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ABSTRACT 

Preventive maintenance is required for all generating 

equipments in order to reduce the chances of power shortages 

and improve the overall availability of the system capacity, 

Power companies spend a lot of money every year for this 

purpose, The system reliability and operating costs of an 

electric power system are affected, wh~n the generating units 

of the system are taken out for maintenance purpose, Carefully 

optimized maintenance schedules could potentially defer some 

capital expenditure for new plants in times of tightening the 

reserve margins and allow the critical maintenance work to 

be performed which might not otherwise be done, Therefore, 

maintenance scheduling is a significant part of the overall 

operations scheduling problem, 

In this thesis, a method of maintenance scheduling 

for two interconnected power system is proposed which optimizes 

the expected savings due to energy interchanges, Random 

failures of generabing units and their effect on the incremen-

tal cost of energy production is considered, Further a fast 

method of convolution of machines outages with the system' s 

incremental costs for different loads is proposed, which is 

computationally fast, A computer programme has also been 

developed for the implementation of the proposed method, 

The method has been applied to an interconnected system 

which has one fictitious system of 4100 MW connected to a modi- 
fied IEEE Reliability Test System of 34Q0 MW capacity, The 
results for various maintenance schedules for different system 
loads are obtained, 

i 



CHAP TER I 

INTRODUCTION 

Preventive maintenance is required for all generating 

equipments in order to reduce the chances of power shortages 

and improve the overall availability of the system capacity. 

Power companies, spend a lot of .money every year for this 

purpose. In addition to these direct cost for maintenance 

purposes, there are certain indirect costs such as cost of 

replacement energy when a generating unit is out of service 

for maintenance, loss of sales, etc., which are also charged 

to maintenance. The system reliability and.operating costs 

of an electric power system are affected, when the generating 

units of the system are taken out for maintenance purposes. 

Additionally carefully optimized maintenance schedules could 

potentially defer some capital expenditure for new plants in 

times of tightening the reserve margins and allow the critical 

maintenance work to be performed which might not otherwise 

be done. Therefore, maintenance scheduling is a significant 

part of the overall operations scheduling problem. 

The importance of optimal maintenance scheduling 

problem is due to the fact th -3t system reliability and 

operating cost of an electric utilities are affected by the 

maintenance outage of generating units and its accessories. 

The task of maintenance scheduling involves specifying dates 

at which manpower is to be allocated for overhauling a 
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functional unit or a group of units in a power plant such 
that overall system security level is acceptable, cost to th0 
system is minimized and 311 or most of the constraints are 
met. The major costs which play an important role in main-
tenance scheduling are energy production cost. .3nd maintenance 
cost, The m.aintan., nce cost becomes of importance if planned 
outage durations are allowed to vary within a given limit, 
which is mainly affected by. availability of additional man- 
power either through increased stiff or overtime. 

Maintenance activities for a gonor.ating unit include 
followings. For I fossil-fueled generating unit, the major 
rn intenance activities include checkup and mainten-)nce of 
boiler and turbine. There are other checkups such as 
Reg'aiator, ge'n.)rator, scrubbers, condenser etc. For nuclear 

unit.;, reactors form the major component that needs mainte-
nance checkups:. Minor maintenance checkup activiti.,s for 
nuclear units include checkups of turbine, condenser, 

regul atoz, generator, etc. A number of uncertainties are 

involved In dealing with this long-term scheduling problem. 

These incldje load uncertainty, fuel supply and price uncer-
tainty, gone?ating unit reliability, uncertainty in resources, 
and crew availability. 

In solving any real problem with more than one solu-

tion an objective function is defined, which is either 

maximized or min .mined depending upon the objective criteria, 
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Generally, there are two objectives in the operation of an 

electric power system. These are e minimize the total 

operating costs to the utility and maximize the system 

reliability, Any one of these. two can be considered as an 

objective function for maintenance scheduling and other 

as a constraint s  Both type of the problems cost oriented as 

well as reliability oriented have been. dealt so far [. 3, 6,12 j . 

Two types of costs, are of importance, when the objective is 

to minimize the some sort of a cost #Unction. The first 

is maintenance costs and second one is production costs, 

production cost as an objective function has been used by 

Dillon 1 3 J and the results reported in the literature show 

production cost as an insensitive objective, Reliability-

oriented method fall under one of two categories: (i) deter-

ministic [6,9,12 ] and stochastic t 7 J , Deterministic 
reliability objectives try to levelize the capacity reserves 

in one way or another, But the result is not accurate be-

cause of ignoring the uncertainties in demand and generating 

unit availabilities, Stochastic method includes load un-

certainties and generating forced outages, Many researchers 

C 6,7,10,12-1 have worked on maintenance scheduling of 
generating system considering the deterministic as well as 

stochastic model of the objective functions  

Till now the research work on maintenance schedul-

ing has only been limited to a single generating system. 
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The literature 1-3cks in the methodologies for interconnected 
systems, In the present thesis a new method for maintenance 

scheduling of two interconnected powcar system is proposed. 

In interconnected system, energy interchange and displace-

ment of costly and/or scarce resources is a great concern. 

The measure of the degree of economic benefits due to such 

interconnected operation has been referred to as :Tight pool-

in' or loose pooling:'. In the proposed method the objecti.e 
function is the `'Economic benefits') due to the energy inter-

chances as a function of tie line capacity. This also 

includes the random failures of generating units and their 

effect on the incremental cost.of energy production.. 

The transfer capacity between any two systems is 

determined, by firm sales of energy, reserve sharing, 
improved stability and operation under emergencies. The 

existence of such interconnection has made the exploitation 

of maximum economy possible by joint dispatch. In these 

days of escalating fuel prices, displacement of scarce and 

expensive fuel by a more abundant fuel is of great concern, 

The aim ofthe work reported here is that of develop-

ing ing a method to schedule the generating units in a inter-

connected Dower system to maximize the expected savings due 

to energy i nt-,rch.anges . The planner would then have a 

knowledge: of an economy energy interchange 'profile over a 

review period. In addition the proposed model would did in 

the following studies : 
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(1) 	The estimation of optimum economy energy interchange 
benefits between systems. 

(ii) An ex:amin3tion of the costs associated with increas- 

ing the transfer capacity visa-vis the increase in 

expected savings, 

(iii) Effects of coal conversion and other changing genera- 

tion patterns on economy energy interchange benefits., 

(iv) Effects of load management and time zone differences 

on energy interchange benefits, 

The proposed method considers the effect;  of machine 
outages and their eff8ct on incremental cost::..;. Outages of 

machines with lower incremental cost will necessiate the use 

of more expensive generation to meet the demand, Under such 

circumstances, energy can be purchased from the neighbouring 

system if it's incremental cost 	is lower, The randomness 

between the outages of machines and the differing fuel mixes 

in the two interconnected systems are included in the proposed 

method. The essence of this method is in obtaining a bivariate 

probability distribution of the incremental costs in the two 

systems. From this distribution, the calculation of expected 

savings in production costs of the two system his been out-

lined. 

Different units in both systems are considered on 

maintenance and then the expected savings are calculated 

using the method discussed, Once the saving is calculated 
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for differant sets of unit arrangement, we compare the benefit 

for different maintenance schedules. The maintenance schedules 

which gives maximum benefit is the best schedule for mainto-

nance for the proposed time-poriod, 

In Chapter I of this dissertation, introductory part 

as well as the review of the work is discussed. In Chapter II 

terminology as well as a method for maintenance scheduling is 

discussed, which gives the maintenance scheduling of the 

generating units by levelizing the risk r 6 1 . Different 
objective functions have also been discussed. In Chapter III 

a method which calculate the economic benefits of inter-

connected power system due to interchange of energy from 

either of the system is discussed. A convolution process of 

outages of machines with hourly loads has been discussed. An 

idea of Bivariate Probability density function, which is the 

attraction of the method, to calculate the economic benefit 

has been given. The use of this bivari ate probability 

density function for two interconnected system has also been 

discussed. The use of Bivariate Gram-Charlier expansion 

(BGCE) , which is the core of the proposed method has been 

discussed. RAU et al. t14 ] have discussed this in detail. 

