with the same triangular shape as shown in Figure (8-2) and Figure (8-3).

1B

1

>

B B I

Figure (8-2) A Triangular Membership Function for ’57[, Coefficient
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The mathematical formula for z(5;) is:

1 B; ‘-UBO
(R _ 0 p- - B 0
I e AL R IR A 52)
1-(B, = BB - B") B <p <p
| 0 otherwise

Likewise, the mathematical formula for z(y; ) is:

1 v =y°

-G =) -y <y <P

1=, =y =7 P<yi<y”
0 otherwise )

2

w(7) =1 ®3)

\

7673,

+

' y? 14
Figure (8-3) A Triangular Membership Function for 7; Coefficient

The total objective function with fuzzy coefficients is expressed as:

. o o
Jp=Y.(& +B P +7,P%) (8.4)

i=1
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The optimization problem becomes non linear programming with fuzzy objective
coefficients and fuzzy constraints. Applying the NLP optimization procedure, which
was discussed in chapter (3), where, equation (3.48) states:
maximize éx
subjectto Ax <b
x 20
Where¢ , 4 and b consist of triangular fuzzy numbers each parameter will have its

middle, left and right expressed as ¢ =(c,¢%¢*), 4 =(47,4°,4*)and

B =(",b°b"). The procedure in chapter (3) formulates the fuzzy objective

function with fuzzy coefficients to maximize the possibility of obtaining a higher
profit which explains maximizing the right side of the triangular membership function
and minimizing the left side to avoid the risk of obtaining a lower profit. However, to
minimize the cost value we maximize the left side while minimizing the right. To do
this, some adjustment should be done to the formulation to obtain the optimal
minimum cost. In chapter (3) Lai and Hwang’s approach or strategy was to shift the
triangular membership function to the right which will maximize the middle value,
minimize the left spread and maximize the right spread. In this chapter we will
perform the opposite approach to obtain the total minimum cost of the objective
function. The triangle will be shifted to the left side which will minimize the middle
value, minimize the right spread to avoid the ‘risk of paying higher cost’ and
maximize the left spread to obtain the minimum optimal total cost value. The
procedure starts by converting equation (3.52) from chapter (3) shown below into a
multiple objective linear programming problem.

maximize zI1=(c’-c7)x

minimize z2=c%

minimize z3=(c*-c")x

subjectto  A4,7x <b,,4,x <b,°,4,'x <b,*

x 20

Our goal is to fuzzify the objective coefficients&; , ﬂ~i and ¥; which are a triangular

membership function shown in Figures (8-1, 2, 3) with right, middle and left sides.
Replacing the fuzzy objective coefficients in equation (3.52), it then becomes:
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maximize zl=(a’-a,)+(B° -8 +(7° —7,.‘)(PG,’)2

minimize  z2=(a,°)+(8°)F;°+ (7 )P )

minimize  z3=(a, -a)+(B* =B+ ¥ )F:Y  (85)

subjectto P,V ,0) < PE,

Q¥ ,8)20k,
x 20

Lai and Hwang’s method to solve this problem was to characterize the three objective
functions by membership functions (Z1, Z2, and Z3). For a minimum cost value some
changes have to be done to go from maximization to minimization of the total cost for
these parameters. The new adjustment is shown in Figure (8-4). Z1is the total cost
generation of the left side, Z2 is the total cost generation of the middle side and Z3 is
the total cost generation of the right side. In order to obtain (Z1, Z2, Z3), we need to
calculate the Positive Ideal Solution (PIS) and Negative Ideal Solution (NIS) of the

objective function shown in Figure (8-4). This is calculated as:
2/ =mex(z)) =mex{(@ ~a y+(A ~ BB+ =1 WEs Y]
z" =1}£>1(1(Zl) =§r§xn[(04° —a)+(B’ =B +(’ —7 &, ]
2, =mmipz,) =minl(@") (B, +("XE; V]

(8.6)
z," =max(z,)=maxi(a ) +(B W, + (i W, Y]
2, =min(z;)=minl(e;" ~a" )+~ AW+, 1 B, Y]
z;" =max(z))=max{(a" ~a )+ (B~ AW+, -1 NE ]
And their membership function mathematical formula can be calculated as:
1 if z,2z,
z,-z," ; ,
()= iz <z g2 8.7)
Zy T4
0 if z,<z
1 if z,<z2,
N
p,x)={22"22 if 2, <z,<2)" (8.8)
zZ, -2z,
0 if 2,2z,
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Mo (x)
' M, (x)
Z
2y
N 4 P N
Z, < 22 <2
e (x)
Z3
P N
Z, Z,
Figure (8-4) The Membership Function of the Objective |
Z,52,and z,4
1 if z,<z;
2z ~z
M (x)=1=—— if z, <z,<z.) (8.9)
Z3 TZ,
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Finally the problem is solved by calculating the standard FNLP optimization as in
equation (3.47) shown below:

maximize «
subject to My x)za, i=1,2,3

Ay x Sbﬂ’,Aﬂox Sbﬂo,Aﬂ+x <by
In order to avoid confusion with the symbol &, B used for the fuzzy coefficient in

the objective function with the equation shown above we replaced & withf(z ),
Apx <bgwith Pq,k~ ; which is the difference between load and generator for active and

reactive power and ¢ for 8 which is the minimal acceptable possibility value. Then
the equation becomes:

minimize (-f(z))
subjectto p, (x)2f(z), i=1,2,3

PV ,5) %Pk, Pk, Pk, (8.10)
Q¥ ,520,k,.0,°%,.0,'k,
x =20
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Figure (8-5) The Possibilistic Distributions of the
Optimal Total Cost
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The solution obtained according to equation (8.7) through (8.10) will be a triangular
membership with middle, left and right representing the three parameters Zl,' Z2 and
Z3 shown in Figure (8-5), which was obtained from the triangular membership
function shown in Figure (8-4). Notice that the left side of the triangular membership
is maximized while the right side is minimized to obtain the optimal minimum cost

solution of the problem.

