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ABSTRACT

Preventive maintenance is redquired 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 mainteﬁance 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 thesié; a method of maintenance scheduling
for two interconnected power system is proposed which optimizes
the expected savings due to energy interchanges, Random
failures of generating units and their effect on the incremen-
tal cost of energy production is congidered, Further a fast
method of conwlution 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 3400 MW capacity, The
results for various maintenance schedules for different system
loads are obtained,



CHAPTER 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 ceftain indirect costé 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‘dperating costs
of an electric power system are affected, when the generating
units of the system are taken out for mqinténance purposes,
Additionally carefully optimized maintenance schedules could
potentially defer some capital expenditure for new plants in
times of tightening the reserve maroins and allow the critical
maintenance work to be performed which might not otharwise
be done, Therefore, maintenance scheduling is a significant

part of the overall operations scheduling problem,

The imporfance of optimal maintenance scheduling.
problem is due to the fact thiat systém'reliability and
operating cost of an electric utilities are affected by the
maintenance outage of generating units.and its accessories,
The task of mainténance scheduling involves specifying dates

at which manpower is to be allocated for overhauling a
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functional unit or 4 group of units in 3 power plant such

that overall system Security ievel is acceptable, coét to ¢he
System is minimized and ili or most of the constraints are
met, - The major costs which play an important role in main-
tenance scheduling are energy production cost: ind maintenance
cost The maintenance cost becomes of importance if planned
outage duratlons are allow3d to vary within a given limit,
Whlch is malnly affected by availability of additional man-

power either through increasad staff or overtime,

Maintenance activities for a generating unit include
followings, For 4 fossil-fueled generating unit, the major
Taintenance activities include checkup and maintenance of

boiler and turbine, ‘There are other cheCRUps such as
Regulator, generator, scrubbers, condenser ete, For nuclear
units, reactors form the major component thit needs mainte-
nance checkups, Minor maintenance chackup activities for
nuclear units include checkups of turbinc, condensar,
regul ator, generator, etc. A number of uncertainties are
involved *n dealing with this long-term scheduling problem
These include load uncertainty, fuel supply and price wncor-
tainty, generating unit reliability, uncertaihty 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 minimiz2ed depending upon the objective criteria,
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Generally, there are two objectives in the operation of an
electric pbwervgystem, These are : minimize the total
operating costs to the utility and maximize the éystem
reliability. Any one éf these. two can be considered as an
objective function for maintenance scheduling and other

"as a constraint, Both type of the problems cost oriented as ‘
well as reliability'oriented have been dealt so far [ 3,6,12 ], |
Two types of costs are of importance, when the'objective is |
to minimize the somé sort of a cost function, The first

is maintenance 005ts and second one is production costs,
Production cost as an objective function has been used by

- Dillon [ 3] and the results reported in the literature show
production cast as an ingensitive objective, Reliability-
oriented method fall under one of two categories: (i) deter=-
ministic [ 6,9,127] and stochastic [ 7] ., Deterministic
reliability objectives try to lewvelize 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
[ 6,7,10,12_] have worked on maintenance scheduling of
generating system considering the deterministic as well as

gtochastic model of the objective function,‘

Till now the rescarch work on maintenance schedul-

ing has only bcen limited to a single generating system,
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The literature lacks in the methodologies for interconnected
systems, 1Ih the present thesis a new moethod for maintenancé
scheduling of two interconnected power system is proposed,

In interconnected system, energy interchange and diéplace-
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-
ing" or loose pooling*, 1In the proposad method the objectiwme
function is the "Economic benefits® due to the energy inter-
changes 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
oxistence 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
expansive fuel by a more abundant fuel is of great concern.

The aim of the work reported here is that of deVQlOp-.
ing a method to schadule the ge%erating units in a inter-
cennected power system to maximize the expected savings due
to energy intorchanges., 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 :



(1) The estimation of optimum economy energy interchange

benefits between systems,

(ii) An examination of the costs associated with increas-
ing the transfer capacity vis-a-vis the increase in
expected savings,

(1ii)  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”éthidérgﬁﬁbﬁ'éffecpgof machine
outages and their effect on incremehtaiiééééf?f{r'Outages of
machines with lower incremental cost will necessiate the use
of more expensive genéf%éion:to méet 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 obtiining 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 has been out-
~lined,

Different units in both systems arec considered on

maintenance and then the expected savings are calculated

ﬁsing the method discussed, Once the saving is calculated



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 mainte-

nance for the proposed time-period,

In Chapter I of this dissertation, introductory part
as well as the review of fhe work is discussed, In Chapter II
terminology as well as a method for maintenance scheduling is
discussaed, which gives the maintenance scheduling of the
gencérating units by levelizing the risk [65] . Different
objective functions have also been discussed, In Chapter III
a3 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
idesa of BiQariate Probability density function, which is the
attraction of the method, to calculate the ceconomic benefit
has been given., The use of this bivariate 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. [ 14 Jhave discussed this in detail,
The use of Bivariate Gram-Charlier expansion (BGCE) is to
modify the moments of fo<7 ) (Probability density function
of incremental costs) to obtain the moments of f_ (7,

probability density function of ecaquivalent incremental costs)



to include the effect of all machine outages, This is done
by using the concept of statistical moments and cumul ints,
Thiis 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 fn(v ), the BPDF

~in the s Yh plane is obtained from the BGCE discussed in
Chapter III, For a given tie line capacity; the evaluiation

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
disdussion of the result is made on the baéis-of the result, piff
~erent 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 1II

GENERAL

Maintenance scheduling now a days has become s
crucial factor, which directly affect the production, The
maintenance scheduling for generating equipments becomas
important in order to reduce the chances of power shortages
and imprbve the overall availability of the system capacity,
The system reliability and operating costs of an electric
powér systems are affected, when the generating units of the
systems are taken out for maintenance purpose. Thus an
bptimal schedule which gives the minimum cost to the systeﬁ
utilities and meet the certsin desired constraints is to be
obtainéd to carry out scheduled maintenance, The work on
maintenance scheduling of single generating system has al-
ready been done [6 ], In what follows is the description

requires maintenance scheduling problems,

2,1 TERMINOLOGY
Preferred Maintenance:

The nominal starting date of maintenance for a given
generating unit,
Pfeventive Maintenance:

Regular routine or planned check ups and repair of
generating equipment to increase the availability of the

generating facility.



