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Abstract

A new technique using a search method which is based on
fuzzy multi-criteria function is proposed for generator
maintenance scheduling which considering the air pollution.
Not only minimization of probabilistic production cost and
maximization of system reliability level but also air
pollution are considered for fuzzy multi-criteria function. To
obtain an optimal solution for generator maintenance
scheduling under fuzzy environment, fuzzy multi-criteria
relaxation method(fuzzy search method) is used. The
practicality and effectiveness of the proposed approach are
demonstrated by simulation studies for a real size power
system model.

  
1. Introdution

  The primary function of an electric power system is to
provide electrical energy to its customers as economically as
possible and with an acceptable degree of continuity and
reliability.
 It is, however, impossible to predict load exactly. A proper
supply reliability all the time is not easy. Practically, the
development of industrial utility has made the size of
generation system huge and the system structure has been
very complex. Therefore, problems about operation and
planning of generation system are complicated[1,2].
 Generator maintenance scheduling problem is an important
planning problem that effects both economy and reliability
for operation and planning of generating systems. Optimal
maintenance scheduling is able, not only to raise supply and
reserve rate, but also to postpone the period of construction
of generators. And also, construction cost of generators,
production cost and maintenance scheduling cost can be
reduced. The important point of generator maintenance
scheduling is how to choose the objective function, and until
now, maintenance scheduling problem has been built using
the following objective functions [3-5] ;

(1) Generation Cost Minimization Method
(2) Levelized Risk Method
(3) Levelized Reserve Method
(4) Multi-criteria Functions Method

Additionally, recently methods for considering the capacity
of transmission line have been proposed in [6,7].
    In the present study, we proposes the new method for
generators maintenance scheduling considering air pollution
constraint using fuzzy search method has been developed by
the authors[8-11]. It is expected that more flexible solution
can be obtained because fuzzy set theory that can reflect the
subjective decision of decision-maker is  used in this
study[7-11]. With extending the fuzzy search method  has
been already developed by the authors[8-11], generator
maintenance scheduling considering the effects of SO2  and
NOx  of air pollution of thermal power generators is proposed
in this paper. The practicality and effectiveness of the
proposed approach are demonstrated by simulation studies
of a real size power system model.

2. Fuzzy search method

 The fuzzy decision set D resulting from fuzzy sets of p
fuzzy constraints, C1,  C2,⋅ ⋅ ⋅,Cp and fuzzy sets of q fuzzy
goals , G1 ,G2 ,⋅ ⋅ ⋅,Gq is as intersection defined as follows:
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The membership function µD resulting from the membership
function of fuzzy sets of goals and constraints is defined as
follows [12]:
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where, min is an abbreviation of minimum.

  If the fuzzy mathematical programming problem consists
of finding maximum point of the membership function of
the fuzzy decision set D, the optimal solution can be
obtained as:
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Where, X*  is the optimal decision solution, and max is an

abbreviation of maximum.

The vector form in Eq.(3) can be rewritten as :
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 In order to solve this problem by using the fuzzy search
method, the principle of optimality can be applied after
Eq.(4) can be reformulated as:
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where, X : decision variable,
      F=G+C (algebraic sum of fuzzy sets)

We can rewrite Eq.(5) as:
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And, we can also rewrite Eq.(6) as:
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where, Sn= f(Sn-1, Xn-1)  n=1,2, … ..N
      S : state variable
      f : state transition function

3. The formulation based on fuzzy search method

3.1 Objective functions

(1) Minimization of probabilistic production cost F as:

∑∑
==

Φ+=

Φ
NG

i

iniiini

NT

n

iniin

UTBEA

UEFMinimize

.11

)}({

)}(,{

  [$]                (8)

where, Ai is one dimensional coefficient of fuel cost
function[$/MWh], and Bi is constant of fuel cost function[$].
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Ein : probabilistic generation energy of #i unit at #n stage
T : total period for study [hours]
i : number of the economic order of generators
ui= C1+C2+⋅ ⋅ ⋅+Ci [MW]
Ci: capacity of # i unit
u0=0
φin: effective load duration curve
qi: forced outage rate of #i unit