8.3 Simulated Example
The 9-bus system that was used in chapter (7) will be used to simulate the procedure
in this chapter. Two cases listed in Table (8-1) and (8-2) for various coefficients
values, active reactive (load and generation) percentage deviation and minimal
acceptable possibility value were tested in the formulated procedure. In the first case,
the final result tabulation is shown in Tables (8-3A) and (8-3B). The graph plotted in
Figure (8-6) shows the positive ideal solution and the negative ideal solution of the
two triangular membership functions. The simulation provide a minimum middle
optimal solution value of the triangular membership function represented by (Z2), a
minimum optimal solution for the right side (ZR) which consists of adding the middle
value (Z2) to the right spread of the optimal solution (Z3) and the maximum left side
(ZL) which consists of subtracting the middle value (Z2) from the optimal solution of
the left spread (Z1). Defining the left, middle and right sides of the triangular
membership we get:

ZR=Z72+173

Zm=172

ZL=72-71
The final optimal solution of the total cost is shown in Figure (8-7) where the plot of
the triangular membership function shows clearly the maximum left spread which
leads to minimum cost values in dollars and minimizing the right spread which leads
to maximum cost value. The decision maker can then chose which is the best optimal
solution from the triangular membership function shown in Figure (8-7, 8-9 and 8-13).

The input data shown in Table (8-1) was also tested on a higher (¢ =0.75)and a
lower (¢ = 0.35) minimal acceptable possibility values. Figure (8-7) and (8-9) are the
results of (¢ =0.55), (¢ =0.35) respectively. The higher minimal acceptable
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possibility value shifted the optimal total cost triangular membership function a little
to the left while the lower than 0.55 shifted the triangular to the right side but did not
change the shape of the membership function where the left side is maximized and the
right side is minimized as shown in Figure (8-9). & value makes the difference in the
cost value. Any large deviation will make the cost value very expensive and shift the
triangular to the left if the deviation on the left spread is larger than the right side, for
this reason the 9-bus was tested with & coefficient that has equal deviation for the left
and right sides. The result in Figure (8-10) and (8-11) clearly show that we still obtain
a maximum spread to the left side and a minimum spread to the right, which shows

the effectiveness of this procedure.

Table (8-1)
Fuzzy
@ =0.55 Left | Right
Coefficients
a 3% 2%
Case 1 B 7% 3%
% 5% 3%
Table (8-2)
Fuzzy
=05 . Left | Right
Coefficients
a 2% 1%
Case 2 ﬁ 4% 2%
7 2% | 4%

In case 2, Table (8-4A) and (8-4B) shows all the tabulated result. In Figure (8-13) the
optimal total cost is shifted further to the left side due to the lower selection of the
fuzzy coefficients parameter and active reactive load and generation values, where the
cost function is dependent on the variation of those values from equation (8.4). This

procedure shows the effectiveness of the fuzzy NLP application to formulate and
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evaluate the different applications in power systems regarding the randomness in the

parameters involved in power system analysis.

Table (8-3A)
The Positive Ideal Solution and Negative Ideal Solution

For 10% Deviation of Active, Reactive Load & Generation

V G-Cut | ZNIS Left |ZNIS Mid iiNgllslt ‘ Z’IS Left| ZPIS Mid gl:glﬁt
0 17692.838 | 17888.11 | 18417.76 | 1976.348 | 3190.927 | 3279.655
0.1 17712.365| 17888.11 | 18364.79 | 2097.806 | 3190.927 | 3270.782
0.2 17731.893 | 17888.11 | 18311.83 | 2219.264 | 3190.927 | 3261.909
0.3 17751.42 | 17888.11 | 18258.86 | 2340.722 | 3190.927 | 3253.036
0.4 17770.948 | 17888.11 | 18205.9 | 2462.18 | 3190.927 | 3244.163
0.5 17790.476 | 17888.11 | 18152.94 | 2583.638 | 3190.927 | 3235.291
0.6 17810.003 | 17888.11 | 18099.97 | 2705.095 | 3190.927 | 3226.418
0.7 17829.531 | 17888.11 | 18047.01 | 2826.553 | 3190.927 | 3217.545
0.8 17849.058 | 17888.11 | 17994.04 | 2948.011 | 3190.927 | 3208.672
0.9 17868.586 | 17888.11 | 17941.08 | 3069.469 | 3190.927 | 3199.8

