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ABSTRACT

Tlhe thesis is mainly concerned with the derivation ‘and1
applic;atiOns of optimum bus load inc;emental cogtg at all system buses.
For a completely lossless system it is shown that at lea ne act
transmission constraint is sufficient to bring about a large ity
between the optimum bus incremental costs and the system incrgmental
cost. Furthermore, on including system losses into the study it is
shown that even in the absence of activ; transmissidi\ limits, the opti-
mum bus increméntal costs could differ from each othe;.\ and the system
incremental cost. Hence economy interchanges {i.e., the transactions
of a utility aniong its customers and neighbouring utilities) based on‘the
system incremental cost are no lo;xgar optimm, as this will cause some
customers to subsidize others, and could even bring sbout large financial
losses (or gains as the case may be) to utility companies.

Applicatioﬂs of bus incremental costs in almas such as
ascertaining the profits and lossas incurred by utilities (or custoura)
through such economy iptetchmées, determining the best location in the -
system for cogeneration customers of the clcc;xical load following type,
and in the expansion planning of power systeas are demonstrated through

'
tests carried out on the 'IEEE 24-Bus Reliability «:}?at System', and a
smaller l0-bus experimental test system. ‘
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{: . RESUME
Cette étude se condentre principalement sur le calcul des
cofits incrémentaux des charges individuelles aux barres d'un réseau, et
i

les applications qui en découlent, On démontre, pour un moddle de ré~-

seau sans perte, que la présence d'une contrainte fonctionnelle active

£

-

(sur une ligne de tran?port, par exemple) engendr;a de grandeg dispari‘tés
entre les cofits incrémentaux du systdme et celles des charges individuelles.
Lorsque les pertes sont incorporées au modé}e, ces disparités existent
méme en absence des contraintes fonctionnelles. Ainsi, dans les échanges
d'énergie entre producteurs ou ;ntre la producteur et les clients, dont les
tarifs sont basés sur le cofit incrémental du systdme, il se peut qu'uneﬁ

partie subventionne l'autre. '

Quelques applications sont presentées, ;:ouchant: les sujets
suivants: le calcul du profit ou de la perte associé aux échanges d'éner-
gie, 1'établissemsnt des meilleures emplacements pour la coqénération,‘at
1'étude de l'expansion du réseau. Des essais wutilisant des moddles de

10 et da 24 barves démontrent la fiabilité de la méthode.

\
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A given matrix in the LIS problem.

Generation cost coefficients of unit i .

diag [bl' bzl . L 4 bm]

Susceptance of line i-j ..

4

.An n-dimensional vector of negativé admittances éonnected

to ghe slack bus, but not coincident with the slack bus,

t
[cl. Cor eemeve o cm]

Hourly operating cost of unit {1 . ]

d
.d—f: (Ci(pi)) )

Daily operating cost of ths system in § .

Daily ¢bst of Tuel for the operation of unit i .

o

t incurred by the utility per day in supplying the -

energy requirements of bus i .

A vector of dimension p , forming the lower bound of the

functional inequalities.

An n-dimensional vector, having 1 in position i and

-=1 in position 3§ . :,

S
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A general vector of dimension j , whose elements are

all unity.

. An elementary Hermitian matrix (Householder matrix) .

Mathematical expectation.
A matrix of active functional inequalities.
Hessian matrix defined in equation (B.4) .

The nxn non-singular DC load flow Jacobian.

L

'

Vector of incremental transmission losses, at all

generation buses. -

-

A vector defining the bus loads at all the system buses

except the slack bus.

An m dimensional vector of controllable generations.

Number of lines in the system,
'y
Same as P , but defined for the equivalent lossless

system.

A vector of optimum generations in the ‘ED problem with

losses. '

Real generatic)n of unit i . -

An upper bound for the generatio;i/ of unit ! i.
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CHAPTER I
ISTRODUCTION
- ‘, : . \ :
1.0 A Brief Preview ) W . |

f ‘ ‘ . The concept of pricing electricity has always been a con-

! : tmnid‘isquc. To date no method has been developed which forms

-

a fair pricinq strategy. Utility Companies usually carry out their

ttlmlctim. based on the System Incremental Cost, abbreviated SIC .

\ However, the cutcome of the present study shows that this is optimum

‘ only under special system conditions, and cannot be applied in general.
Furthermore the optinm an Incremental Cost, abbraviated BIC , of the
various mte- buses are shown to provide !I:otter information, than the

’ [4
@ SIC in sconomics related to systam operation. o~

.

The SIC is the cost of supplying the next MWH increment

in the system demand, while the BIC is the cost of supplying ths next
W incremsnt in the corresponding bus demand. The unit measure of

hothtbonqqmnutiumin $/mm

“

1.1 Time Varying Nature of Electricity Prices

The hourly load curve of any power system is stochastic in
nature. Variations take place with time of day, day of week, and week

of year [IEEE Reliability Test System 1979, Elgerd 1982, Sullivan 1977,
( Singh 1377] .  Since the demand for slectricity sust always be satisfied,
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e i.s., the gemeration must always equal the load, it nbccauls nacessary

for the utility companies to vary thair generation scheduling with tine
of day. Howaver, this scheduling must be carried out in an optimm
BANNSY . The solution to the problem of optimum scheduling comes under

the topic of Economic Dispatch [Happ 1977] .