Given aspiration level of decision-maker for the
probabilistic production cost Eq.(8) can be represented as
fuzzy goal function form as :
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where, Z01  : aspiration level of decision-maker for the
          production cost

(2) Minimization of maximum LOLPn

 If LOLPn  presents the loss of load probability of power
system at #n stage, the objective as to minimize the LOLP
of time stage that has maximum LOLP defined as:
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And also, Eq.(10) can be to represented as fuzzy goal
function form as:

  Z2 Z02                                  (11)
where, Z02  : aspiration level of decision-maker for LOLP

(3) Minimization of maximum EDNSn

 And also, as like as the LOLP, when EDNSn presents the
expected demand not served of power system at #n stage,
the objective as to minimize the EDNS of the stage that has
maximum EDNS defined as:
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 And also, Eq.(12) can be to represented as fuzzy goal
function form as:
              

Z3 Z03                                  (13)
 where, Z03 : aspiration level of decision-maker for EDNS

(4) Minimization of air pollution
  If APn means the total air pollution of SO2  and NOx that
occurr from thermal power generators operating at #n stage,
the objective as to minimize the air pollution volume of time
stage that has maximum air pollution volume defined as:
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where, TMWi: necessary fuel consumption rate for a unit
            generating energy of the #i unit [ppm/Ton]
     SO2in: discharge density of SO2  of #i unit [ppm/Ton]
     NO2in: discharge density of NOx of # i unit [ppm/Ton]
And also, Eq.(12) can be to represented as fuzzy goal
function form as:

Z4 Z04                                  (15)
where, Z04 : aspiration level of decision-maker for air
pollution criterion

3.2 Constraints

(1) Boundary conditions
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Where, 0: zero vector
      MDi: time period asked for maintenance of #i unit

(2) Constraints for maintenance possible time period
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where, MSi : starting time for maintenance of first possible
maintenance time period of #i unit

     MFi : starting time for maintenance of last possible
maintenance time period of #i unit

(3) Maintenance crew constraint
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where, Pk : set of generators at #k generating plant

(4) Constraint of maintenance equipments
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where, k: the number of the kinds of maintenance equipment
       (k= 1,2, … ,K)
      l: number of maintenance scheduled time of # i unit
      MA k(t): amount of #k maintenance equipment
             available within #t stage
      M kli: amount of #k maintenance equipment within #l
           maintenance time period of #i unit

4. Establishment of membership functions

(1) Membership function of fuzzy set for the production cost
is defined as:
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where, µc(⋅): membership function of fuzzy set for the
           production cost
      ∆C (⋅) ={F(X(t))-Casp(t) } / Casp(t)
      Casp(t) : aspiration level for production cost at #t
             stage
      Wc : weighting factor of the membership function
          for production cost

(2) Membership functions of fuzzy set for the reliability
(LOLP, EDNS) are defined as:
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where, µR(⋅): membership function of fuzzy sets for
          reliability
     ∆R ( ⋅) ={RES(X(t))-REQ(t) } / REQ(t)
     REQ(t) : aspiration level for reliability at #t
             stage
     WR: weighting factor of the membership function
          for reliability

(3) Membership function of fuzzy set for the air pollution
criterion is  defined as:
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where, µA(⋅): membership function of fuzzy sets for
          air pollution fuzzy set
      ∆A (⋅) ={AP(X(t))-ASP(t) } / ASP(t)
      ASP(t) : aspiration level for air pollution at #t
             stage
      WA: weighting factor of the membership function
          for air pollution

5. Solution procedure by the fuzzy search method
 
Fuzzy decision set D applied to the Eq.(1) can be formulated
as:

ARRCD III 21=                            (23)
 where, C: fuzzy set for probabilistic production cost
       R1: fuzzy set for reliability LOLP
       R2: fuzzy set for reliability EDNS
       A : fuzzy set for air pollution

Therefore, using Eq.(7), we can obtain:
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 where, X(t)=X(t-1)+u(t)
       µD(X(0))=1.0
       µD(⋅) :membership function of fuzzy set for
            decision function

6. Case study

6.1 Input data

   The proposed method was applied to the recently
KEPCO system and probabilistic production cost was
calculated by the cumulant method. Fig.1 represents year
load curve which has weekly load peaks on case study year
in the KEPCO system.
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       Fig. 1. Year load curve (weekly load peaks)

 Aspiration levels and weighting factors for probabilistic
production cost, reliability and air pollution shown in Table
1 have been used for this case study.