Table (8-3A)
Fuzzy NLP Total Optimal Cost Function Parameters

e —

a-Cut y4 R Zm=22 zZr

0 3171.332 | 3271.797 | 3317.374
0.1 3015.165 | 3109.973 | 3163.123
0.2 3015.165 | 3109.973 | 3153.123
0.3 3044.463 | 3140.333 | 3183.938
0.4 3044.463 | 3140.333 | 3183.938
0.5 3063.868 | 3160.441 | 3204.347
0.6 3074.234 | 3171.182 | 3215.25
0.7 3074.234 | 3171.182 | 3215.25
0.8 3074.234 | 3171.182 | 3215.25
0.9 3084.58 | 3181.902 | 3226.131
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Table (8-4A)
The Positive Ideal Solution and Negative Ideal Solution

For (10% & 15%) Deviation of Active, Reactive Load & Generation

G-Cut ZNIS Left |ZNIS Mid iiN:;it ZPIS Left|ZPIS Mid llePgI?It

0 17874.26 | 17988.67 | 18351.15 | 2516.566 | 3212.406 | 3269.745
0.1 17885.7 | 17988.67 | 18314.9 | 2586.15 | 3212.406 | 3264.011
0.2 17897.14 | 17988.67 | 18278.65 | 2655.734 | 3212.406 | 3258.277
0.3 17908.58 | 17988.67 | 18242.4 | 2725.318 | 3212.406 | 3252.543
0.4 17920.02 | 17988.67 | 18206.15 | 2794.902 | 3212.406 | 3246.809
0.5 17931.46 | 17988.67 | 18169.91 | 2864.486 | 3212.406 | 3241.075
0.6 17942.9 | 17988.67 | 18133.66 | 2934.07 | 3212.406 | 3235.341
0.7 17954.34 | 17988.67 | 18097.41 | 3003.654 | 3212.406 | 3229.608
0.8 17965.78 | 17988.67 | 18061.16 | 3073.238 | 3212.406 | 3223.874
0.9 17977.22 | 17988.67 | 18024.91 | 3142.822 | 3212.406 | 3218.14

Table (8-4B)
Fuzzy NLP Total Optimal Cost Function Parameters

G-Cut] ZL Zm=22 2r

0 3358.6] 3419.9| 3450.66
0.1 3055.8] 3111.02| 3138.67
0.2 3055.8| 3111.02| 3138.67
0.3 3085.7| 3141.44| 3169.4
0.4 3085.7{ 3141.44| 3169.4
0.5 3107.2| 3163.39| 3191.57
0.6 3118.1| 3174.55] 3202.83
0.7 3118.1| 3174.55| 3202.83
0.8 3118.1| 3174.55| 3202.83
0.9 3129} 3185.65| 3214.05
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Chapter 9
Conclusions and Recommendations

For Future Research

9.1 Conclusions

The economic scheduling and optimal power flow are essential tools for minimizing the
production cost in an electric power system. In this thesis the problem of fuzzy optimal
economic dispatch and nonlinear optimal load flow optimization under a fuzzy load is
introduced and formulated to minimize the total production cost of a network. This thesis
implements three methods in formulating the economical dispatch of all thermal power
systems. It starts with a simple economical dispatch problem with a fuzzy load demand,
neglecting transmission losses, but including generation limits. Two generation units are
tested for the formulation with various ¢ -cut representations of fuzzy numbers in
illustrating the evaluation procedure and to evaluate the effect of the spread on the
outcome. Next, a fuzzy cost function coefficients problem with a fuzzy load demand is
analyzed and formulated to minimize the total production cost. To evaluate the
performance and the capability of reducing cost while varying cost function coefficients, a
synthetic system example of three generation units is used. Finally, a more realistic
model with fuzzy load, fuzzy cost function coefficients and power losses is formulated,
evaluated and tested on a three generation unit system to obtain the optimal minimum
cost. The fuzzy nonlinear optimal load flow is presented when the active generation,
active load, reactive generation and reactive load are considered to be fuzzy. Three
formulation methods were adopted. First a system with all crisp cost function coefficients
with fuzzy active, reactive power is tested on a 9-bus system for one hour. Next a fuzzy

load that varies on an hourly basis for 24-hours is tested on the 9-bus system, while
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keeping the load and generation of the other buses unchanged. Finally, a system with a
fuzzy cost function coefficients with fuzzy active and reactive power is formulated and

tested to generate a minimum cost function.

9.1.1 Conventional and Fuzzy Results Comparison

The classical methods of economic dispatch and power load flow optimization do not
provide wide information on the system performance resulting from calculated and
measured values as separate entities. The fuzzy formulation results of the optimal
economic dispatch and optimal load flow treated in this thesis provide a wider range of
information to evaluate the uncertainty in the system when the load demand is fuzzy |
which will lead the fuzziness to propagate throughout the entire system parameters. This
information can be useful to system operators to work with a safe tolerance in meeting the
consumer demand. The output of the fuzzy model is a range of upper and lower values
for fuzzy load power. This range can give the system operators the ability to run the

power system in a more reliable and secure way.

9.2 Thesis Contributions

1. Three fuzzy ED formulations were developed and tested. First a simple case of
economic dispatch of all thermal power system with fuzzy load demand ignoring
transmission power losses and including generation limits was discussed. Second,
economic dispatch of all thermal power system with fuzzy load demand and fuzzy
cost function coefficients ignoring transmission power losses and including
generation limits was developed. Finally, economic dispatch of all thermal power
system of fuzzy load demand, fuzzy cost function coefficient and fuzzy
transmission power losses was considered.