Corrective Maintenance:

Maintenance built into the system at the design stage,
Time -Hori zon:

The span of time considered in a solution of the

maintenance scheruling study,

Time-Increment:
Maintenance scheduling of units are scheduled 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 and tie lines,

Reserve Loss ¢
A reserve loss is genarally 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 a 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 luost be

cause of the maintenaince scheduled,

Crew of pPlant ¢

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 3t a specified time,

Flexible Maintenance:

An outage which is to be scheduled by the maintenance

scheduling technique,

Rescurce :
A term applied to a pool of eqQuipment, manpower or
other quantity which is in limited supply during each time

increment and is shared by morc than one outage,

-

Frozen Time @

The time during which scme given generators can not

begin the maintenance,
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Forcedloutage : '

When turbo-generators or boilers or other equipments
is to be taken out of service at once or as soon aé possible,
called fbrced outage, The time during which unit is unavaile

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 rate 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, e, unsupplied by utility

only says that load is exceeding genération,

Expected Unsupplied Energy:

The amount of energy which cannot be supplied by the
utility during some period, To obtain EUE is more time consume
ing than LOLP, If LIC is used to calculate the Reliability

measure both involves the same computational efforts,

Variable Operating Costs :
Consists of two components i e, variable O and M costs

and fuel costs burnt in producing electric energy,
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Production Cost ¢
The cost of burnt fuel for producing a given amount

of elactric energy,

Maintenance Costs

Maintenance cost includes two components, one is
fixed cost, which 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 encrgy produced,

Objective:

The objective of a maintenance scheduling problem is
to have a 'reliable' system with minimum operating costs to

the utility.

Constraints:
There are restriction on maintenance activity which
must be fulfilled during the maintenance, There are geéncerally

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 nct

committed when planning the maintenance.
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2,2 OBJECTIVE FUNCTIONS

Whenever a problem has mere than one solution there -
is an objective function to be either maximized or minimized,
Mainly there are two objective functions 4in the oparation of

an electric power system, These are ¢

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

(i) 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,

2,2,1 Cost Objective Functicns :

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 ﬁo maintain a generating unit has twe compo-
nents i.e. undepreciated maintenance investmenf 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 {47} have found that the total cost is almost a
.convex function, Therefore for each unit there is an ided
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 cos® as an edjective function has been

used by some authers [j10,6:] Prodﬁction cost minimization
requires either many approximations or heavy simulations, Yet,
it has been seen Bhat Production cost is an insensitive objec -
tive, In a discussion Garver, Happ, Dopazo and Morrie[ 4,7 |
indicated that the insensitivity of production cost is consis-
tent with tbeir experience in Maintenance scheduling, Overall
you can say'that Procduction:cost minimization does not seems

an effective objective function,

2,2,2 Reliability Objective Functions :
Reliability objective function fall under one of two

categories

(i) Deterministic and (ii) Stochastic

Deterministic reliability objectives try to levelize
the capacity reserves, It has been recognized that this
objective does not levelize system reliability, because of
irnoring the uncertainties in demand and generating unit

availabilities,

(ii) Stochastic methods include load uncertainties and
generating forced outages. Garver [ 6 _| 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 EEK)]
overcome this'problem by using the method of cumulants,6 However,
he did not consider load uncertainties, Later on Stremel et al,

[ 19] in a separate paper incorporated the load uncertainty.
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2,3 MAINTENANGE SCHEDULES TO LEVELIZE RISK

When scheduling generating units for maintenance, one
of the goals is to level the risks of capicity shortages through-
cut the year, Level reserves have been used as an ihdication
of level risk, A method, i.e, The Five step method of incor-
porating risk considerations into existing maintenance scherlul-
ing procedures’, which gives better schedules by using effect-
ive capability [f?:]in place of r@serve is described in Eé .

The procedure for leveling the risks involves these five steps,

(1) Compute the capacity outage table for .all of the
units in the system as would be done for a loés-of—load
probability calculation,

(2) prepare to estimate the effective capability of each
unit by fittihg\a stréight iiqe to a semi-log plot of
the capacity outage tabie; |

(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 magnitude which if encountered each

day in the pe%iod would result in the same total risk

as the varying loads actually forecast,

(5) Schedule the maintenance to level, throuchout the

year, the equivalent lcad plus the effective capabi-
lities of the units on maintenance, in place of

leveling the reserve,



It is olear,from the literasture that maintenance
schedﬁles prepared to leveliée‘risk in place of levelizing
reserves are better, Further the stochastic mocdels consist-
ing different uncertainties,; theugh require large computa-
tional efforts, schedule maintenance to give more expected

benefits,



CHAPTER III

A MLTHCD TO EVALUATE ECONOMIC BENEFITS IN INTLR-
CCNNECTED POWER SYSTEMS

The tie line in the case of interconnected power system

" plays an important role in the powér 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-

tion follows,

'3 1 DESCRIPTION OF METHCD

The basic steps of the method are given below,

53.1.1 Incremental Cost

It is well known that incremental cost A increases with
load and is a non-decreasing function of the load, The varia-
tions of incremental éost with load for a fictitious system
is shown in Fig 3,1, Here the machines have been simulated
as a multiblock units_ An approximation of'unit commitment
has been made, 1In 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

N\ 1s approximated by

x =p efb ... (3.
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The curve,shown ty 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 1s obtained as follows:
Yy, =0_ +K_L L. (3.2)

where Yy = loge N

aa = 1oge e

K = slope of the linearized curve
L = Load

Subscript 'a' = denotes system 1,

In the same way for system 2,

" where Yy = 108, X
ay = logy g

Subscript 'b' ; denotes system 2,

These linear relations between system - and loads are

shown in Fig,B;Z_‘f

3,1,2 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

7y,

If unit 2 alone is taken out when unit 1 and others
are'bpefeting then the hourly loads that were supplied by
unit 1 Will be uﬁeffected, 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 ¥ values for hourly
loads > capacity of unit 1 are increased by’yz. Similarly
the simultaneous outage of unit 1 and unit 2 will produce
such a ¥y to load pelatdon which is parallel to the sclid
line of system 1, but at a distance of v, +75 (the ¥ values
of unit 1 and unit 2 above it_, 1In 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 Ivery large, Here aim is to obtain a bivariate
density for ¥ in the interconnected system ¢onsideriﬁg 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 Jjoint