The use of Bivariate Gram-Charlier expansion (BGCE) is to 

modify the moments of fo(I ) (probability density function 

of incremental costs) to obtain tho moments of fn  (7 ), 

probability density function of equivalent incremental costs) 
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to include the effect of all machine outages. This is done 

by using the concept of statistical moments and Cumul ants. 

Thras the use of moments and cumulants avoid the task of having 

to keep track of a large number of impulses as discussed in 

Chapter III. From the knowledge of moments of f n(Y ), the 9PDF 
in the -y a 1b  plane is obtained from the BGC1 discussed in 
Chapter III. For a given tie line capacity; the evaluation 

of economic benefits have also been discussed. 

In Chapter IV which consist Results and Discussion, 

the result of different sets of data are given and relevant 

discussion of the result is made on the basis of the result. Di..ff 

Brent 	maintenance schedule of the units have been given. 

In addition the suggestions for the further work are given 

at the end of the Chapter. 



CHAPTER II 

GENERAL 

Maintenance scheduling now a days has become 

crucial factor, which directly affect the production. The 

maintenance scheduling for generating equipments becomes 

important in order to reduce the chances of power shortages 

and improve the overall availability of the system capacity,  

The system reliability and operating costs of an electric 

power systems are affected, when the generating units of the 

systems are taken out for maintenance purpose. Thus an 

optimal schedule which gives the minimum cost to the system 

utilities and meet the certain desired constraints is to be 

obtained to carry out scheduled maintenance. The work on 

maintenance scheduling of single generating system has al-

ready been done t6 -1 . In what follows is the description 

requires maintenance scheduling problems. 

2,1 TERMINOLOGY 

Preferrad Maintenance: 

The nominal. starting date of maintenance for a given 

generating unit, 

Preventive Maintenance: 

Regular routine or planned check ups and repair of 

generating equipment to increase the availability of the 

generating facility, 
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V 

Corrective Maintenance: 

Maintenance built into the ystern at the design stage. 

Time -Hon i zon: 

The span of time considered in a solution of the 

maintenance scheduling study, 

Time-Increment: 

Maintenance scheduling of units are schedules in 

discrete time period. This time period is known as time 

increment. 

Unit 

Device for which an outage results in a loss of 

generating reserve, For example, generators, boilers, 
turbines, auxiliary equipments -3nd tie lines 

Reserve Loss : 

A reserve loss is generally associated with each 

unit or device. This value, in megawatts, is the decrease 

in reserves during maintenance. 

Gross Reserve . 

The gross reserve in megawatts for 3 given time is 

the total installed generating capacity available during 

that time period less the peak load forecast for that time- 

period. 
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Net Reserve 

The gross reserve less the total reserve lost be 

cause of the maintenance scheduled. 

Crew of Plant 

A crew is assigned to each or device i.e. maintenance 

activity. A single crew may be responsible for maintaining 

all the units in a given plant or the units in a given area. 

Maintenance Outage: 

Occurance of an outage (planned outage) are of two 

types, firm or flexible- . 

Firm Maintenance: 

An occurance of an outage which has already taken 

place or prescheduled to begin at a specified time. 

Flexible Maintenance: 

An outage which is to be scheduled by the maintenance 

schedulinq technique. 

Resource : 

A term applied to a pool of equipment, manpower or 

other quantity which is in limited supply during e 3ch time 

increment and is shared by more than one outage. 

Frozen Time : 

The time :-lurinq which some c .ven generators can. not 

begin the maintenance. 
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Forced Outage 

When turbo-generators or boilers or other equipments 

is to be taken out of service at once or as soon as possible, 

called forced outage. The time during which unit is unavail . 

able due to forced outage is known as forced outage time., 

Time Exposed to Forced Outage 

The time on _forced outage plus the service time. 

Forced Outage Rate 

The forced outage rote for a unit is the ratio of 
forced outage time and the time exposed to the forced outage, 

Loss-of-Load Probability (LOLP) 

LOLP is the measure .of generation system reliability, 

It can be defined as the probability that the system load 

exceeds the system's available generation, LOLP does not 

give the amount of energy lost i r e, unsupplied by utility 

only says that load is exceeding generation, 

Expected Unsupplied Energy: 

The amount of energy which cannot be supplied by the 

utility during some period, To obtain EUE is more time consum-
ing than LOLP, If LDC is used to calculate the Reliability 

measure both involves the same computational efforts. 

Variable Operating Costs : 

Consists of two components i,.e.  variable 0 and M costs 
and ± el costs burnt in producing electric energy. 
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Production Cost : 

The cost of burnt fuel for producing a given amount 

of electric energy, 

Maintenance Costs : 

Maintenance cost includes two components, one  is 

fixed cost, nich is constant for an unit and other component 

is dependent on the usage of facility. Normally this compo-

nent is dependent upon the per-unit energy produced, 

Objective: 

The objective of a maintenance scheduling problem is 

to h. ve ;a I 'reliable' system with minimum operating costs to 

the utility. 

Constraints: 

There are restriction on maintenance activity which 

must be fulfilled -luring the maintenance. There are generally 

two types of constraints - 

Crew Constraints: 

Ensures that no two units of the same crew are 

scheduled for maintenance during the same time period. 

Resource Constraint: 

Ensures that more than available resource is not 

committed when planning the maintenance. 
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2 ,2 OBJECTIVE FUNCITQNS 

Whenever a problem has more than one solution there 

is an objective function to be either maximized or mi.nimi.zed. 

P%lainly there are two objective functions to the operation of 

an electric power system. These are f 

(i) Minimize the total operating costs to the utility and 

(ii) Maximize the system reliability. 

Generally the system reliability is taken as a cons- 

traint rather than an objective i.e.  to keep the reliability 

above a certain level. 

2.2.,E Cost Objective Functions : 

Two types of costs play an important role in cost 

objective function which is to be minimized. The first one 

is maintenance cost and the second one is production cost . 

The cost to maintain a generating unit has two compo-

nents i.e.  undepreci ated maintenance investment lost (MIL) 

by maintaining a unit too early and the out-of-pocket main-

tenance cost (PMC) in terms of time since previous maintenance. 

Dopazo 14j have found that the total cost is almost a 

convex function. Therefore for each unit there is an idea 
time that the maintenance should be performed. It may be 
mentioned that this objective function minimizes the main-

tenance costs but the overall. objective of operation schedul-

ing is to minimize total operating costs when maintenance cost 

is one component.; 
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production cost as an vloject ve function has been 

used by some authors E I0,6 3 production cost minimization 
requires either many approximations or heavy simulations, Yet, 

it has been seen that Production cost is an insensitive objec-

tive. In a discussion Garver, Happ, Dopazo and Morrie E  4,7 J 
indicated that the insensitivity of production cost is consis-

tent with their experience in Maintenance scheduling, Overall 
you can say that Production :cost minimization does not seems 

an effective objective function. 

2, 2. 2 Reliability Objective Functions .e 

Reliability objective function fall under one of two 
categories 

(i) Deterministic and (ii) Stochastic 

Deterministic reliability objcctives try to levclize 

the capacity reserves, It has been recognized that this 

objective does not levelize system reliability, because of 

ignoring  the uncertainties in demand and generating unit 

availabilities. 

(ii) Stochastic methods include load uncertainties and 

generating forced outages, Garver E 6 J has used the idea 
of load carrying capability to include unit forced outages;  

But, due to excessive computations, the effect of taking a 

unit out for maintenance was not considered. But Stremel E 20 
overcome this problem by using the method of cumulants, However, 

he did not consider load uncertainties.  Later on Stremel et al, 

E 19 ] in a separate paper incorporated the load uncertainty. 
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2,3 MAINTENANCE SCHEDULES TO LE1thLIZE RISK 

When scheduling generating units for maintenance, one 

of the goals is to level the risks of capacity shortages throujh-

out the year. Level reserves have been used as an indication 

of level risk. A method, i,e.' The Five step method of incor-

por.ating risk considerations into existing maintenance schedul-

ing procedures', which gives- better schedules by using effect-

ive capability t7I in place of ri5serve is described in t6 

The procedure for leveling the risks involves those five steps. 

(I) 	Compute the capacity outage table for . aa11 of the 

units in the system as would be done for a loss-of-load 

probability calculation, 

(2) Prepare to estimate the effective capability of each 

unit by fitting ,a straight line to a semi-log plot of 

the capacity outage table. 