Table 1. Input data (aspiration level & weighting factor)

aspiration weighting factor

Z01        25000[108$] 10.0

Z02 0.40[pu/week] 5.0

Z03 100000[MWh/week] 2.0

Z04 80000[108ppm/week] 5.0

Table 2 shows generator input data. Nuclear power stations
are assumed to have no air pollution.

 Table 2. Input data for generators

6.2 Output results

It can be assumed that generators start to operate in 1993
need not be maintained. Fig. 2 shows convergence of the
membership value of objective function according to
iterations. The objective function which indicate the
satisfaction degree of decision-maker converges to 0.9 after
seven iterations.
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     Fig. 2. Convergence of the objective function (µ)
  
 Also, Fig. 3 shows convergence of the value of membership
functions of production cost, reliability and air pollution
with iterations.
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     Fig. 3. Convergence of the objective function and
           membership functions with iteration
   
  In Fig. 3, the MUC, MUR1, MUR2 and MUA present
membership functions of production cost, LOLP, EDNS and
air pollution. Also, the change shapes of standard deviations
of the LOLP and EDNS with iteration are shown as in Fig. 4.
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  Fig. 4. LOLP, EDNS standard deviation with iteration

 Table 3 shows the results obtained in case of air pollution
not considered and Table 4 shows the result obtained in case
of air pollution considered. These Tables show that
maintenance scheduling of thermal type units in case of air
pollution considered occur some different from the other
case. These units are underlined in Table 4. In these Tables,
dotted lines mean the weeks of mean possible maintenance



scheduling and crosses mean the weeks of maintenance
scheduling obtained by the proposed fuzzy search method.

Table 3. Result (with no air pollution)

Table 4. Result (with air pollution)

Fig. 5 is a representation of maintenance of power and
supply reserve rates for each week. And also, comparisons
of LOLP and EDNS for each week are shown in Fig. 6.
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   Fig. 5. Maintenance powers and supply reserve rates.
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        Fig. 6. LOLP and EDNS at each week

 And, Fig. 7 shows the variation of µmax which is objective
function defining the satisfaction degree by changing the
aspiration levels. In this Fig. 7, we know that µmax value at
80000×108[ppm/Ton] of aspiration level , Z04 of air pollution
is nearly same to value at 60000×108[ppm/Ton]. Based on
this result, we can reasonably determine an aspiration level
of the membership function of air pollution fuzzy set.
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Fig. 7. Variation of µmax by changing of the aspiration levels



 Finally, comparisons of results obtained for two cases of
with air pollution, and with no air pollution are shown in
Table 5.

Table 5. Comparison of results
       Cases
Results

with no air
pollution

with air pollution

objective function
aspiration level

0.90203 0.89667

total production
 cost[109$]

2525.78 2525.27

maximum LOLP
[pu]

0.40724 0.40866

total EDNS
[MWh]

4136708 4078015

mean of supply
reserve rates [%]

10.81521 10.84839

standard deviation
of supply reserve
    rate[%]

6.37200 6.80950

7. Conclusion
  
  Using the extending fuzzy search method has already
been developed by authors[10], a new fuzzy search method
is proposed for generator maintenance scheduling
considering the effects of SO2 and NOX  air pollutions of
thermal power generators. The practicability and
effectiveness of the proposed method are demonstrated by
simulation results on real size power system model.

Main conclusions are as follows.

1. The maintenance scheduling of thermal power generators     
in case of air pollution considered is  obtained somewhat
differently from the case of air pollution not considered.

2. The maintenance scheduling of nuclear power generator is
not nearly effected in the case of the air pollution
considered.

3. It is expected that membership functions can be
reasonably obtained using µmax based on results from
sensitivity analysis as shown as in case study.

 We are going to take a plan to study on maintenance
scheduling considering transmission system and air
pollution constraint at load points in the future.
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