The exact cost incurred by the utility in supplying the
pext MM increase in the system demand, is reflected in the SIC .
The SIC will be low at times of low demand and high at times of high
demand , The reason being that at low demands relatively inexpensive
units are in operation and at high demands more expensive units like cow
bustion turbine generator units have to be :urud"up’to meat the growing
systes demand. However, this is not always the case, as the SIC can
be high even at times of relatively low demand. Such a situation arises
vhu; a t:tu’;niuion line to a load center reaches an operating limit, and

mofd.xmmtmduindatmumitu§hcmuaauytosuft:w

mors expansive g&watmg units, A similar situation may rssult vhen a

relatively cheap source of electrical ensrgy, such as a nuclear plant

rsaches an operating limit, or is in cutage,

The daily operating cost of an slectric utility cannot be

forecast métly, the reasons being : |

4

(1) The uncertain nature of the availability of power

system components [Billinton 1976) , ‘ ‘ .

{(2) Ths uncertainty in the daily dmmand pattern,

b
) "
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- (3) Unocertainty in maintenance tc!icdnung..

For these redsons estimating the cost of meeting the emrqy needs of

various system buses becomes a formidahble task.

The time varying nature of electricity production brings
about the need for a time varying price structure. This has led to
many varsions of "time of day pricing™ [Raynolds and Creighton 1980) .
In this form of pricing, the price .charqed to customers el;angas accord-
ing to a predsternined schedule. Such pricing policies have been used
in xurope for mors than two decades, &nd are coming into use in the U.S8.
and other countries [Bohn 1980) . However, the major drawback in such

a pricing scheme is that since prices are established as much as one year

in advance, the actual price charged for a given period does not reflect

the exact cost of generation at that time. Further, such a scheme does

not -reflect the variations in the price of elsctricity at different loca-

- tions in the system, gensrally caused by outsges, and transmission losses.

P

4

A second spproact, is to sell electricity at a price which

3

hWatmtinmmnh—d-. rather than in sdvance.

. This approach is ugzed betwesn utilities for purchasing electricity. Such

transactions are called ecomomy interchanges. The sslling price of elec~
tricity is based o‘n the SIC . Often intsrconnected systems are opsrated
at the sams SIC . Sales being usually carrisd out when a diffarence
exists between these SIC's . Usually the system with the lower SIC

is the seller to the one with the higher SIC , Mc!;u&ct:uytr

{Vojdani 1982, Bohn 1980] .
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Energy transfer between utilities takes place through -
" one or more tie lines linking the respactive buses bslonging to either

system, Hence fixing the selling price on the SDIC could bring

about large monetary discrepancies, if pt:he corr;sponéing bus and system
’ . incremental costs differ significantly, i.e., depending on the BIC
of the selling bus being higher or lower than the SIC , the buyerx A A
stands to either gain or lose by this transaction.  Transactions :
b;:odanopuma BIC's serve to remove this anomaly and bring about an

equity in such transactions.

ﬁc;évant&qnbtcmyingouttxmcﬁmbﬁo’dontm

varying optimam BIC's are summarized below,

. ' (a) Isproves system load factor, and reduces the average cost . . o
of a XWH qemnt-dhymwﬁngj.nq lowering demand at timms

of high cost, This voluntary action is far superior

to load Mt where thf mtjanr'n supply is inter-

rupted by the utility without prior warning ['Impacts .

of Several Major load Managsment Projscts 19827] .

b} Raduces the demand for spinning resserve by providing a
means of rapidly rid\minqt:hcdﬁ,nd, vhen facing a
. == system emergency, such as a lins or generstor outage.

(c) Gives more cpportunity to customers, to reduce their
elactricity bills, by scheduling their pattern of

electricity use appropriately.
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a) Establishes a good basis to compute ravenues ;vayab]}o
' to customers with cogeneration facilities.
i
Many varsions of time varying' prices can be found in tixo
literature. - These are known by different names, namely spot’ price,
responsive price, lcad adaptive price, real time price, flexible price
{Bohn 1580. Schwappe 1978} ., However most of these prices require
complex cosputaﬂtion, and makes one to doubt whether the}} can be applied
to large systems in real time. On the contrary, 'it is shown in subse~
c;;aent chapters that very little numerical computations are needed to
datermine the optimmm BIC's . This nnj;;u determining BIC's in real
time quite feasible, and hence its real time implementation in econcmy

interchanges should prove vary attractive to utility companies.

®

1.2 14pes of Customers and their Responses
to a Time Varying Price

Customers in a system come under two different classes,

namaly storage and non-storage custamers {Bohn 1980] .