2. The formulation is faster and it provides the energy control center or the system
operator with a wide range of upper and lower limits, which are valuable
information concerning the reliability, security and all the variation encountered in

the performance of the ED power system problem.
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3. A fuzzy power flow with fuzzy active, reactive generation and load formulation
by using Werners approach is developed and tested with a 9-bus system. The
formulation were tested with a fixed load then tested again with a varying fuzzy
load for a period of 24-hours. The formulation is validated for the twenty four data
sets.

4. The formulation and the analysis of the simulated example prove that fuzzifying
and violating the limits of the constraint such as the active, reactive power
generation and load using a triangular membership function will result in a
number of optimal solutions between ¢ -cut [0,1], which will give the decision-
maker the opportunity to select the best optimal solution for any unexpected
increased in load.

5. A fuzzy optimal power flow with fuzzy active, reactive power generation and load
including fuzzy cost function coefficient is formulated by using FNLP approach
by Lai and Hwang then simulated with a 9-bus system test.

6. The results demonstrate that we can obtain a number of optimal minimum total
cost solutions for the violated objective cost function coefficients and the violated
constraints using a triangular membership function representation for the
constraint and the cost function coefficient including linearly decreasing and
increasing membership function for the objective function. The decision-maker
will decide according to their judgment and impression to select the best solution
and act upon the sudden change of any unexpected variation in the cost function

coefficient and constraint.

9.3 Suggestions for Future Research
1. The constraints used in this study are the fundamental equality and inequality
constraints the system is subject to. However, other constraints can be included as
fuzzy into the formulation. Examples of this are fuzzy start up of the generation
units, transmission line loading limits, and fuzzy emission constraints. Each one

can be analyzed and tested with OPF to minimize the total cost production.
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2. The membership functions of the fuzzy parameters were assumed to be triangular.
Other membership functions, in particular, trapezoidal and Gaussian functions
may be tested and the results compared with the triangular membership functions
to minimize the total cost production.

3. There is a wide range of variations in the load demand and cost function
parameters. It is worth while to study the differences in variations and obtain the
best suitable fixed deviation for the fuzzy parameters to offer guidance to the
system operator if a defuzzification process to the fuzzy output is obtained.

4. Other optimization methods such as Genetic Algorithm, Tabu Search and
Simulated Annealing can be tested with the proposed FNLP procedure.
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Appendix 1
Economic Dispatch of all Thermal Power Systems

with 20% Fuzzy Load Deviation

In Chapter (4) the Fuzzy ED analysis was tested with a fuzzy winter model for the
weekdays with a 20% deviation in the load demand for a 24-hour period. In this
appendix the same program and analysis are used to test the weekend data of the
winter fuzzy model. The fuzzy load demand for different (0, 0.5, 0.75, 1) -cut
representation are used to obtain the power generation of each unit. The obtained
power generation then substituted into the cost function formula to obtain the
minimum total cost of all units. All the tables and figures for all the formulas derived
in Chapter (4) are shown.

Examining the graphs, the following observations are listed:

e Table (P1-1) and4Figures (P1-1), (P1-2) and (P1-3) represent the fuzzy load at
different & -cut values for model A with 20% deviation on weekends. It is
clear that the load changes hour by hour and the left and right spread are
getting closer as & -cut increases between [0,1]. The left and right spread
varies in range during the day hours as shown in all the figures. This variation
of spread will propagate through the fuel incremental cost, the power
generations and the total minimum cost.

e Tables (P1-2) and (P1-3) show the result of the two unit generation committed
to the system for different & -cut values. Comparing Figure (P1-4), (P1-5) and
(P1-6) with Figure (4-7), (4-8) and (4-9) it is clear that the crisp value of unit 1
& 2 show more generated power at the early hours of the day until the g"
hours of the day in the weekend model than the weekdays model. The two
unit generators are generating the same power from the 8™ hour of the day
until the 15™ hour for both models. The weekend model however, is
generating less power than the weekday model from the 15™ hour until the 22™

hour of the day. After the 22™ hour both models are almost generating the
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same crisp power value except the weekday model whose upper and lower
value is much higher than the weekend model. This variation in generated
power between the two models is reflected on the total minimum cost value if
we compare Table (4-5) and Table (P1-5). The weekend winter model shows
a higher in cost value in the early morning until the afternoon than the
weekdays model. Then higher again after the 21 hour than the weekdays
model. The fuzzy approach provides all the above information to the system
operator to compare the weekdays and the weekend models hour by hour.
Table (P1-4) and Figure (P1-7) and (P1-8) show the total generation for
different & -cut values. The total power generations satisfy the equality
constraint imposed on the system in equation (4.3) where the total generation
committed is equal to the power load demand. Comparing the load demand
values in Table (P1-1) and Table (P1-4) which is the total power generation of
the two units for the weekend model we can see the equality constraints is
satisfied.

The total fuel cost of different & -cut values calculated from equation (4-31)
are shown in Table (P1-5) and a plotted graph for different & -cut values are
shown in Figures (P1-9), (P1-10) and (P1-11). The data for the weekday and
weekend fuzzy load demand provides a variety of power consideration for
planning and operation. The total minimum cost based on uncertainty in the
load demand, incremental fuel cost and power generation for each unit is
calculated for the weekend data and the weekdays data. The decision-maker
will act upon the sudden change in any of the above mentioned fuzzy
parameter.