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 digcrete 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 Jjoint 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 y of the first machine, say in system 1
with capacityeyl (in terms of cost), FCR = g and availability
P will modify}the Joint pfobability 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, on the X-axis but retaining their
positions on the y-axis, with probability masses q/24, 1In
the same way the ouﬁage 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
the product of load samples times ZNl X 2N2

. | Ny N2
i,e, Total No,of Impulses = (load sample) x 2 = x 2
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The bivariate probsbility density function of 24 hourly
loads 'in two hypothetical interconnected systems is shown in
Fig,3,3, From this BPDF, the margihal probability density
function'of load in either system éan be obtained, By using'
the eq,(3,2) and (3,3), the loads of system can be esnverted

into ¥ Thus the density of ¥ for system 1 is obtained

SD

and identified as fo(y) as shown in Fig.B;Q(a)' A schematic
block representation of the PDF of vy for a given pattern of
load demand, when all the machines are in operationhas been

given in Fig,3,64(b),
- <HTRAL. 1IPP*RY GRITIRINY OF ROgRL
Since the failure of unit 1 will_iﬁ@%@ﬁ@ﬁiall vy values

by T1» this effect is shown in Fig 3 4(d), where the whole
density fo(7) is shifted to the right by 7. Since the FCR
of unit 1 is 9 the density of ¥ due to loads will be
changed to Fig 3. 4(d), For 9 percent of time and according
to 3,4(b) for P, percent of time, because (Py+'Gy=1) The
total effect of outage of unit 1 can therefore be obtained by
multiplying Fig_B_h(b) by Py and Fig.B,h(d) by 9, and adding
the two to get fl(j) in Fig 3, 4(e), Fﬂy) is nothing but is
the probability density function of load of system 1, when

unit 1 is conwvolved,

Consider the outage of unit 2, the PDF of Fig, 3, 4(e)
is modified to F2(1) as shown in Fig_ 3 4(h), The outzage
of unit 2 increases the ¥ values only for loads exceeding

the capacity of the first machine, C(utage 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 porticn indicates the uneffected
portion of the density, The outage of unit 2 has the effect
of shifting the PDF of Fig,3.4(e)vin the zone v, L7 £ Tt 71

by v,, This is identified as fy(y-r,) and shown in Fig 3 4(g),

Consider the forced outage rate of unit 2 is 9, There-
fore, multiplying Fig 3 4(e) in the zone vy < Lvp g by
P, and flOr -'y2) i,e, the unhatched portion of Fig.B.h(g) by
9, and by adding the two one can obtain Fig 3 4(h) in the
zone vy £ v L7y +77 +7, Thus the Fig,B.b(h) represents
the PDf of v, when unit 1 and unit 2 bocth are convolved, It
is observed that, in the region T4 Ly Lrg + Ty + T Fig.
3.4(h) is nothing but a conwolution of Fig 3 4(e) with the
binary outage representation of unit 2, In the same way
one can obtain f (y) for an n machines system, The £ (v)
spans the regiony =0 to y = Tm YY1t Yo+ consistent
with the assumption of an infinite reserve capacity being
available, Since the resulting fn(y) does not include the
constant‘xa, this can be corrected by altering the first
cumulant by a . Thus the fn(y) includes the outages of all

machines,

For example f3(y) is given by

f3(-y) = Plfo('y) for y ¢ (C‘,'Y:L) ... (3, 42)
f3('7) = szl(')') for v G: (‘71! 71"' 72) ve e (B.Qb)
f3(7) = P3f2(7) for v & (7 1*‘7 2’7 1‘*’)’ 2"‘)"5) ‘e .(B.L‘C)
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f5(y) = P1P2P3fo(°’ ) + qlp2p3fo(v«r'1)
+ P1q293f0(7 ¥ 5) + P1P2C13(7 -'r3) |
+ A AP3E (v g~y o)+ G PLAzE (v~ v3- 73)

fory € (yy+ vt 73 v+t 7+ 7o+ 73) oo (3.4d)

2

-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 are correlated, The process
of obtaining fl(y) of Fig, 3 4(e) is equivalent to the appro-
priate movement of probability maéses in the bivariate case,
The outage of unit 1 increases ¥ by‘vl, therefore, the
outage of unit 1 shifts y horizontally by 71 shown by un-
filled dots in Fig_ 3. 3., Thus the process of convolution is
same as discusséd previously, In the same way machine
outages in system'(zj result the movement of impulses
vertically along the direction of Y axis since the resulting
nﬁmber of impulses, after convolution of machines of both
system would be large, this method is generélly'not recommend-
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 7|, 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
[ 137] have discussed a2 method of convolution of the outages
of machines into loads, which is given below, In [ 137
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 thé 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
oufage in both the system at the same time, Thus this method
of convolution is faster than the method suggested by Rau et

a1 [15 ],

Let us consider that f_ (y) is the probabidity density
function of the loads in system 1 and there are three m%ﬁhines
in system L where incremental costs in terms of Tg AT Y1y 75
and ¥ 3 respeqtively, (Pl. ql), (PZ’ q2) and (P5, q5) are up
and down probabilitieé of machines respectively as shown in
Fig.3,5(a), Further, consider that the moments of f (r) of
the loads of system 1 [ 137] divided into seven sub-blocks

as shown in Fig, 3 5(b).