(3) Compute the effective load - carrying capability of 

each unit using the fitted straight line, 

(4) Compute the equivalent load for each maintenance period. 

This is the single m.agnitucte which if encountered each 

day in the period would result in the same total risk 

as the varying loads actually forecast. 

(5) Schedule the maintenance to level, throughout the 
year', the equivalent Iced plus the effective capabi-~ 

lities of the units on maintenance, in place of 

leveling the reserve. 



It is clear from the literature that maintenance 

schedules prepared to levelize risk in place of levelizing 

reserves are better;  Further the stochastic models consist-

ing different uncertainties, though require large computa-

tional efforts, schedule maintenance to give more expected 

benefits 



CHAPTER III 

A METHOD TO EVALUATE ECONOMIC BENEFITS IN INTER-

CONNECTED POWER SYSTEMS 

The tie line in the case of interconnected power system 

plays an important role in the power system economy as well as 

power system reliability. The description of a method to 

calculate the economic benefits due to energy interchange, 

which takes into account the random failures of generating 

units and their effect on the incremental cost of energy produc-

t ion follows 

3•l. DESCRIPTION CF METHOD 

The basic steps of the method are given below 

3.1.1 Incremental Cost 

It is well known that incremental cost x increases with 

load and is a non-decreasing function of the load. The varia-

tions of incremental cost with load for a fictitious system 

is shown in Fig.3,l. Here the machines have been simulated 

as a multiblock units. An approximation of unit commitment 

has been made. In such an approximation, the units are loaded 

in their merit order based on their average incremental costs. 

In Fig, 3.1, the system consists seven units in their loading 

order. The incremental cost A of units have been shown to 

change at part load value points . Here the incremental cost 

X is approximated by 

\ = 	eKL 	 ... (3.1) 
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The curve ,shown l y dotted line in Fig, 3.1, represent the 

approximated incremental cost curve.  This curve can be 

obtained by using a least square method or any other curve 

fitting technique.  The eq. (3.1) may linearized by taking 

the natural log. Thus the equation is obtained as follows: 

7 a  =aa  +Y-a  La  

where ti a  loge  \ 

a = loge V1  

K = slope of the linearized curve 

L =Load 

Subscript 'a' = denotes system 1. 

In the same way for system 2. 

y b  = ab  + Kb  Lb  

... (3.. 2) 

... (3,3) 

where 7b = loge  x 

a b  = lo.ge  

Subscript 	I b, 	: denotes system 2. 

Thes- linear relations between system y S  and loads are 

shown in Fig, 3 2. 

31,2 Machine Outages 

The effect of machine outages is shown in Fig.3.2. The 

solid line of system 1 and system 2 show that all the units 

are operating. When unit 1 is taken out, the hourly loads 

that were supplied by unit 1 will now have to be supplied 
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by unit 2, and those loads that were supplied by unit 2 will 

be supplied by unit 3, etc, such a situation is shown by 

dashed line, where all the hourly ' values are increased by 

If unit 2 alone is taken out when unit 1 and others 

are operating then the hourly loads that were supplied by 

unit 1 idill be uneffected=  But the loads supplied by unit 2 

will have to be met by unit 3 and so on, Line shown by dots 

indicates this situation, where the ry values for hourly 	El 

loads > capacity of unit 1 are increased by 2, Similarly 

the . simultaneous outage of unit 1 and unit 2 will pro duce 

such a r to load rgIatdon which is parallel to the solid. 
line of system 1, but at a distance of y l  + y 2  (the y values 

of unit 1 and unit 2 above it . In the same way the process 

can be repeated for the units of system 2 also, It is diffi- 

cult to draw such type of relationship for more than two 

units as the number of combinations of machine outage states 

become very large. Here aim is to obtain a bivariate 

density for y in the interconnected system considering all 

the machine outages, From such a bivariate probability 

density function one can overcome the above difficulty, 

This process is explained as follows, 

Consider the daily hourly loads for two systems, By 

sampling the hourly load profiles every hour and assigning 

each sample equal probability (1/24 in this case) a joint 

probability mass. function is obtained as shown in Fig,3,3. 
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The solid dots represent the probability masses of 1/24 for 

a discrete bivariate probability density function of 24 

hourly loads in two interconnected system. Unfilled dots 

represent the probability masses of outages. 

The process of obtaining the joint density of equiva-

lent load is outlined in what follows Since the random 

failures of generating units are independent of system load, 

the convolution of random variable describing the outage 

capacity in terms of -r of the first machine, say in system 1 

with capacity y l  (in terms of cost), FCR = q and availability 

P will modify the joint probability density function of loads 

to result in 48 impulses, The result will be twenty four 

impulses, all in the same position as before convolution but 

with probability masses p/24 and an additional 24 impulses, 

shifted by an amount y 1  on the X-axis but retaining their 

positions on the y-axis, with probability masses q/24, In 

the same way the outage of the second unit in system 1 will 

transform the newly obtained 48 impulses into 96 impulses, 

The development for unit outages in system 2 is similar to 

that in system 1, However the impulses are instead dis-

placed in Y-axis, If there are Nl  units in system 1 and N2  

units in system 2, the total number of impulses is equal to 
Nl 	N2  

the product of load samples times 2 x 2 

N1  i, e, Total No,of Impulses = (load sample) x 2 	x 2N2 
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The bivariate probability density function of 24 hourly 

loads in two hypothetical interconnected systems is shown in 
Fig,3,3, From this BPDF, the inargihal probability density 

function of load in either system can be obtained, By using 

the eq,(3.2) and (3;3), the loads of system can be aDnverted 

into 7.  Thus the density of -y for system 1 is obtained 

and identified as f0  ('y) as shown in Fig,3. 4(a) 	A schematic 

block representation of the PDF of y for, a given pattern of 

load demand, when all the machines are in operation ,has been 

given in Fig, 3 , 4(b) 

Since the failure of unit 1 will n! 	**P 	y values 

by y 1, this effect is shown in Fig, .3 4(d) , where the whole 

density fo (7 ) is shifted to the right by y 1, Since the FCR 

of unit 1 is ql, the density of y due to loads will be 

changed to Fig.3, 4(d) , For ql  percent of time and according 

to 3.4(b) for Pl  percent of time, because (P1+ q1=1) , The 

total effect of outage of unit 1 can therefore be obtained by 

multiplying Fig. 3.4(b) by P1  and Fig, 3 4(d) by q1  and. adding 

the two to get f1  (7) in Fig.3. 4(e) . F1(7) is nothing but is 

the probability density function of load of system 1, when 

unit 1 is convolved. 

Consider the outage of unit 2, the PDF of Fig, 3, 4(e) 

is modified. to F2  (y) as shown in Fig.  3.4(h) . The outage 

of unit 2 increases they values only for loads exceeding 

the capacity of the first machine, Outage of unit 2 does. 
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not affect the y values for loads < the capacity of unit 1, 

In Fig;3, 4(g) the hatched portion indicates the uneffected 

portion of the density. The outage of unit 2 has the effect 

of shifting the PDF of Fig, 3.4(e) 	in the zone y 1  < y < ym+ y 1  

by y 2, 	This is identified as f1(7 	2) and shown in Fig, 3.4(g) 

Consider the forced outage rate of unit 2 is q2, There-

fore, multiplying Fig, 3, 4(e) in the zone y 1  < y < ym  + y l  by 

P2  and fl(-Y 	y 2) i, e, the unhatched portion of Fig.3.4(g) by 

q 2  and by adding the two one can obtain Fig, 3. 4(h) in the 

zone y 1  < y < y m  + y 1  + y 2, Thus the Fig, 3.4(h) represents 

the PDf of r, when unit 1 and unit 2 both are convolved, It 

is observed that, in the region y l  < y < ym  + 1  + y 2, Fig.  