Figure (P1-12) represents the triangular membership function of the fuzzy total
minimum cost. The figure show that at each our there is a crisp cost, left and
right cost. The left and right spread between hours are changing from wider to
a smaller spread. Clearly the variation of left and right spread is very helpful
information to know the maximum and minimum spread range of minimum

cost, power generation of each units and load demand.



Membership Function of Load Demand for (0, 0.5, 0.75, 1) & -Cut ‘

Table (P1-1)

Representation for Model “A” Weekend With 20% Deviation

M:’:::tr,::'p 'uPLoai =0 'uPLoad =03 'uPLoad =0.75 'uPLoml =1

Left | Mid | Right | Left | Mid | Right | Left | Mid | right | Left | Mid } Right

Daily Hours | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load | Load
MW | MW | MW | MW | MW | MW | MW | MW | MW | MW | MW | MW

1 329.2|776.8| 1332 | 553 | 776.8 | 1055 | 664.9| 776.8 | 915.7] 776.8 | 776.8 | 776.8
2 332.2| 710 | 1335 | 521.4] 710 | 1023 | 615.5( 710 | 866.3] 710 | 710 | 710
3 330.9 | 667.1| 1334 | 499 | 667.1 | 1001 } 583.1 | 667.1 | 833.9 | 667.1 | 667.1 | 667.1
4 331.7| 647.2| 1335 | 489.4 | 647.2 | 991 | 568.3 | 647.2 | 819.1 | 647.2 | 647.2 | 647.2
5 324.6| 639.3 | 1328 | 481.9 639.3 | 983.5] 560.6 | 639.3 | 811.4 ] 639.3 | 639.3 | 639.3
6 327.7| 642.8 | 1331 | 485.3 | 642.8 | 986.8 | 564 | 642.8 | 814.8 | 642.8 | 642.8 | 642.8
7 340.7 | 657.2| 1344 | 498.9 | 657.2 | 1001 | 578.1 | 657.2 | 828.9 ] 657.2 | 657.2 | 657.2
8 349.5 | 689.3 | 1353 | 519.4 | 689.3 | 1021 | 604.3 [ 689.3 | 855.1 ] 689.3 | 689.3 | 689.3
9 356 | 767.5| 1359 | 561.7 | 767.5 | 1063 | 664.6 | 767.5 [ 915.4 ] 767.5| 767.5| 767.5
10 3527 898 | 1356 | 625.3| 898 | 1127 | 761.7| 898 | 1012 | 898 | 898 | 898
11 360.6 | 995.1 | 1364 | 677.9| 995.1 | 1179 | 836.5 | 995.1 | 1087 | 995.1 | 995.1 | 995.1
12 365.4 | 1016 | 1369 ] 690.8 | 1016 | 1192 | 853.5| 1016 | 1104 | 1016 | 1016 | 1016
13 356.5 | 1008 | 1360 | 682.3 | 1008 | 1184 | 845.2 | 1008 | 1096 | 1008 | 1008 | 1008
14 350.8 | 977.9 | 1354 | 664.4 | 977.9 | 1166 | 821.1 | 977.9| 1072 | 977.9| 977.9| 977.9
15 350 | 940.1] 1353 | 645.1 | 940.1 | 1147 | 792.6 | 940.1 | 1043 ] 940.1 | 940.1 ; 940.1
16 335.1 | 905.1 | 1338 | 620.1 | 905.1 | 1122 | 762.6 | 905.1 | 1013 | 905.1 | 905.1 | 905.1
17 328.6|892.8| 1332 | 610.7 | 892.8 | 1112 | 751.8 | 892.8 | 1003 | 892.8 | 892.8 ; 892.8
18 319919154 1323 | 617.6 | 915.4 | 1119 ] 766.5 | 915.4 | 1017 | 915.4 | 915.4 | 915.4
19 31319151 1316 | 614.1 ] 915.1 | 1116 | 764.6 | 915.1 | 1015 | 915.1] 915.1 | 9151
20 313.8| 887 | 1317|6004 887 | 1102 ] 743.7| 887 |994.5| 887 | 887 | 887
21 310.9 | 900.2 | 1314 | 605.5 900.2 | 1107 | 752.9 | 900.2 | 1004 | 900.2 | 900.2 | 900.2
22 305.6 | 961.4 | 1309 | 633.5| 961.4 | 1135 | 797.4 | 961.4 | 1048 | 961.4 | 961.4 | 961.4
23 296 | 953.1| 1299 | 624.6 | 953.1 | 1126 | 788.8 | 953.1 | 1040 | 953.1 | 953.1 [ 953.1
24 288.3]903.7| 1291 | 596 | 903.7 | 1098 | 749.8 | 803.7 | 1001 | 903.7 | 903.7 | 903.7
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Table (P1-2)
Membership Function of Generator #1 for (0, 0.5, 0.75, 1) & -Cut
Representation for Model “A” Weekend With 20% Deviation

”:’L'm" Hp, =0 Hp,, =0.5 Hp,, =0.75 Hp,, =1

Let | Mid | Right | Left | Mid | Right | Left | Mid | Right | Let | Mid | Right

Daily Hours | PG1 | PG1 | P61 | P61 | P61 | PG1 | PG1 | PG1 | PG1 | PG1 | P61 | PGI
MW | Mw | Mw | mw | Mw | Mw | MW | MW | MW | MW | MW | MW