In Fig,3.5(b), if the first machine whose v is divided
into three blocks is convolved into the load of systeml, then

each block will be shifted by v, as shown in Fig 3 5(c), Now



(£) %4 40 SININOW NIVLEO Ol 3FdNA3I00Ad IVOIYINNN 'S'€ Ol

(4) '3 30d 40 ¥Y3IQYO : !
YIGWNN 20189 9Nns : U

ONOTV L4IHS ' X

!
‘W X

$32078 40 SINIWOW=),
; Ziwolzmol Znalzwolzwalzwalzwal twale
«hu Nu. 40 SLNIWOW m—ZO mEOmEOwEOm—ZO ¢§Om§QN$—O _EO
iz | I Liwz Lz [ bvallwal (2)
(%-1) 5 30 sinawow 187 MNalNelNu %_NM gNO[ZO| WO
RO
////
! YO P IR AV B BT PR Y (p)
(2)! 30 sLNIWOW aNo | No|aNolsNo| +MNole Mol zMo| 1Mo
0 _T0.T0o.lo..10-To—To
("£-2)o3 10 sLNIWOW Lo Wl | g Wi | WY £ Nl 2| T (2)
L N N
N AN ~N
b > S .
€ TN //_ N
. N
NOILVLNISIHdIA XI018 02 0_2 OS_ OE 02 02 0-2 Anv
NI (L)os 40 siNIwow  |£ O[% 0|]s 0|y ‘oje"'0j2" 0|10 \
€ 11un , TN | s1un
€2 o X o 0  y38WNN X2014 L 9 S v g z | (o)
€y & % g b g |



3¢

the moments of the PDf, when-first machine is convolved

¢can be found as follows :

O,,1 1
. Ml = Mo X Pl
0,2 2
Oy, 3 3
| Ml.z IVIO X Pl
SR VL SV 0 R q
1 T o 1t o) 1
M M2 x P "2 x q
1 7 "o 1t 0 1
0,6 6 . LA
A T4
My =M/ x P + ]‘Moqu
0. 8 1.5 Y1 .6 Y1 7
M1=( M o+ Mo+ MO)qu

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 subhstracted, hence from the moment and cumulant
relationship the moments are converteﬁ into cumulaﬁts and
then they are added up, Once the cumulants are obtained it
can be converted into moments, 1In the same way when the
seéond 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,



OMZZ+ -_-le* x P,

OMZ zMi X P,

oy© :ME x P +72M4xq
o =M x P, 1 * 9%

OMZ =MZ X P +7%wz x.q,

°u3 = M x P, +721V[§ x a,

°M92 =M(Y? M?_ + 'rzM&i) x 4,

These moments of convolved PDf is shown in Fig'B;S(f),
gimilarly one by one all machines can be convolved, Thus

if there are n machines the final moments of each sub-bleock
of f (y) can be obtained, The sum of the moments of each
sub~=block gives the moment s of-_fn(»y). gince the effect of
machine outages is to change fo(-y) to fn("')’ the difference
between the cumulants Offn('r) and fo('y) say Km(-y), repreéents
the cumulants of the outage representation PDf f (r) of a
fictitious and hypothetical machine, If this fm('y) is
convolved with fo('r), f,(y) is obtained, From Km(y), (T

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 1s discuss-
ed later on, O(nce the Jolnt moments of two systems are
obtained, the f (o ) of system 1 machlne outage is convolved
and then the fmbyb) of system 2 machine outages 1is convolved
which gives the £ (7, 7y)» the bivariate probability density
function of 7, and 7y, when the machines éf 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 fXY(X,Y) with moments H,q then this moment can
. w2

be expressed as

-03 0.0] T S .
Vpg =L I (x)7 (V)" F(XY) ... (3.3)

-0 =00

in terms of—expected“valued_ﬁhis moment 1is given by

pog =E LX ¥ ] L (3.6)

"Here X and Y represent two area loads in terms of cost, the
moment U rs of the joint load probability density function

can be fing out by ed, 3.6, The machine outages in the two
systems can be considered as random event and 1ndependent of -
the load, Let f(n)(y) be the probability den51ty function
of the outages of nth machines of system 1, then the convolu-
tion of this PDf of outage gives the ppf of equivalent load,
Now the moments of equivalent loads in system 1, due to the
convolution of the ppf of outage of nth machines of system 1

are given by
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new : n 14 S | ;
pIS B (x + £P)T 3] L (3.7)
r and S denotes the order of moments in system 1 and
system 2 rerpectively, The development of the above equation
when one machine is ¢obwvlved, upto (r + S) = 3 order is given

below,

]

p e [(x o+ xl)b vl -8 [v ]

0l
=KMoz

RS —E[(x + x)° ¥ =8 [ ¥
=Moo |

pes" =B L(x + xp)° ¥l -8 [¥]

=loa

w2 s Ix o+ )t P

E(X) + E(Xl)

1
/
=Mip vH
‘néw _ . 2-.0- _ +2 2 . -
o =B L e x) Y =B Ix%e o] v 22 %
2 2
= B(x%)+ BE(X]) + 2B(X) E(Xy)
! !
“Woo + Wy + 200 Hy
new , 3 o= D 2 2
Bz =E [(x + X7 Y 4 o= EL X7+ 3x Xy+ 3¥X Xy + Xf_]

E(x?)+ 3B(X%) E(Xy) + 3E(X) B(x2) + E(X2)

_ 5 ’ Y, '
= H3a® SMpp.by + S My + g
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new - 1,1 T
by; =E L(X + X)) Y 1= E(XY + le)

#

E(XY) + E(Xy) E(Y)

N |
=M tH My

new 1.2 2 e
.
= Mot My Feo
New PR 2 1 = 2. 2
”2? - E‘E(A+ Xl) Y© | = B [(x%+2x X+ Xy )Y ]

B(x2Y)+ 2B(XY) B(xp)+ B(XD) . B(Y)

r !

]

!

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,

r r '
new_  old (n) (n)
Mrs =Pps * (1) Bpaygkr” + (o) Hir_o)g M2
e s o+ @ +“osu‘£"n) e a0 (3.8)
where ”PS are the moments of the load in terms of cost

and ugn) are the moments of the machines represented
by the PDF fn- The above eQuation can be

written as

r r
new old (n)