3.4(h) is nothing but a convolution of Fig.3.  4(e) with the 

binary outage representation of unit 2, In the s•me way 

one can obtain fn(y) for an n machines system, The fn(y ) 

spans the region y = C:U to 	= ym  + 71+  y 2  + yn, consistent 

with the assumption of an infinite reserve capacity being 

available, Since the resulting fn(y) does not include the 

constant Ic, this can be corrected by altering the first 

cumulant by a . Thus the fn(y) includes the outages of all 

machines 

For example f(7) is given by 

f3(7) = Plf0(7) for 	(c,71) ... (3, 4a) 

f3(y) = P2fl(7) for y C (y 1, 7i  'r 2) ... 	(3.4b) 

f3(y) = P3f2(7) for y 
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f 3(y) = P1P2P3f0 ('f) + g1P2P3fo(y .. Z) 
+ P1g2P3fo(7 -7 2) + P1P2g3(y -ry 3) 

+ g1q2P3fo(1 -rr1_ 121+  g1P2q3fo(1- 7,1- i3) 

+ Pig2q3fo(1-- " 2-1,3)+ glq2q3f0 (1 -y 2-y 3 ) 

for -Y rc ('Yl+'r2+'T30 7m+ hl+ 12+'r3)  ...(3.4d) 

3.1.3 Application of Method to Interconnected System 

In the case of interconnected system the outages of 

machines in two systems can be considered independent while 

the loads and corresponding -y s  are correlated. The process 

of obtaining f1(y) of Fig.3,4(e) is equivalent to the appro-

priate movement of probability masses in the bivariate case. 

The outage of unit 1 increases y by y1,  therefore, the 

outage of unit 1 shifts y horizontally by y 1  shown by Un-

filled -dots in Fig.3.3. Thus the process of convolution is 

same as discussed previously. In the same way machine 

outages in system (2-) result the movement of impulses 

vertically along the direction of Y axis since the resulting 

number of impulses, -after convolution of machines of both 

system would be large, this method is generally not r4ecommend-

ed. This procedure only helps to understand the basic idea 

of bivariate probability density function. A method of 

convolution using the concept of moments and cumulants has 

been used by Rau et al. [ 13 _f . This method is discussed 
in detail at the later stage. 
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3,1.4 Fast Method of Convolution 

Here in this article the convolution of machines 

outage into the load moments have been described, Rau et al 

13 _1 have discussed a met-ko d of convolution of the outages 

of machines into loads, which is given below, Iri [ 13j 

authors considered the convolution of machines into the 

load separately for both the system, Because the equivalent 

machine moments are obtained independently for the two systems 

and then for getting the PDF of equivalent machine the convolu- 

tion process is repeated twice, In this thesis a method of 

convolution is suggested which gives the convolution of machines 

outage in both the system at the same time, Thus this method 

of convolution is faster than the method suggested by Rau et 

al t13J, 

Let us consider that f0(y) is the probability density 

function of the loads in system L =end there are three machines 

in system I where incremental costs in terms of r s  are y 1, 1  2 
and y 3  respectively, (Pl, q1) , (p2, 42) and (p3, q3  are up 

and down probabilities of machines respectively as shown in 

Fig,3,5(a) , Further, consider that the moments of f0 (y) of 

the loads of system 1 [ 13: divided into seven sub-blocks 

as shown in Fig, 3 5 (b) 

In Fig, 3, 5(b) , if the first machine whose r is divided 

into three blocks is convolved into the load of system 1 , then 

each block will be shifted by 71  as shown in Fig,3, 5(c) , Now 
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the moments of the PDf, when - first machine is convolved 

can be found as follows 

°M = Mo x Pl 

ON
2 = Mo x P1 

°M1 = Mo x Pl 

°Mi = Mo 
7 

x Pl +Zo x ql 

°Ml =M05 
ry 

x Pl + 	Zi~'Io x ql 

O l = Mo 
y 

x Pl + 	1 Mo x ql 
ry 0M7 = Mo x Pl + 	'Io x ql 

O 	 1l) M1 = ( 1 Mo + 1 Mo + 	Mo x ql 

These block wise moments are pictorially shown in Fig,3, 5(d) , 

Since the property of moment is that it can not be 

added up or substracted, hence from the moment and cumulant 

relationship the moments ire converted into cumulants and 

then they are added up, . Once the cumulants are obtained it 

can be converted into moments. In the same way when the 

second machine is convolved, the loads of first machine will 

be uneffected as explained in Fig,3, 2, is shown in Fig,3, 5(e) , 

Using the same process of obtaining the moments of PDF, when 

second machine is convolved., as discussed. above the moments 

can be find as given below, 
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o 1 	1 M2  M1  

o2 	.3 
M2 -N1  

oN3 -M2 
2 - 1 

0M2 = Mi x P2  

oM2 =M5 xP2  

y  

oM6 =M6xP2 + 2M x 

y r 
oM2 =M x P2 +I x. q2

8 7 oM  8 -- M1  x P2  + 2M6 x q2.  

0M9 = M(If  2 M  + 12Mi) x q2  

These moments of convolved PDf is shown in Fig+3.5(f) 

Similarly one by one all machines can be convolved. Thus 

if there are n machines the final moments of each sub-block 

of fn(7) can be obtained, The sum of the moments of each 

sub-block gives the moments o f fn(7) . Since the effect of 

machine outages is to change fo(7) to fn(-y) , the difference 

between the cumulants of fn(r) and f0(r) say Km(7) , represents 

the cumulants of the outage representation PDf fm(r) of a 

fictitious and hypothetical machine, If this fm(r) is 

convolved with fo(i) , fn(.y) is o bt ri.ined. From Km(y) , µm, 

the moments of fm(y) can be calculated, 

In the case of two interconnected system the moments 

of bivariate probability density function are obtained, 
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The process of obtaining the joint moments of BPDF is discuss-

ed later on. Once the joint moments of two systems are 

0 bt fined, the fm(ye) of system I machine outage is convolved 

and the the fm('b) of system 2 machine outagos is convolved 

which gives the f n(7 a 1 b) > the bivariate probability density 

function of i a and 1b 
when the machines of both systems are 

convolved. In what follows is a brief description of the 

method of convolution. 

Let X and Y be two random variables having the bivariate 

distribution f Xy(X, Y) with moments u rS, then this moment can 

be expressed. as 

(X)r(Y)S F(X,Y) 	
... (3.5) 

rS 	,.00 

in terms o f -e-xPected value-, 
this moment is given by 

... (3 6); 
u rS =E EXrYs 

Here X and Y represent two area loads in terms of cost, the 

moment P, of the joint load probability density function 
rS 	 in the two 

can be find out by eq. 3.6 The machine outages 

systems 
can be considered as random event and independent of 

the load, Let f ) (y) be the probability density function 

of the outages o f nth machines of system 1, then the convo~u- 

tion of this PDf of outage gives the PDf of equivalent load. 

Now the moments of equi' alent loads in system 1, due to the 

convolution of the PDf of outage of nth machines of system l 

are given by 
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Anew = E [(X + f (n) ) r Y3J 	 ... (37) 

r and S denotes the order of moments in system 1 and 

system 2 rempectively. The development of the above equation 

when one machine is Convolved, upto (r + S) = 3 order. is given 

below. 

I,G ew = E DX + Xl)° Y1J = E tY :. 

= µO l 

new 	 ~  I~ C'2 	=E ( + Xl,)o Y2 
J =E 	Y 2 

= {~r2 

E E(X + Xl)° Y3 	= E. [Y3 

= E E(X + Xl)1 y°:1 = E(X) + E(X1) 

=1c +p1 

u 
fleW 

	E I(X + )1) 2 Y° _I = E LX2+ Y + 2 x. Xl J 

= E(X2) + E(Xi) + 2E(X) E(Xl). 
r 

+ W 2 + 2 

new 0- 	 2 3 
u'X 	= E r(x +. X1)3 Y J = EL x3 + 3X2 Xl+ 3X X1 + X1 

= E(X3) + 3E(X2) .E(X1) + 3E(X) E(X) + E( 1) 

1 
1~3c,+ 3u 20 .M1 + 3,v1C•P 2 + JJ3 
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u llw = E [(X + X1) 1 Yl j = E( XY + X1Y) 

= E(XY) + E(X1),E(Y) 
.r 

= lc +P1 •  O1 

= E [(X + Xl)1 Y2 = E (XY2 + X1Y2 ) 

= E( XY2) + E( XiY2) 

l2 	C2 

u 21w = E E (X-F Xl) 2 Yl j _. E E(X2+2X X1 + X12) Y 1 

= E(X2Y) + M(XY) E(Xl) + E(x)E(Y) 