1 153.7 | 390.7 | 684.8] 272.2 | 390.7 | 537.7| 331.4| 390.7 | 464.2| 390.7 | 390.7 | 390.7
2 155.3 | 355.3 | 686.4| 255.3 | 355.3 | 520.8 | 305.3 | 355.3 | 438.1] 355.3 | 355.3 | 355.3
3 154.6 | 332.6 | 685.7| 243.6 [ 332.6 | 509.1| 288.1 | 332.6 | 420.9] 332.6 | 332.6 | 332.6
4 1565 | 322 |686.1]238.5| 322 {504.11280.3| 322 [413.1) 322 | 322 | 322
5 151.2| 317.9| 682.3| 234.6 | 317.9{ 500.1] 276.2| 317.9| 409 | 317.9|317.9| 3179
6 152.9| 319.7| 684 |236.3|319.7|501.9] 278 | 319.7|410.8| 319.7| 319.7| 319.7
7 159.8 | 327.3]690.9f 243.6 | 327.3 | 509.1| 285.5| 327.3 | 418.2| 327.3| 327.3 | 327.3
8 164.4 | 344,31 695.5| 254.4 | 344.3 | 519.9] 299.4 | 344.3 | 432.1] 344.3 | 344.3 | 3443
9 167.9 | 385.7| 699 | 276.8 | 385.7 ) 542.3| 331.3| 385.7 | 464 | 385.7| 385.7 | 385.7
10 166.1 | 454.8 | 697.2] 310.5 | 454.8 | 576 | 382.6 | 454.8 | 515.4) 454.8 | 454.8 | 454.8
11 170.3 [ 506.2 [ 7014} 338.3 | 506.2 | 603.8| 422.3 | 506.2 | 555 | 506.2| 506.2 | 506.2
12 1729|5174 | 704 | 3451 517.4|610.7] 431.3| 5174 | 564 | 5174 (5174|5174
13 168.2| 513.1|699.3| 340.6 | 513.1 | 606.2]| 426.9| 513.1 | 559.6 | 513.1 | 513.1 | 513.1
14 165.1|497.1]696.2] 331.1| 497.1| 596.7| 414.1| 497.1 | 546,91 497.1 | 497.1 | 4971
15 164.7} 477.11695.8{ 320.9 477.1586.5] 399 |477.1,531.8|477.1|477.1 (4771
16 156.8 | 458.6 | 687.9| 307.7 | 458.6 | 573.2] 383.1| 458.6 | 515.9 | 458.6 | 458.6 | 458.6
17 153.4|452.1|684.5| 302.7 | 452.1 | 568.3| 377.4| 452.1 | 510.2| 452.1 | 452.1 | 4521
18 148.7| 464 | 679.8| 3064 464 {571.9]385.2| 464 | 518 | 464 | 464 | 464
19 145.2(463.9 | 676.2| 304.5| 463.9 | 570.1] 384.2 ] 463.9| 517 | 463.9| 463.9|463.9
20 1456 | 449 (676.6]297.3| 449 |562.8|373.1] 449 [5059| 449 | 449 | 449
21 144 | 456 [675.1] 300 | 456 | 565.5] 378 | 456 | 510.8| 456 | 456 | 456
22 141.2 1 488.4 | 672.3] 314.8 | 488.4 | 580.3| 401.6 | 488.4| 534.4] 488.4 | 488.4 | 4884
23 1361 484 [667.2] 3101 484 |5756] 397 | 484 |[529.8] 484 | 484 | 484
24 132 | 457.8|663.1] 294.9| 457.8 | 560.5| 376.4 | 457.8 | 509.2| 457.8 | 457.8 | 457.8
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Membership Function of Generator #2 for (0, 0.5, 0.75, 1) & -Cut Representation

Table (P1-3)