This procedure is continued for ail other machines in
system 1, (nce the moments, after convolution of the
machines of system 1 is obtainéd, the machines_of system 2
is convolved and the moments are obtained in the same way
as discussed above, When the maphines of system 2 is
convo}ved, the moments obtained after considering all the

outages in system 1 are further changed according to

new

r -,
S 1=0

|
™

! () wodd () ... (3.10)

r(s-i) *i
Now these new value of moments afe the moments of load and
outages combined in both systems, Thus it represent the
moments of the bivariate density of the two eguivalent loads
i,e. f(v). These moments have been used in the evaluation
of the D coefficients of the bivariate Gram Charlier Expan-
.sionvi.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 eonvolved separately, This method of
convolution is used by Rau et al, [137]. 1In the present
thesis as new method of convolution in which machines of both
systems can be conwvolved at the same time have been discussed,
which is oomparatively’fast»as.compéred to [ 137], In what
follows is a brief descriptidé.of thé,hew convolution method,
Let us consgider that X, Y are the random loads in terms
of cost of system 1 and system 2, having the bivariate distri-

but ion fo(X’Y) with moments p Xys Y, are the incremental

So
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 BPDF are evaluated as follows

s | .
U;l;w =E [(X + fr(nn) ('Ya))r (Y + fr(nn) ('yb)%) N .. (3,11)

\ .
Where frgn) (ya) and fr(nnj (v b) are probability density function
of n machine outages in system 1 and system 2 respectively‘

Here the moments upto order 3 is evaluated

0 1 - |
uas” =ELx +3)%Y + )T T=E (Y + ¥y)
=Ho1 * ¥
new o o 2
uiS = ELx + %)% (Y + )< ]

-t L[Y°% 2Y Y, +Yf]
= E(YD) 4 2E(Y).E(Y)) + E(Yf) ’

= Hoot AHapMap+ Moo

“ggw E UX «+ Xl)O(Y+Y1)3:]
N S 2
= bEvY + 3Y Yy + 3Y1Y + Yi j
2 3

=E (V) + 3B(YIE(Y)) + B(YDE(Y) +5(Y)
= Baz+ Moo Mg + HorMoot Moz
DY 2B (X + )T (v ]

11 St AL 1/

ELxY + xvp+ ¥ + x7;

E(XY)+ B(XYy)+ E(X{Y) + E(XYy)

Mo+ M

10

Hya+ Mg Moy * Mo 11
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new

2-
TR ._l

E L (x+ xl)l (Y + Y;)

B (xy9) + 2E(XY) E(Y;) + E(x),E.(Yf)

+ B( Xl) JE( YZ) + ZE(Y) ,E( XlYl'\ + E( XlYf)

M

=Myt A7 Mog+ By Moo+ BeoMygr o1 Mpp+ Myp

e . ' 2 1
Mgiw =B (X + %) (Y * v.) ]

= B[ (4 2X 3+ %2 (Y + v) ]

=Hop* 1Mo+ Mon Moy ¥ B Mgy + 34000+ My

A BT (% + x)° (Y 4 Yl)c 7]
= B(X) % B(¥°) + 25(X),E(x)

+ M

=Moot Fye-Mypt Mo

G | 3 \O =
pie” = BL(x + X)) (Y + ¥ ]

g [0+ 3x2x1+ 3% X5 4 X13 i

i

= Wz Moo My + 300 Mpp+ Mg,

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 Mr- can bevévaluated

S
as My =M, x Mg, px;gw are the moments of f, (v vy)s

the bivariate probatility density function,when’the
machines of both systems are convolved into the BPDE of
loads, These momehts now can be used 1in 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 Probablllty Denslty Function to
Calculate Economic Benefit

The convolution of machine outages in system 1 and
system 2 with the bivariate probability density function of
cQsts of system loads is discussed, The use of moment and
cumulent method for convolution of machines pdf is élso
described, Now the use of bivariate probability density
function to calculate the economic benefit is discussed,

In what follows are the detailed explanation,

The plan view of PPDF f (v) for two interconnscted
system is shown in Fig 3 6, The probahility associated
with any particular values of y 1is represented either by
discrete impulse (or a continuous function) normal to the
plane of paper, fn(y) 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 v values less than those corres-
ponding to the minimum ioads in both systems, These'zones
are obtained from the eq,(3,2) and (3.,3) and shown ¢
blackened in the Fig, 3 6,
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¥ and-yb are the total incremental costs of machines

a
of system 1 and system 2, The Whole region in which fn(7)
exists is divided in four parts as shown in Fig 3.6, In the
region to the top of‘ya =7y line, 7é > Ty hence imports of
power from system 2 to system 1 is profitable, In the same
way below the Tqa =7 line, Y b > Y hence in this region
import of power from system 1 to syétcm 2 is profitable,
Thus in these four regions at any point the méthematical
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 expeotatioh 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-

tion,

In the following paragraph, the explanation of
formation of different regions in Fig, 3,6-ig explained,
The point 'A' in the Fig;3_6 indicates fhat two systems are
operating at a incremental cost of T ica 2970 respectively
Where Y ica 204 7 {0y are the maximum value of y corresponding
to the operating capacity of system 1 and system 2, Thus A
is the point at which both the systems are operating at
their maximum incremental costs, and no assistance is
available from either of the system, Therefore any point
indicate

to the right of A with T4 >.7ica and 7y > Y ich

failure states, in which neither system can be operated
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In the same way at any point (7aj7b) above the line Yy =T pe
the spare or shortfall in capacity in system 1 and system 2

is calculated by using eas (3.2) and (3. 3) as

7 -7, Y 5 -
A8 B ¢ and Jieh __lb | C .. (3.12)
Sl Db (b, e . -

Since the system 1 is operable only when shpftfall is
less or eGual than the assistance available, hence assuming
that the assistance is restricted by tie line this condition

can be expressed as

Tiea lla g Tich T 7b (3 13)
Ka - . Kb o @ o [3

Using equality, at v _ axis, vy = C, hence from the above
equation, the distance XY in Fig (3.6) is given by

K

a 3
ica " 7a % y Yich ... (3.14)

XY =«
In similar way below the v, =17 line, the integration

is performed in the region bounced by POUGB,

If the assistance Ls restricted by transfer capscity 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 diredtion, This assistance in the terms
of incremental cost will be K T, according to eq,(3,2),
Thus if the operation of system 1 is considered at y = Y ica

i e, the line XA, the assistance of I‘K?L results in the line
. 2
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WCZ, , Thus the region outside of line WCZ represents failure
states, From the similar arguments for system 2 the

integration has to be performed only in the region bounded

by PQLMZC ,

3,1,6 Calculation of Economic Renefits
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 PUMZC above the

Y, =7y line, Since in this region incremental cost of

A
Sygtem 1 is higher than that of system 2 the power is
imported from system 2, Let this amount of power be 4L,