= 21+ 211.1'1 + "2 0-01 

These new moments of the bivariate probability density 

function can also be found by expanding the power series 

as a binomial expansion and simplifying it, as given below, 

new old r 	 ~(n) r 	 (n) 
rS = u rS + (1 ) P (r-l)S ~1 	+ ( 2 ) ~(r-2)S µ 2 

..... + µo S i~rn) 	 ... (3.8) 

where u rS are the moments of the load in terms of cost 

and µin) a.re the moments of the machines represented 
by the PDF fn, The above equation can be 

written as 

1~ 

 

r r new = 	(i) 1~ rd) S ~' in) 	 ... (3.9 ) 
1=0 

C 
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This procedure is continued for all other machines in 

system 1, Once the moments, after convolution of the 

machines of system 1 is obtained, the machines of system 2 

is convolved and the moments are obtained in the same way 

as discussed above. When the machines of system 2 is 

convolved, the moments obtained after considering all the 

outages in system 1 are further changed. according to 

ne rS 	) 
~rSw 	= L (i ) ~~~(S-i) i

n 
 1=0 

... (3.10) 

Now these new value of moments are the moments of load and 

outages combined in both systems, Thus it represent the 

moments of the bivariate density of the two equivalent loads 

i, e, f n(y 	These moments have been used in the evaluation 

of the D coefficients of the bivariate Gram Charlier Expan-

sion i d e. BGCE,which is discussed later on. Here first of 

all the machines of system A are convolved and then machines 

of system B are oonvolved separately. This method of 

convolution is used by Rau et al. [ 13 -1 . In the present 

thesis as new method of convolution in which machines of both 

systems can be convolved at the seine time have been discussed, 

which is comparatively fast as compared to E13-1. In what 

follows is a brief description of the new convolution method. 

Let us consider that X, Y are the random loads in terms 

of cost of system 1 and system 2, having the bivariate distri-

but ion f XY(X, Y) with moments ji rSe Xl, Yl are the incremental 

costs of system 1 and system 2 respectively. When the outages 
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of machines of both the systems are convolved, the moments 

of the convolved RPDF are evaluated as follows : 

1~rsW = E [(X + fmn) ()) (Y + f(n) (7b))S 	... (3.11) 

Where f(n) 
(y a) and fmn) "b are probability density function 

of n mad-hine outages in system 1 and system 2 respectively; 

Here the moments upto order 3 is evaluated 

new
E[(X+x'1)°(Y+Yl)1 	=E (Y+Yl) 

=E(Y) +E(Y1) 

i u01 + M01 

I~ne = E [(X + Xl)° (Y + Yl) 2 1 

=E [ Y2+ 2Y Y1 + Yi J 

= E(Y2) + 2E(Y) .E(Yl) + E(Y) 

02 2 1 •M01+ MC 2 

new = E [(X +  03 

= E [ Y3+ 3Y2Y1+ 3Y2Y + Y"1 J 

= E (Y3) + 3E( Y2)E(Yl) + E(Y)E(Y)±E(Y) 

= µC3+ 3u (~ 2,MC•l + 3u0;1M02+ M03 

Pli 	= E [(X + X1)1 (Y+Y1)1 

= E Ex Y + XYl+ X1Y + X1Y1 —i 

E(XY) + E(XY1) + E(X1Y) + E(X1Y1) 

= µ.11+ P"10 • N01+ µG1.1110+ M11 

t 
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pn2w 	E [ (X+ Xl)1 (Y + 

= E (XY2) + 2E(XY).E(Yl) + E(X).E(Yl) 

+ E(X1) ;E(Y2)+ 2E(Y).E(X1Y11 + E(X1Yi) 

= µl2+ 4L11•MC~1+ µ10•M02+ uC2•M10+ 2P,O1.Mll+ M12 

2l =E = E 
 

= Er (X2.+ 2X X1+ X12) (Y + vl ) 

P, 21 2P ll,M10 + C1.M 21+ '2C.~ • Mc 1 + a'1C .Mll+ P'I 21 

~ '2C`w = E (x + x1) 2 (Y + Yl)G 

= E(X2) + E( X12) + 2E(X) .E(Xl) 

k' 2C + 	ic.M1C+ M2C, 

new = EL (X + X1) 3 (Y + Y1)° ,a 

= E E x3+ 3X2x1+ 3X Xl "+ x13 J 

30 + 3µ 2C • NI le + 3u 1C • M 20 + M 

In the same fashion higher order moments can also be 

evaluated. Mrs denotes the moments of PDF of the outages of 

machines in other system, these moments Mrs can be evaluated 

as Mrs = Mr x MS, µrS. 	are the moments of fn( 'Y a y b) ' 
the bivariate probarility density function, when the 

machines of both systems are convolved into the SpDF of 

loads. These moments now can be used in BGCE to calculate 

D coefficients. 
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However it may be noted that here it is assumed that 

machine outages are independent of system loads , Further, 

the system incremental costs as well as the system machine 

outages are considered correlated. 

3.1,5 Use of Bivariate Probability Density Function to 
Calculate Economic Benefit 

The convolution of machine outages in system 1 and 

system 2 with the bivariate probability density function of 

costs of system loads is discussed., The use of moment and 

cumulent method for convolution of machines pdf is also 

described, Now the use of bivariate probability density 

function to calculate the economic benefit is discussed 

In what follows are the detailed explanation, 

k 

The plan view of B.PDF fn(1)  for two interconnected 

system is shown in Fig.3,6.  The probability associated 

with any particular values of y is represented either by 

discrete impulse (or a continuous function) normal to the 

plane of paper, fn(T) includes the effect of all machine 

outages in the two systems and load correlation between the 

two systems as discussed in the previous article. The 

function does not exist for -y values less than those corres-

ponding to the minimum loads in both systems, These zones 

are obtained from the eq.(-3.2) and (3.3) and shown 	c 

blackened in the Fig.3.6, 



LU 
I 
F- 

U- 
0 

z 
0 

H 

W 
H 
z 

U- 
0 

U) 
z 
0 LU 
U ? 
Q J 
U) 
z W 
< r 
cx W 
I- 

I.- 

o m U 
z 

w Q 
En 2 U 

0 '~ W 
3 ` ~' ccn w z z 

LU  Q 
Q d 

0 
a 
0 

0 

4-- 0 

d 

C v 
0 

0 

a 

Q 



40 

1a and 7 b  are the total incremental costs of machines 

of system 1 and system 2, The whole region in which fn(,y 

exists is divided in four parts as shown in Fig,3,6, In the 

region to the top of' -y ` = 7b line, y ,a  > 7b hence imports of 

power from system 2 to system 1 is profitable, In the same 

way below the 7 a = 1b line, r b  > 'Y  a' hence in this region 
import of power from system 1 to systeiu 2 is profitable, 
Thus in these four regions at any point the mathematical 

expectation of economic benefits can be calculated as given 

below, A summation of such benefits in the whole region of 

interest will give the mathematical expectation of savings 

due to imports and exports, This summation of benefits is 

similar to numerical integration, therefore the economic 

benefits are calculated by performing the numerical integra-

t ion.  

In the following paragraph, the explanation of 

formation of different regions in Fig, 3..6le explained. 
The point '1k' in the Fig.3, 6 indicates that two systems are 

operating at a incremental cost of -y ica  and 'Y icb respectively 
Where y ica  and 'r is b al'e the maximum value of y corresponding 

to the operating capacity of system 1 and system 2, Thus A 

is the point at which both tht systems are operating at 

their maximum incremental costs, and no assistance is 

available from either of the system, Therefore any point 

to the right of A with r a  >"y ica and  -Y b > y  icy, indicate 

failure states, in which neither system can be operated, 
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In the same way at any point (~y a y b) above the line ry a 	= y b , 

the spare or shortfall in capacity in system l and system 2 
is calculated by using eqs• (3, 2) and (3,3) as 

_ 	and y icb̀  _7 b 	
=C 	(3.12) S=a 	 b Ka 	 b 

Since the system 1 is operable only when shortfall is 

less or equal than the assistance available,, hence assuming 

that the assistance is restricted by tie line this condition 

can be expressed as 

oao (3 13) 
Ka 	Kb 

Using equality, at y a •axis, 7b = C, hence from the above 
equation, the distance XY in Fig. (3.6) is given by 

. K a XY = is a - ry a = F b 7 is b ... (3,14) 

In ,.similar way below the y , = y b line, the integration 

is performed in the region bounded by PQGB, 

If the assistance is restricted by transfer capacity of 

tie line then the region of integration will be different, 

Let us consider that maximum assistance available is T mw 

in either direction This is not necessary that this will 

be equal in both direction This assistance in th terms 

of incremental cost will be K Ta according to eq,.(30 2) ,. 