For Model “A” Weekend With 20% Deviation

Membership 'uPGz=0 'uPGzzo'S ’UP(;2=0'75 ’uPGzzl
Function
Left | Mid | Right | Left | Mid | Right | Left | Mid | Right | Left | Mid | Right
Daily Hours | PG2 | PG2 | PG2 | P62 | PG2 | PG2 | PG2 | PG2 | PG2 | PG2 | PG2 | PG2
MW | MW | MW | MW | MWW | MW | MW | MW | MW | MW | MW | MW
1 175.5 | 386.1| 647.6 280.8 | 386.1 | 516.9] 333.5 | 386.1 | 451.5| 386.1 | 386.1 | 386.1
2 176.9 | 354.7| 649 | 265.8| 354.7| 501.8| 310.3 | 354.7 | 428.3 | 354.7 | 354.7 | 354.7
3 176.3 | 334.5| 648.4 | 2554 | 334.5|491.5] 295 | 334.5| 413 | 334.5| 334.5| 3345
4 176.7 | 325.2| 648.8] 250.9 | 325.2| 487 | 288 |325.2| 406.1|325.2| 325.2 | 325.2
5 173.3|321.4| 6454 247.4| 321414834 284.4 | 321.4| 4024 | 3214|3214 | 3214
6 174.81323.1|646.9 248.9| 323.1| 485 | 286 |323.1| 404 |323.1)323.11323.1
7 180.9|329.9| 653 | 2554 329.9|491.4]|292.6|329.9|410.6| 329.9| 329.9 | 329.9
8 1854 | 345 |657.1)| 265 | 345 | 501 | 305 | 345 | 423 | 345 | 345 | 345
9 188.1| 381.8 | 660.2} 284.9| 381.8 | 521 | 333.3| 381.8 | 451.4| 381.8 | 381.8 | 381.8
10 186.5| 443.2| 658.6 | 314.9 | 443.2| 550.9] 379 |443.2| 497 |443.2]443.21443.2
1 190.3 | 488.9 | 662.4| 339.6 | 488.9 | 575.6| 414.2| 488.9| 532.2| 488.9 | 488.9 | 488.9
12 192.6 | 498.8 | 664.6| 345.7 | 498.8 | 581.7 422.2| 498.8 | 540.3 | 498.8 | 498.8 | 498.8
13 188.4 | 495 | 660.4|341.7| 495 [577.7|418.3| 495 | 5364 495 | 495 | 495
14 185.7| 480.8 | 657.8| 333.2 | 480.8 | 569.3| 407 |480.8| 525 | 480.8 | 480.8 | 480.8
15 185.3| 463 | 6574 324.1| 463 | 560.2} 393.6 | 463 | 511.6| 463 | 463 | 463
16 178.3]446.5)| 650.3] 312.4 | 446.5 | 548.4| 379.5 | 446.5 | 497.5| 446.5| 446.5 | 446.5
17 175.2 440.7| 647.3| 308 | 440.7| 544 | 374.41440.7| 4924 440.7 | 440.7 | 440.7
18 171.11451.4|643.2| 311.2 | 451.4 | 547.3| 381.3|451.4| 499.3| 4514 | 4514 | 4514
19 167.9 | 451.2 | 640 | 309.6 | 451.2 | 545.6] 380.4 | 451.2| 498.4| 4561.2| 451.2| 451.2
20 168.3 | 438 | 640.4]303.1| 438 [539.2| 370.6| 438 |488.6] 438 | 438 | 438
2 166.9]444.2| 639 | 305.5|444.2| 541.6] 374.9|444.21492.9| 444.2| 444.2 | 444.2
22 164.4| 473 | 636.5|318.7| 473 |554.7| 395.9| 473 |513.9] 473 | 473 | 473
23 159.9 | 469.1| 632 | 314.5|469.1| 550.5) 391.8 | 469.1 | 509.8 | 469.1 | 469.1 | 469.1
24 156.3 | 445.9| 628.3| 301.1)| 445.9 | 537.1] 373.5[445.9 | 491.5]| 445.9 | 445.9 | 445.9
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Figure (P1-4) Fuzzy (0- & -Cut) Representation for Generation of Units (1&2)
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Figure (P1-5) Fuzzy (0.5- @ -Cut) Representation for Generation of Units (1&2)
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Table (P1-4)
Membership Function of Total Generator for (0, 0.5, 0.75, 1) & -Cut Representation
For Model “A” Weekend With 20% Deviation

g B Hp, =05 Fop, =0.75 Hp; =1
iy Hours | 6. M6 et | g [warel T Gop Juarme) S| e waerl g
mw uw | ww ww | ww ww_| ww mw_|
1 329.2|776.8| 1332 | 553 | 776.8 | 1055 | 664.9 | 776.8 | 915.7 | 776.8 | 776.8 | 776.8
2 332.2| 710 | 1335|5211 710 | 1023 } 615.5| 710 | 866.3| 710 | 710 | 710
3 330.9 ] 667.1] 1334 | 499 | 667.1| 1001 | 583.1 | 667.1 | 833.9] 667.1 | 667.1 | 667.1
4 3317 647.2| 1335 | 489.4 | 647.2| 991 | 568.3 | 647.2 | 819.1 | 647.2 | 647.2 | 647.2
5 324.6 | 639.3| 1328 | 481.9| 639.3 | 983.5} 560.6 | 639.3 | 811.4 | 639.3 | 639.3 | 639.3
6 327.7 16428 | 1331 | 485.3 | 642.8 | 986.8 ] 564 | 642.8 | 814.8 | 642.8 | 642.8 | 642.8
7 340.7 | 657.2 | 1344 | 498.9 | 657.2 | 1001 | 578.1 | 657.2 | 828.9 | 657.2 | 657.2 | 657.2
8 349.5 | 689.3 | 1353 | 519.4 | 689.3 | 1021 | 604.3 | 689.3 | 855.1 | 689.3 | 689.3 | 689.3
9 356 | 767.5| 1359 | 561.7 | 767.5 | 1063 | 664.6 | 767.5 | 915.4 | 767.5 | 767.5 | 767.5
10 352.7| 898 | 1356 | 625.3| 898 | 1127 | 761.7| 898 | 1012 ] 898 | 898 | 898
11 360.6 | 995.1 | 1364 | 677.9 | 995.1 | 1179 | 836.5| 995.1 | 1087 | 995.1 { 995.1 | 995.1
12 365.4 | 1016 | 1369 | 690.8 | 1016 | 1192 | 853.5| 1016 | 1104 | 1016 | 1016 | 1016
13 356.5| 1008 | 1360 | 682.3 | 1008 | 1184 | 845.2| 1008 | 1096 | 1008 | 1008 | 1008
14 350.8 | 977.9 | 1354 | 664.4 | 977.9 | 1166 | 821.1 | 977.9 | 1072 | 977.9 | 977.9 | 877.9
15 350 | 940.1 [ 1353 | 645.1 | 940.1 | 1147 | 792.6 | 940.1 | 1043 ] 940.1 | 940.1 | 940.1
16 335.1 [ 905.1 | 1338 | 620.1 | 905.1 | 1122 | 762.6 | 905.1 | 1013 | 905.1 { 905.1 | 905.1
17 328.6 | 892.8 | 1332 | 610.7 | 892.8 | 1112 | 751.8 | 892.8 | 1003 | 892.8 | 892.8 | 892.8
18 319.9| 9154 | 1323 | 617.6 | 9154 | 1119 | 766.5| 9154 | 1017 | 915.4 | 915.4 | 915.4
19 313.1[ 915.1 | 1316 | 614.1 | 915.1 | 1116 | 764.6 | 915.1 | 1015 | 915.1 | 915.1 | 915.1
20 313.8| 887 | 1317 | 600.4 | 887 | 1102 | 743.7| 887 | 994.5§ 887 | 887 | 887
21 310.9 | 900.2 | 1314 { 605.5 | 900.2 | 1107 | 752.9 | 900.2 | 1004 { 900.2 | 900.2 | 900.2
22 305.6 | 961.4 | 1309 | 633.5) 961.4] 1135 ] 797.4 | 961.4 | 1048 | 961.4 | 961.4 | 961.4
23 296 | 953.1| 1299 | 624.6 | 953.1 | 1126 | 788.8 | 953.1 | 1040 | 953.1 } 953.1 | 953.1
24 288.3 | 903.7 | 1291 | 596 | 903.7 | 1098 | 749.8 | 903.7 | 1001 | 903.7 | 903.7 | 903.7
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Table (P1-5)
Membership Function of Total Cost for (0, 0.5, 0.75, 1) & -Cut
Representation for Model “A” Weekend With 20% Deviation