Due to import of power from system 2 to system 1 the incre-
mental cost of svstem 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 1*is Nonew 200 of system 2, o Then the avoided

fuel cost of system 1 due to import is given by

avoided fuel cost of system 1 = - e e a “a oL,
La Ca
N A
- ,§EEETE--§_- . (3.1%)
Ka
The increase in cost of system 2
Fonew Kby, Monew ~ Mb

=T Eb e d Lb = ST Sy T e o e (3.16)

K
Ly, . b



43
The net saving-in cost is the difference between the saving
in cost in system 1 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

. - 1 -
= Ka [xan@w -)\a—, + iz’:.; [.xbnew- 7\b.., ) (3.17)

In the same way, the global saving éan be calculated
in the bounded region of PQLMZC below the Y, =7y line, since
in this region v 1s greater than 7El;rtke power is imporfed
from system 1 which result in the saving of incremental cost
of system 2 and increascd in cost of system 1, The: global
saving can be found as given above, These global savings
are shared between two system depending upon their agreement
Since here any point (ya, 7b) in‘the given region® is
associzted with a probability, hence tae net saving‘is given ‘
by the summation of expected saving at the points in the

given region. as glven below,

Expected global savings Probability Period
benefits _ . at any point x value at hL

in Region = Y in PQLMZC that point ours
RULMZC

These benefits are calculated by numerical integration,

To calculate the probability mass function, the
bivariate Gram-Chartier Expansion (BGCE) has been used,

The explaination o¥f BGCE ds--given- below,



44

Now having the knowledge of moments 2 cont inuous
function can be obtained by the orthogonal polynomials,

which is called Bivariate Gram Chartier Expansion and

given by
(X, %X,) i S)f : (-1)T*5 p 6(2112,) (3.19)
. 42 4 p - ’ LI Y e
1742 01075 r=0 S=0 rb ro 172
where

oy and o, are standard deviations,

8(2y,2,) is the Bivariate normal function given by

1 1
d(Zlyzz) = =s-=f---= EXp [— ‘5&1‘-"2-)'- X (Ll -2 Z 22+ 22) ]
2r | 1-0
with
Zl = =ieomeT and 22 = =imemns
1 2

H : are the Hermite polynomials in Z, and Z,,

p ¢ 1is the correlation co-efficient,

: Polynomials in terms of the central moments,

The central moments “rS for a discrete function =zre gEiven

by

r Te S e " 2
brg =2 2 (q) (pwp)™ B, X)L (3,20)

Where Mys M, are the mears of Random variables Xl and X2

9%¢ cxpansion of D and H co-efficients are given in [ 14|,

Thus from the knowledge of the moments, the probability at



any point in the T T plane can be obtained using the

eq, (3.12),

3.1.7 Caleulation of n_ - and N o

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

When system 1 imports power from system 2 in that case
the incremental cost T, of systém 1 is reduced duc to cff-
loading of machines, Similarly the incremental cost of
syétern 2 1 e, Th increases due to overloading of machines,
Since there is no restriction.df importing the pow:=r by tie
line, the import of power can be made such that the incre-
mental cost of system 1, Yo =Tp 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 2L is the power import.:d by

system 1, then in the case of equal loading

Y anew ~ Y bnew

or a, + Ka(La - 2L) = Xy + Kb(Lb + L) ... (3.21)

From equation (3' 21)
o+, L, (0 + Kly) = F oL+ Kpal

or v, ~vy = AL(K, + Ky)

(v, =7y
or A =  -Peo--bo . (3.22)
(Ka + hb)
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Substituting this value of Al in eguation, the Valué

of Y anew and'7bnew is calculated as follows

Y anew = %a * Kplly — 4L)

(y ., =74)
« + ¥ L -K. -&...b
S ¢ TR
g+ By

]

t
<
e
j2y]
~~
=
13
1
!
.
=
t
~

(Ka + Kb)
_ Tala rra Ky o Koy v R vy

Thus

Ky, +K_ o

b g a’'kt ,

anew — T bnew fﬂ';?""%"" ... (3.23)
a ¥ hp

From this new value of ¥ and"bnew the value of

anew

N and A can be calculated as follows :

anew bnew

‘Y
new
x aea\,

anew ... (3,28)
N _ éybnew
new ~
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Since v = log, N from equation (3, 2)
When the import of power is restricted by the tie line
capacity and the incremental cost of two system can not be

equalized in that case the value of v and Y bnew is given -

enew
by

Y anew = Ta ~ Kal

oL (3.29)

7Mww=7b+K§

¢

The region where this cendition holds gfood is shown in

Fig 3.6,

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

When the power 1s 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 2L 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

(For maximum gain, equal incremental

i4 =«
anew bnew .
€ € lo~ding)

e, @, + K (Lo+ AL) = o+ Ki(Ly- AL) ... (3.26)

From the equation (3,26), 4L can be calculated and given by

(=7, +7y) |
A = .........‘...@n-..‘.,p.- ... (3.27)
(Ka + Kb )



By substituting the value of oL in eq (3, 26)

Yanew = Fat Kallgt —=--27) .. (3.28)
\Ja + ‘b
'Y'b - ')’3
= ' _——ee e S )
or Yonew = Ya * ha( . - )
4 + Ky
'r?\(Ka‘i' Kb) * K':{( Ty = 'Ya)
7 = - —— - - - - -
anew _ : :
B, + Ky
¥ _ Yla r A xRy m Kaa
anew . ’
Ky + By
‘Y:'lkb + Kﬁ"'b _ |
'Yanew ) _*.;{*-.‘;\;-‘-" ¢ ¢ @ (j.@)
o + ‘b

In the same way substituting the value of 2L 7 bnew can be
calculated and given by

'be' + 7, K _
. hallaTe .. (3.20)
F"a +I«b :

v bnew

From this value of v the value of xan and

an
anew 04T ppay ew

Kbnew is calculated as follows :

X _ éyanew
anew : ,
... (3.31)