Thus if the operation of system 1 is considered at y = y . 

i.e the line XA, the assistance of TKa results in the line 
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VWC Z . , Thus the region outside of line 4C Z represents failure 

states, From the similer arguments for system 2 the 

integration has to be performed only in the region bounded 

by PQLMZC, 

3,1,6 Calculation of Economic Benefits 

The ' saving in cost due to import and, export by either 

of the system in the described region are calculated by the 

following way. 

Consider any point in the region PQLMZC above th 

y a = 	b line, 	Since in this region incremental cost of 

system 1 is higher than that of' system 2 the power is 

imported from system 2, Let this amount of power be LL, 

Due to import of power from system 2 to system 1 the incre-

mental cost of system 1 is reduced while the incremental 

cost of system 2 is increased, due to overloading of 

machines of system 2, Let the new incremental cost of 

system l' is \anew and of system 2 'bnew- Then the avoided 

fuel cost of. system 1 due to import is given by 

avoided fuel cost of system 1 = ,.Lenew 	Ka 
e 

La 

La 

• _ 	anew_ _.~__ 	 ... ( 3.15) 
Ka 

The increase in cost of system 2 

- I 
Lbflew  

b e 	b = d L _ 	Xbnew - ?b 	 ... (3.16) L 	b 	b 	Kb 
b 
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The net saving in cost is the difference between the saving 

in cost in system I and increased cost in system 2. Since 

the saving in system 1 will come negative, hence the global 

saving will be given by global saving 

K a 	`anew - 'a J + K b  L- 'bnew- X b -) 	... (3i7) 

In the same way, the global saving can be calculated 

in the bounded region of PQLMZC below the -y a  = ry b  line. Since 

in this region T b  is greater than y a  is the- power is imported 

from system 1 which result in the saving of incremental cost 

of system 2 and increased in cost of system 1. Me global 

saving can be found as given above, These global savings 

are shared between two system depending upon their agreement s  

Since here any point (y a, ry b) in the given region is 

associated with a probability, hnce tai: net saving is given 

by the summ=ation of expected saving at the points in the 

given region, as given below. 

Expected 
benefits 
in Region - L  
PQLMZC 

global savings 
at any point 
in PQLMZC 

Probability 
x value at 

that point 
Period 

k  hours 

These benefits are calculated by numerical integration. 

To Calculate the probability mass function, the 

bivari to Gram-Chartier Expansion (BGCE) has been used. 

The explaination of;-EGCE is < -givlen- -below. 
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Now having the knowledge of moments a continuous 

function can be obtained by the orthogonal polynomials, 

which is called Bivariate Gre n Chartier Expansion and 

given by 

X x 
f(Xl, X2) = 61~ 	r. 	r (_1)r+  D

r Hr S 6(Zl, Z2) ... (3. l9 ) ° l2 r =0 S =0 

where 

Crl and cr2 are standard deviations. 

is the Bivariate normal function given by 

Exp  - -` 1_- 2`_ x (Zl -2 Z Z2+ 4) J 
2rr. fl -p 2 	2(1-o ) 

with 

Xl - ul 	 x2 -p 2 Zl - - -Ul- 	and Z2 = 	G2 

Hr s ; are the Merrnite polynomials in Z1 and Z2, 

Q ; is the correlation co-efficient, 

D 	Polynomials in terms of the central moments. 

The central moments ~; rs for a discrete function arcs- given 

by 

2 (Y 	l) r(x2-0 2) S F(x1,x2) 	,.. (3.2G) 
,.1,X2.. R 

Where u 1, µ 2 are the rnears of Random variables Xl and X2 

3' e expansion of D and H co-efficients are given in L 141 

Thus from the knowledge of the moments, the probability at 



45 

any point in the 7 a' 7b plane can be obtained, using the 

eq.(3.12). 

3.1,7 Calculation ofxanE w and 'bnew 

(a) When power is imported. by System 1 from System 2 and 
Import is not restricted by tie line e 

When system 1 imports power from system '2 in that case 

the incremental cost -r a of system 1 is reduced dui: to off-

loading of machines. Similarly the increm-ntal cost of 

system 2 i.e. 7b increases due to overloading of machines. 

since there is no restriction.idf importing the power by tie 

line, the import of powar can be made such that the incre- 

mental cost of system 1, ry a = 7b' the incremental cost of 

system 2, Because for maximum gain, the machines of two 

systems must be loaded at equal incremental cost. 

Let us consider that z\L is the power imported by 

system 1, then in the case of equal loading 

.7 anew - bnew 

or 	as + 1.a(La - CIS) = a b + K b(Lb + vL) 	,. , (32i) 

From equation (3.21) 

a ~ + 1T aL a -(a b+ K bL b) = k a cL + K boL 

or 	y a -y b = oL(K a + Kb) 

 
or 	 3 22) QL _ 	___ 	 ... ( . 

( a + Kb) 
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Substituting this value of AL, in equation, the vale 

of 7 anew  and 'Y bnew is calculated as follows ; 

y  anew = as + K a(La  

= a a+ K:a 	La  _K -__-_-.. 
K.a  + K b) 

= a a+ K La  - K a  
K a  + K b  

rya -1 
= 7 a  - Ka  

'Y a0K a+ K b) 	K a(y a  

(K a  + Kb) 

7a K a  + y K b  - Ka 7a  +  K y b  

(K a  + K b) 

1a  Kb + k;a 'yb 

( x a  + Kb) 

Kb 7 5  + K;, yb 
h' +Kb  

Thus 
K b  -r .a  + K a  'yb 	

3 23 ry anew -y bnew - 	i-+ K  
a b 

From this new value of 'r anew -md  7  bnew the value of 

`anew and  Nbnew can be calculated as follows 

y anew 
'anew = e  

ry  bnew 
"bnew = e 

... (3,24) 
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Since 1 = loge X 	from equation (3, 2) 

When the import of power is restricted by thu tie line 

capacity and the incremental cost of two system can not be 

equalized in that case the value of y anew and 7 bnew is given 

by 

" anew - Ifa - KaT 
... (3.25) 

ry bngw ` 7 b + KbT 

The region where this condition holds Fooc is shown in 

Fig.3.6. 

(b) When power is imported. by System 2 from System 1 

When the power is imported by system 2 the incremental 

cost of system 2 decreases due to off-loading of machines 

and at the same time the incremental cost of system 1 increases 

due to overloading of machines, Let us consider that cL is 

the power import.~d by system 2 from 1 then the new value of 

incremental cost of system 1 and system 2 is given by 

7 anew - y bnew (For maximum gain, equal incremental 
loading) 

i.e. a + ka(La + ©L) = a b+ K b(L b- AL) 	 ... (3,26) 

From the equation (3.26), oL, can be calculated and given by 

AL _ ( _ya 	 _ 	 ... (3.27) 
(K + K b ) 
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BY substituting the value of tL in eq(326) 

7 b - ' anew  = 	a + K a(La+ 	 ) 	 •.. (:) 

.Y U  _. - 7 a  or 	7anew = 	+ K (
113

Ka + Kb 

7(K a •f Kb) + K(  7b 
' flW  - 

Ya + Kb 

+ eb + K a7b - 
anew 

E a  . Kb 

7K + K 
ly anew = 	 ... 

K a  

In the same way substituting the value of LL 7bnw can be 

calculated and given by 

ba 
'bnew =  

+Rb 

From this value of y 	 and 7bnew  the value of x 	 andanew 
>\bnew  is calculated as follows 

 - 
- e am 

anew  

x 	 - 1t hnew 
bnew -  

When the import of power is restricted by tie line capacity 

then L becomes equal to T i • e •  tie line capacity and new 

value of incremental costs of system 1 and 2 is given by 
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7  anew ° 'a + K aT 	 ... (3• 32) 

and 

1  bnew - 1b + K  bT 	 ... (3.33) 

Thus from these values % anew and  '`bnew can be calculated. 