"’;T:;{::’P e =0 He =05 j,uC =0.75| Yo =1

Left Mid | Right Left Mid | Right | Left Mid § Right | Left Mid | Right

Daily Hours | Cost Cost Cost Cost Cost Cost Cost Cost Cost Co&l Cost Cost
$h &h h &h h h &h ~h h $h &h $h

1 3028 | 8110 |16779] 5357 | 8110 {12118] 6680 | 8110 [10032| 8110 | 8110 | 8110
2 3056 | 7244 |16832| 4999 | 7244 |11624| 6084 | 7244 | 9330 | 7244 | 7244 | 7244
3 3044 | 6708 [16810] 4756 | 6708 |11288| 5702 | 6708 | 8880 | 6708 | 6708 | 6708
4 3051 | 6464 |16824| 4652 | 6464 [11143] 5532 | 6464 | 8678 | 6464 | 6464 | 6464
5 2984 | 6368 |16696] 4571 | 6368 |11030) 5444 | 6368 | 8574 | 6368 | 6368 | 6368
6 3014 | 6411 |16753] 4607 | 6411 |11080| 5483 | 6411 | 8620 | 6411 | 6411 | 6411
7 3137 | 6586 |16986] 4755 | 6586 |11287| 5644 | 6586 | 8812 | 6586 | 6586 | 6586
8 3221 | 6983 |17145| 4980 | 6983 |11598| 5951 | 6983 | 9174 | 6983 | 6983 | 6983
9 3284 | 7987 |17263| 5456 | 7987 |12254| 6677 | 7987 |10028| 7987 | 7987 | 7987
10 3252 | 9778 [17202| 6200 | 9778 |13268| 7911 | 9778 |11468| 9778 | 9778 | 9778
1 3329 |11205/17347| 6841 |11205|14132| 8916 |11205]12632[11205|11205|11205
12 3376 |11525/17435] 7002 |11525|14349| 9152 |11525|12904|11525|11525|11525
13 3289 |11402/17273] 6896 |11402|14206] 9036 |11402|12771]11402|11402]11402
14 3234 [10946|17169| 6674 | 10946|13908| 8706 |10946|12390]10946| 1094610946
15 3226 |10387 |17154] 6438 [10387]13590| 8320 |10387|11943[10387 1038710387
16 3083 | 9880 [16884] 6138 | 9880 |13184| 7923 | 9880 11482 9880 | 9880 | 9880
17 3022 | 9704 |16768| 6026 | 9704 |13032| 7781 | 9704 |11317] 9704 | 9704 | 9704
18 2940 |10028]16612] 6108 |10028]|13144| 7974 |10028|11542{10028|10028|10028
19 2876 |10024|16491| 6066 |10024]13087| 7949 |10024|11513{10024 1002410024
20 2883 | 9622 |16504] 5905 | 9622 |12867| 7676 | 9622 |11196] 9622 | 9622 | 9622
21 2856 | 9810 |16451| 5965 | 9810 |12949| 7795 | 9810 |11334] 9810 | 9810 | 9810
22 2806 {10701 /16357 6298 | 10701|13401| 8385 |10701]|12019|10701|10701{10701
23 2719 |10578|16188| 6191 {10578|13256| 8270 |10578]11885|10578(10578|10578
24 2648 | 9860 |16052| 5853 | 9860 |12797| 7756 | 9860 |11288| 9860 | 9860 | 9860
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Figure (P1-9) Fuzzy (0- & -Cut) Representation of Total Cost
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Figure (P1-10) Fuzzy (0.5- & -Cut) Representation of Total Cost
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" Figure (P1-11) Fuzzy (0.75-  -Cut) Representation of Total Cost
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