X _ Y bnew
bnew =

‘When the import of power is restricted by tie line capacity
then AL becomes eqQual to T i, e, tie line capacity and new

value of incremental costs of svstem 1 and 2 is given by
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Yanew =7a * KT ... (3.32)
and J
Thnew = 7b = KpT ... (3,33)
Thus from these va}ues Kanew and Nbnew ©an be calculated,

substituting these values of N anew and Nnew 0 equation

(3,17), the global savings are calculated,

In the following Chapter this method has been applied
to an intcrconnected system consisting of IEEE Reliability
Test System and considered hypothetioal system, The
results for various maintenance sch.odules are obtained and

discussed,
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CHAPTER IV

RESULT AND DISLUSSICON

The method of Convolutiqn Qf probability censity
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 6f convolution~
has also been discussed which is faster compared to the
method used by Rau et al [ 137]. 1In the present chapter
economic benefits of two interconnecter power system for
different tie line capécity have been determined, It heas
also been nbf&ae@.that with incrensing 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, |71 3L
' SHVRAL 1¥°Y (4 IVERRTY OF RS,
. - . . GOOREE
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 differcnt tie line capacities, In what

follows a~e the detailed descriptior: of the system data

as well as the result obtained,

4 1 GENVFRATICN DATA FCR SYSTEM 1 AND SYSTEM 2
The generation data of system 1 is the data of a
“letitieus system, This generating system is comprised of

two nuclear units, 5 coal units, three oil units, four GT
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units and fiveﬂhydro units whose capacities élong with FOR
and incrementalCoéts are given in Table 4,1, The generation’
data of system 2 have been taken from IEEE Reliability Test
System ][ 8 |, This system consists 32 units with installed
capacity of 340C 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 [ & _| during the months of December to February are
used for system 2 and those of May to Jﬁiy are used for

system 1,

Table - 4.1

Generation Data.of System 1

Type of |[Number of Unit FORS Average inCre—‘
Unit Unit capacity mental costs.
(Mw)
-— i B et e et et e a e ] — it gk uu-.---’-u :
NUC - 2 500 .18 8.2
CCAL 2 400 ,13 17,56
COAL 1 15¢ 08 20,85
COAL | 2 250 13 29.05
i
OIL 1 35C L4 33,17
| I
0IL _ 2 (200 10 42,80
GT i 50 o 5,48
. i
HYDRO b, 100 .01 C
19 4200
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Table - 4 2

Generation Data of System 2

§ § . . %AVera,e incre-
Tyﬁii@f % it é Unl?m%§paclty f oS %@enta% cost
NUC. : 2 § 4OO 12 | 5.5
COAL i 4 b 150 | Ok g 10,704
COAL f 1 L 350 © 08 10,883
com ;4 ' g0 |02 13,006
oL é 3 i 200 L o5 % 26730
OIL i 3 " 100 ob | 20,853
0IL i 5 10 .02 E 25,875
01IL A 20 ! 10 375
HYDRO } € 50 P 0

RS
\®

L3400 :

i

4,2 MODE OF TRANSACTICN

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 averzage of the initial
incremental costs i, e, Ay = % (\a + xb). Where N, and xb
are 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 totgl economic benefits are oqual
for either mode of transactionl%able 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,

4 3 1 Same (utage and Different Tie Capacity

The economic benefit, for a particular set of machines
in gystem 1 and system 2 with varying tie line capacity has
been calculated, 1In this case the peak load of system 1 and
svstem 2 are taken as 2565 MW and 2850 MW respectively, The

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

Table - 4 3

Machine Outage

Unit Capacity {No ,of unit FOR 1VGrége incremen-
‘ ; ' tal cost

e , ; )

System | System jSystem iSystem [System System! System j System
1 2 1 2 - 2 1 2

15 * i

500 10 P 1 ', lo2 i &2 {2587

50 20 3, 4 (.21 110 65,45 37,5
‘ ] x § -

System 1 Peak load = 2565 MW
gystem 2 Peak load = 285{. MW
Total MW outage in system 1 = 650

90

Total MW outage in system 2
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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 econcmic benefits are calculat-
ed for different tie line capacity and given in Table 4 4

and Table &4 5, .

4

Table - 4 4

Transaction I

I | D

No,of machines (Tie Line Economic Bencfit
syftem .Sy%tem ’(MW) | 'System 1 % System 2
' i 1
15 27 50 681636 x 107 | €61636 x 10’
15 2| 100 21194 x 10> |, 21194 x 16°
15 27 | 200 520585 x10° % 520565 x 10°
15 o é 300 835181 x 10° | .833181 x 10°
15 é 7 ; 4oG | 145368 x 107 ? 145368 x 107
15 L 27 500 %,152359 » 107132359 x 107
15 i 27 2 600 %,159614 x 107 % 159614 x 107
15 ! 27 L 700 \ 161922 x 107 | .164922 x 107
: ; ]
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Table - 4.5

Transaction IT

No, of machines Tie line Economic Benefit

dystem I gystem 2 (MW) System 1 System 2
15 | 27 50 673794 x 107 | 689475 x 10
15 27 100 207207 x 10° | 216673 x 10°
15 27 : 200 Lh935506 x 106 543326 x 106
15 27 300 {.789401 x 10° | 926419 x 107
15 |2 Wwo  |.129699 x 107 1 ,160657 %107
15 |2 500 130536 x 107 | .170376 x 1c7
15 27 600 13225 x 107 172928 x 107
15 27 700 |.133693 x 107 | 176913 x 107

1 o | i

The economic benefits for different tie line capacity
given in Tahle 4 4,in the case of tfansaction Isare 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 increases, the benefit increases
till the incremental cost of system 1 is egualized to the
incremental cost of system 2, If one increases the tie line

capacity beyond this, the economic benefit being not affected,

L 3 2 pifferent Maintenance Schedules

The economic benefits for different set of schedules

keeping the same tie line capacity are calculated for both



o

transaction I and transaction II and given in Table 4,6 and

Table 4.7,

Tahle - 4 6
No, of machines Tie line Economic Benefit
System 1 System 2 (MW) Sysfem 1 System 2
19 32 600 1193938 x 107 |.193938 x 107
18 31 600 1193763 x 107 | .193763 x 107
16 29 600 193428 x 107 |.193428 x 107
15 29 600 159614 x 107 ‘139614‘x>107
15 27 600 159608 x 107 | 139608 x 107
Peak load of system 1 = 2565 MW
Peak load of system 2 = 2850 MW