Substituting these values of x anew and  Xbnew in equation 

(3l7),  the global savings are calculated.  

In the following Chapter this method has been applied 

to an interconnected system consisting of IEEE Reliability 

Test System and considered hypothetical system, The 

results for various maintenance sch._:dules are obtained and 

discussed. 
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CHAPTER IV 

RESULT AND DISCUSSION 

The method of convolution of probability (- nsity 

function of outages of machines of system 1 and system 2 

with Bivariate Probability density function of system loads 

have been described in Chapter III. A method of convolution 

has also been discussed which is faster compared to the 

method used by Rau et al [i3 _1 , In the present chapter 
economic benefits of two interconnecteri power system for 

different tie line opacity have been termined It has 

also been Qbtlz-* d that with increasing tie line capacity 

the economic benefit increases, . It is seen that as the 

megawatt outages of machines in both system increases the 

economic benefits decreases,  
X14. 1 	dV 	' €3 flO '. 

It is further noticed that the economic benefits are 

related with systems load, Results have been obtained for 

different set of machine outages in system 1 and system 2 

as well as for different tie line capacities 	In what• 

follows a'e the detailed descriptior:. of the system data 

as well as the result obtained 

4,1 GENT R1TIGN D1eTA FOR SYSTEM 1 AND SYSTEM 2 

The generation data of system 1 is the data of a 

CUUtdc'us system, This generating system is comprised of 

two nuclear units, 5 coal units, three oil units, four GT 



Type .of   
Unit 

--H-- 

Number of 	 Unit  
Unit 	capacity 

......... 

2 	500  

FORs 

- 

NUC 

COAL 2 	400 ,13 

COAL 1 	150 08 

COAL ! 	2 	~0 .13 

OIL 1 	1 	350 ,14 

OIL 2 	200  .1C 

GT 4 	50  •21 

HYDRO 5 	( 	100 j 	. 01 

verage incre-
ental costs 

8.2 

l756 

2C,85 

29.05 

33.17 

428o 

6 5 48 

0 
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units and five hydro units whose capacities along with FOR 

and increme' .tat costs are given in Table 4.1. The generation. 

data of system 2 have been taken from IEEE Reliability Test 

System 1 8 _1 , This system consists 32 units with installed 

capacity of 3400 mw, However, some of the capacities of the 

generating units have been rounded off. The details of this 

modified IEEE system are given in Table 4, 2. The hourly 

loads of j 8 j during the months of December to February are 

used for system 2 and those of May to July are, used for 

system 1. 

Table - 4l 

Generation Data of System 1 



NUC. 

COAL 

COAL 

COAL 

OIL 

OIL 

OIL 

OIL 

F-IYDft0 

2 	f 400 

4 	" 150 

1 	350 

4  80 

3 	i 200 

3  100 

5  10 

4  20 

E  50 

,12 5.5 
I  E 

•04 	j 10,704 

•08 10,883 

,02 13,496 

,CAS 2C , 730 
° I 

;04 20,853 

•02 25.875 

,1C 37.5 

.01 0 
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Table -- 42 

Generation Data of System 2 

Type of 	No of 	Unit capacity 	FORS average incre- 
• i unit. 	unit 	f 	01W) 	 mental cost  

32 	t 34(oo 

4. 2 MODE OF TRAM SAC TION 

Two type of agreement of sharing the economic benefit 

between system 1 and system 2 are considered, In first type 

of agreement, the economic benefit are equally divided between 

the two systems, where as in the second type of agreement the 

importing system is assumed to pay an average of the initial 

incremental costs i• e. \t = 2 (~` + kb). Where X a and 1'b 

ere the initial incremental cost of system 1 and system 2, 

Thus using the above phenomenon of sharing the economic 
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benefit, the benefit in different zones are calculated 

It may be noticed that the total economic benefits are equal 
in 

for either mode of transaction `Table 4, 4 and 4, 5 

4 3 MAINTENANCE SCHEDULE  

Three different cases of maintenance schedule have 

been:. taken and the result is iscussed 	In what follows 

are the detailed description of the result for all cases, 

431 Same outage and Different Tie Capacity 

The economic benefit, for a particular sr-,t of machines 

in system 1 and system 2 with varying tie line capacity has 

been calculated, In this case the peak load of system 1 and 

scrstem 2 are taken as 2565 MW and 2850 MW respectively, The 

details of machine on scheduled outage are given in Table: 4,3, 

Table - 43 

Machine Outage 

Unit Capacity 	No,of unit FOR 	average 

ystem 3ystem? 

tal cost 

System 

incremen-

System System 	System System 4System 
1 2 1 	2 1 	2 	? 1 t 	2 

{ 
500 10 1 	1 	1 ,18 	,02 	i 8, 2 2-5,875 

50 20 3 	4 , 21 	~ ,l0 65 ,48 S 37,5 
# y s 

System 1 Peak load = 2565 MW 
System 2 Peak load = 285i- MW 
Total MW outage in system 1 = 6')0 
Total MW outage in system 2 = 90 
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Table 4, 3 depicts the detail of the data of the 

machines taken on scheduled outage in system 1 and system 2, 

For these megawatt outage the economic benefits are calculat-

ed for different tie line capacity and given in Table 4, 4 

and Table 4, 5 , 	• 

Table - 44 

Transaction I 

No o f machines jTie Line 	Economic Ben. fit 

System System 1  (M 	
I 

	 System 1 1 	System 2 

15 27 50 ' , 681636 x 681636 x 10' 

15 27 ! 	100 21194x106• 21194x10 

15 27 200 f • 520585  x106  •520383  x 106  

15 27 i 	300 ,85181 x 106  ,83181 x 106  

15 27 4oc ,145368 x lc7  ,145368 x ic7  

15 27 500 •152359 x 10 132339 x 107  

15 
e 

27 
`s 

600 ,159614 x 107  •159614 x 107  

15 27 ' 	700 164922 x 107  .164922 x 107 



Table — 4.5 

Transaction II 

No of machines 	Tie line 	Economic Benefit 
8 ys em 	S7sTem 2 

	
(MW) 	E 	

System l~_~___~_._  

15 
	

27 
	

50 	L673794 x 105 	1 , 6d9476 x 10' 

15 27 

15 1 27 

15 27 

15 27 

15 j 27 

15 27 

15 27 

100 	1.207207 x 106 
i 
•216673 x 106 

200 ,49550E x 106 ,543,26 x 106 

300 	1 , 78949l x 10 ,92419  x 106 

400 	j ,129699 x 107 ,160657 x107 

f 	500 	t.l3056 x 107 ,170376 x 1C7 

600 	1 ,13225 x 107 , 1729 28 x 10 

700 	1 ,133693 x 107 ,176913 x 107 

The economic benefits for different tie line capacity 

given in Table 4,4,in the case of transaction I,are plotted 

in Fig, 4,1, Fig, 4,1 depicts that the benefit is increasing 

initially and after that it get saturated, The reason being 

that when tie line capacity incre=ases, the benefit increases 

till the incremental cost of system 1 is equalized to the 

incremental cost of system 2, I-' one increases the tie line 

capacity beyond this, the economic benefit being not affected, 

4 3 2 Different Maintenance Schedules 

The economic benefits for different set of schedules 

keeping the same tie line capacity are calculated for both 
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trans~.ction I and transaction II and given in Table 4, 6 and 

Table 4,7, 

'cable - 46 

No , 

 

of machines tTie line 	I 
( MW) 

Economic 	Benefit 

System 1 	System 2 System 1 System 2 

19 32 600 x 107 ,193938 1 	x 107 ,193938 

18 31 600 ,193763 x 0 1.193763 x 107 

16 29 600 ,193428 x 107 .193428 x 107 

15 29 600 ,159614 x 107 139614x 107 

15 27 600 •i59608 x 107 , i -)9 608 x 107 

Peak load of system 1 = 2565 MW 
Peak load of system 2 = 2850 MW 

Table - 4, 7 

Transaction II 

No , o' machines Tie line Economic Benefit 

System 1 System 2 (MW) System 1 System 2 

19 32 600 	,160524 x 107 ,213948 x 10 

18 31 600 	, 160375 x 107 ,21372E x 107 

16 29 600 	,160101 x 107 •213281  x 107 

15 29 6o0 	• 132239 x 10 ,171917 x 107 

15 27 600 	• 132243 x 107 •171928 x 10 
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Table 4, 6 depicts that when the number of machines 

taken cn outage increases with keeping the tie line capacity 

constant, the economic benefit decreases, It is also seen 

that the outage of large capacity unit affects more compared 

to the outage of smaller capacity units, The reason being 

that the outage of large capacity unit increases the equiva-

lent load of corresponding system, since the tie line , 

capacity is restricted, the import is not possible beyond 

the tie line capacity, Hence the extra load is to be 

supplied by corresponding system itself, hence due to over-

loading of machines the production cost is increased and 

result in decrease of the savings , s'~ 	 '~Ari y :,.  

4, 3, 3 Same Megawatt and Same Machine Outages with Inter-
change of System' s Load 

The economic benefits for a particular set of machine 

outage with interchange of system's load -.re calculated, The 

details of machine outages are given in Table 4,3 and cal-

culated economic benefit for two different syst:>m' s load 

are given in Table 4,8. 

Table 48 depicts the variation of economic benefits 

in system 1 and system 2 for the same outage megawatt with 

different peak loads, It is seen that with change of loads 

in two system the economic benefit changed due to the change 

of reserve capacity in both the systems. 
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4, 3, 4 Economic Benefit with two Different Sets of Machines 
Keeping thb Meg-watt Outage and Lo=ad Constant , 

The economic benefit, for two different set of 

machines with same megawatt outages and keeping the load of 

two system unchanged is calculated, The details of data of 

machine outage and economic benefits are given in Table 4,9 
and Table 4,10 respectively. 

Table - 499 

	

Unit capacity No 	 !verage incremen- , of unit 	FORS 	t .l cost 

System system system System System System System-  System 
1 	2 	1 	2 	1 	2 	1 	2 

400 50 1 1 ,13 .01 17.56 . c, 
1.50 10 1 4 08 02 20.83 25 , 873 

loo - 1 6 	- E 	01 - 0 

Total megawatt outage in system 1 = 650 
Total megawatt outage in cystem 2 = 	90 

Table 4, 9 and Table 4,10 give the data of machine 

outage an econom_c benefit for two different set of machine 

outage while the system loads are unchanga(, It is seen 

that for the same system loads and megawatt outage, if the 

machines on outage are diff-rent the economic benefit varies. 

The reason being aue to the different forced outage rate and 

incremental cost of the machines 
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The economic benefits are calculated for four 

different cases discussed above, andi It is seen that all the 

cases with different set of machines on outage result in the 

variation of' economic benefits, Here the aim is only to 

justify that Economic benefit changes with different set of 

machines taken on maintenance in both system, Now one can 

prepare a large number of combination of machine outage in 

both the system for maintenance purposes keeping the LOLP of 

the system at a desired value, Time period considered for 

maintenance may be weekly,rcionthly or yearly maintenance 

depending, upon utility's requirement. The maintenance 

schedule which gives the maximum benefit is the optimum 

schedule, Therefore this method of maintenance scheduling 

may prove an efficient method of maintenance scheduling in 

interconnected system, bec 	the optig¢ization of global 

benefits is nothing but the reduction in the global fuel 

cost of the interconnected system. 
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CHAPTER V 

CONCLUSION AND SUGGESTIONS FOR FURTrIR WORK 

Maintenance scheduling now-a-days has become a crucial 

factor, which directly affect the production costs, The 

maintenance scheduling for generating equipments becomes 

important in order to reduce the chances of power shortages 

and improve the overall availability of the system capacity. 

The reliability and operating costs of an electric power 

systems are affected, when the generating units Of the 

systems are taken out for maintenance purpose s  Thus the 

optimal schedule which gives the minimum cost to the generat-

ing utilities and meet the certain desiredsonstrai.nts is to 

be obtained to carry out scheduled maintenance., The maintenance 

scheduling of single generating system has already been dis-

cussed by Garver E 6:, In this thesis a method of main-
tenance scheduling for interconnected system has been dis-

cussed 

The method o -' maintenance scheduling for interconnected 

power system, proposed in this thesis, evaluates the expected 

savings in the energy production costs due to energy inter-

changes as a function of tie line capacity.  Random failures 

of generating units and their effect on the incremental cost 

of energy production are also taken into consideration, A 

detailed description of the method of convolution of machines 

outages in system's load is given in Chapter III, A new 
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method of convolution of machines outages in system's load, 

which is computationally fast, is also given. The descrip-

tion of evaluation of economic benefit in two interconnected 

system is also given in Chapter III, 

In Chapter IV the result has been taken for different 

maintenance schedule and discussed, The economic benefits 

are evaluated for different tie line capacity, It is seen 

that when the machines of different .incremental cost and 

forced outage rate are taken for maintenance the economic 

benefit vary in all the cases, for the same system loads. 

Further, when the machines of larger capacity are taken out 

the economic benefit differ by a large amount as compared to 

the scheduled removal of small capacity generating unit e  

The variation of economic benefit with interchange of system's 

load is also discussed°  From the different sets of results, 

it is clear that whenever the machines of in either or both 

systems are removed out for maintenance purpose, tie 

economic benefits differ. iowever the change in the benefits 

depend upon many functions e.g. FOR of generating units, 

systems load, incremental cost of units etc, Therefore, 

one can prepare a large: number of combination of machine 

outages for different maintenance schedule in considered 

time period. The maintenance schedule which gives the maxi-

mum economic benefit satisfying the desired constraints is the 

optimized maintenance schedule, 
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In the present thesis a fast method to find out the 

global/individual :economic benefits of interconnected system 

has been developed, This computation time reduction is 

achieved through a joint convolution technique proposed in 

the, thesis, Using a new objective function of savings 

(economic benefits) of the systems maintenance scheduling 

approach is discussed, This work may be extended by coupling 

this program with an optimization technique to find the 

optimum maintenance schedules for individual systems for 

given period of time, Further, in the present work bi-

variate joint probability density function is obtained using 

BVGCE which has its own limitation, A suitable cumulant 

method may be developed, to develop the Bivariate joint 

density function, This will increase the accuracy of the 

calculations 



APPENDIX 'A' 

EV.1LU \TION OF MOMENTS 

The expressions in this section is developed in 

terms of two general {Vs. Xl and X2 . The product moment 

of order r -+- S of two RVS Xl and X~ is defined as 

Mr S = E [x x ]  

`here the expectation is given for continuous :,3V, by the 
J 

rel ration 

E Xl X2S] = 	f$4 
SfX 

1 
,X 
2 

(Xl,X2)c,:x1.dX2 

(2) 

in which f Xl,x(., .) is the joint probability density 

function of the two RVs X1 and X2. 

For two discrete RVs, with a joint probability 

mass function PXl, X2(X1, X2 ) , one has 

E ~xl X2 ] = 	Xr x2 PX1 X2 (Xi , X2) 	... ( 3 ) 
X1, X,EJ 

Where the set J is composed of those values of X1 and X2 

such that PXX 
1' 
	
2 

(xl,X2 ) > 0. 
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The central moments of order r + S of the .CVs X1 

and X2 are defined as 

r 	 S 
)Ur,s = E ~X, - E(X1) } 	(X2-E(X~) 

o~ 
The central moment At1G and 	1 of order 	vanish. 

The central moments A 7 0 and 1 U 0 2 are, respectively, the 

variance of Xl and X2 . The central momentjU 1 is called 

the covariance of the CVs Xl and X2 . The correlation co-

efficient of two jointly distributer!. AVs with finite 

positive vari ance is defined in terms of the covariance 

as follows 

LX 11 X21  _ ..~ 	~ 	...(5) 
C-- X11 C—i X21 

where C—~X1~ 	and {7— ~X2~ are the standard deviations 

of Xl and X2 respectively. The correlation coefficient 

provides a measure of goodness of prediction of the 

value of one of the RVs on the basis of an observed 

value of the other. 
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