Table - 47

Trangaction IT

No, of machines Tie line Economic Renefit
System 1 System 2 (Mw) System 1 S;s‘temZ -
19 32 600 160524 x 107 213948 x 107
18 31 600 160375 x 107 213726 x 107
16 29 6C0 .160101 x 107 ,213281 x 107
15 2 600 132039 x 107 171917 x 107
15 o7 600 132243 x 107 171928 x 107
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Table 4,6 depicts that when the number of machines
taken cn outage increases with keeping the tie line capaecity |
constant, the economic bencfit decreases, It is also seen
that the outage of large capacity unit affects more compargd
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 ﬁroduction cost is increased and

result in decrease of the savings, I ay ¥ e
Bt NPy B Lo

T . b

4 3,3 Same Megawatt and S=ame 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 are calculated, The
details of machine‘outages are given in Table 4 3 and cal-
culated economic benefit for two different svstemt's load

are given in Table &4 8,

Table 4,8 depicts the variation of economic benefits
in system 1 and system 2 for the same cutage megawatt with
different péak loads, It is see¢n 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 Bconomic Renefit with two Different Sets of Machines

The economic benefit,

for two different set of

Keeping thé Megawatt Outage and Lo=d Cconstant |

machines with same megawatt outages and keeping the load of.

two system unchangzed 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

S e . . Lvera i )mA n.:‘:~
Unit capac;ty ‘NP, of unit FORs vat;%ecéggra €
system'§§£E55M§§§E56”§§AEE$“'5§stem System Sys%gﬁﬂ~'3§éfé&%mw

1 2 1 2 1 2 1 : 2
40O 50 1 1 13 | .ol 17.56 e
150 10 1 4 .08 .C2 20,85 25,875
100 - 1 - Noal - 0 -
Total megawatt outage in system 1 = €50
Total megawatt outage in system 2 = 90

Table 4,9 and Table 4,10 give the data of machine
outage an< econom:ic benefit for two different set of machine
outage while the system loads are unchangec, it is seen
that for the same system loads and megawatt outage, if the
machines on outage are diffqrenf the economic benefit varies,

The reason being «ue to the different forced outage rate and:

increment2l cost of the machines,
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The economic benefits are calculated for four
different cases discussed above, andift 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 wifh 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 6f
the system at a desired value, Time period considéred for
maintenance may be weekly,monthly or yeérly'maintenance
~ depending upén 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, becnuse the optimization of global
benefits is nothing but the recuction in the global fuel

cost of the interconnected system,
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CHAPTER V
CONCLUSION AND SUGGESTIONS FOR FURTHER WORK

Maintenance scheduling now-a-days has become a crucial
factor, which directly affect the production costs, The
maintenance scheduling for gencrating equipments becomes
important in order to reduce the chances of power shortages
and improve the overall availability of the system capgéity‘
The reliability and operating costé of an electric powér
svstems are affected, when the generating uqits éf the
svstems are taken out for maintenance purpose, Thus the
optimal schedule which gives the minimum cost to the generaf—
ing utiiities and meet the certain desired”aonstrﬁints is to
be obtained fo carry out scheduled maintenance, Thé maintenance
scheduling of single generating system has already been dis-
cussed by Garver [ 6 ], In this thesis a method of main-
tenance scheduling for interconnscted system has becen dis-

cussed,

The method o€ maintenance scheduling for interconnected
power system, proposed in this thesis, evaluates the e¢xpected
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 producfion 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 conwlution 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,

TIn Chapter IV the result has been taken for different
maintenance schedule and discussed, The ;oonomic bene fits
are evaluated for different tie line capacity, It is séen
that when the machines of different.ihcremental cost and
forced outage rate are taken for maintenanée the economic
benefit vary in all the cases, for thé samebsystem loads,
Further, when the machines of larger capacity are taken out
the economic benefit diffgr by a large amount as compared to
the scheduled removal of small capacity generating unit,

The variation of economic benefit with interchange of éystem's
load is also discussed, From the different sets of results,
it is clear that whenever the machincs of in either or both
systems are removed out for maintenance purpose, tae
economic benefits differ, However the change in the benefits
depend upon many functions e, g, FOR of genzrating units,
systems load, incremental cost of units etc, Therefbre,

one can prepare a large number of combination of machine
outages for different maintenance schedule in considered

time period, The naintenance 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 2 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 tecﬁnique 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 prese¢nt work bi-
variate Jjoint probability density function is obtained using
BVGCE which has its own limitation, A suitable cumulant
method may be developed to develop the Rivariate Jjoint
density function, This will increase the accuracy of the

calculations,
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APPENDIX 'A!

EVALUATION OF MOMENTS

The expressions in this section is developed in
terms of two general RVs, Xl and X2. The.product moment

of order r + S of two RV Xl and XQ is defined as

S

. s |
mos=E [ %] - (D)

Yhere the expectation is given for continuous 3V, by the

-t

relation
oo o2
- T S _ . T S - R )
- [Xi X?;l - I/ X1 % tx.x, (X}, %)X .dX,
e e e (2)

in which le,Xé(.,.) is the joint probability density

function of the two RVg Xy and X, ,

For two discrete RVg, with a joint probability

mass function le’x2(Xl,X2), one has

28] =5 05 Py, U] e (3

X, X,E

Where the set J is composed of those values of X, and X,

such that le,xz(xl’xz) > 0,



69

The central moments of order r + 3 of the RVS Xl

and X2 are defined as

T S
= - F 7 \ -l 3
Mr,s E [(Xl ]:(Xl)j— (%) -E(%;)
| . (4)
one
The central moment AL . and AL of order e vanish,
1,0 0,1 _ A
The central moments AL and AL _ are, respectively, the
, 2,0 0,2
variance of Xy anc! X2, The central moment/L&i’l is called
the covariance of the RVS Xl an- X2. The correlation co-
efficient of two jointly distributer RVS with finite
positive variance is defined in terms of the covariance
as follows :
' A 5
gix x] = . .5
L2 e
siX] e *%] -

where ¢3J[X£} and 5—-{35] are the standard deviations
of X, and X, respectively. .The correlation coefficient
provides a meaéure‘of grodness of prediction of the
value of one of the RV, on the basis of an sbserved

value of the other,
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