-

UPSTREAM STORME DOWMISTREAM no
o ora— C ol ————y m ’
RAW STAGE INTERMEDIATE | BUPYER STAGE FINAL UsSE
MATERIALS PRODOCT - . PRODUCT
Figure 1.1 Storage Process Model. - .

\

LRI ¥ v
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¥
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2] Pigure 1.1 shows a storage customer. The basic pro- ?
7 » {°
Cesses involved here are an upstream stage, an intermediate stage and ° 3
a downstream stage. The downstream stage is in operation at all times, i
which means that when the storage is empty the upstream stage must be
turned on. It is assumed that the storage buffer has a fixed size, ‘
. §
negligible storage costs compared to the cost of electricity, and is

100 & efficient, Electricity is consumed only in the upstream stage. <!

The production of the intermediate product is proportional to the elec-

tricity consumed. Electricity costs are the only variable costs, other

costs such ag labhour, supplies, etc., are assumed to be uncorrelated to

»

the electricity price.

In this model the customer tries to minimize the cost of

electricity while maintaining the. downstream stage in full productionm.

Hence, when the BIC's are relatively low, the customer will operate the

upstream stage at full capacity building up an optimm level of intarmediate

product, subject to storage requirsments, to mtintain the downstream stage

in full operation at times of high cost,

An example of such a process is an air based cl.ctriqal
space hsating system, The downatream storage stage is tﬁoé:“ being
e -
heated, and the upstream stage is the electrically operated hut_ex. The

storage buffers being air, surrounding walls and othsr thermal mass of

C ) the conditioned araa. Storage takes the form of heating to above the

thermostat set points and letting it cool off during periods of high cost.
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Other examples include continuous process chsmical plants, chilled water
systems, air conditioning systems, gas cperation plants, heat storage
pads, and other similar facilities. ' ‘

There are many different classes of non-storage customers,
and their responses to tiu: varying electricity/prices could be any oms,

‘or a combination of the following, i.e.,

1. Turning off unessential lighting, heating, or air-

conditioning squipment.

2. . Slowing down to stopping a ch-ical or physical

-  Pprocess using electricity. .
a. Slowing down or stopping an sssesbly line. “
4. Starting up customer's own generating equipment, when

the marginal cost of customsr's electricity production

A

is below the corresponding optimm BIC . \

s._ - Increasing the output of a cogenerstion wmit.

1.3

W the - RIC's

o

1]

In a lossless systam, the RIC's mwm

1

in the mur demand P, [Vojdani 1962 , i.e., ‘ ‘

H
< '




T g PRI W VT
f

5 it A AN NS i

- 8
| . .
src, & A - 2 (1.1)
i i D ! :
This implies that the variance of the BIC , equals the variance in '
system demand, i.e., o i
pnoo-
Var “i) =  Var (PD) . (1.2)

Hance the BIC':Y can be predictsd to the same level of st;tistical pre-
cision as the system demand. Bowever if customars do respond to:time
varying price of electricity, then the demand will‘ be price t.
'ﬂli-l makes the overall problem of forecasting BIC's', quite a formid-
able task.  Bowever, mathematical modsls can be bullt to reflect
optimum customer behaviour. These models can be used as shown in the
schematic diagram of Figure 1.2 in order to forecast price Wt

m‘

TOTAL
N DEGAND (P}
) \Ef . POWER SYSTEM [~ BIC'S
PRICE INDRPEN-
DENT COMPONEW? PRICE DEPEN- ' PRICE "
or DEMAND ! omer conpommeT ’ STROCTUSE
- oF DEMAND
-
‘ CUSTOMERS
9 Pigure 1.2 Schamatic Diagram for PForecasting
Price Dependent Demand, A~
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A good forecast of the BIC's are very essential, to

«

, increase the social benefits of customers participating in a time vary-

_ 7 ing price structure. This will cause more customers to pari:icipate,
thci‘eby causing the national benefit to increase due to time varying
cloctrici?ty prices [Bohn 1980, Caramanis et al., 1980, Roger et al.,

1980] . M

1.4 An Overview of Cogeneration _

Co-generation is the simultaneous production of electrical !
(oxr mechanical energy), and useful thermal enu.'gy, both from. the same .
fuel source. This is different to the conventional system that produces
_either cllecttical or thcml (steam) enexgy. A cogeneration system

pgodlﬁu’ both, and requires 10 to 30 percent less fusl than conventiomal

systams (De Rengo 198:?1 « One of the many advantages of cogeneration is that
it saves fuel. Cogeneration if developed and operated optiully vill‘*provida
-snbctantial mounts of energy saving potential to the Crtj!m. u wall as

midcdnuusaﬂng for a coganeration customer.
K \

hlthmgix ‘the name cogeneration is new, the practice is
nesxly a centwry old. in the aarly 1900's, - most industrial plants
genexated their own ehctricity, and many prac;eiud cogsmntim by using
the waste stsam for process hsating. As tho centrally. qnnernt.ed elec~
téicity becams cheaper, vidaly available and more reliable, industrial
slectricity generation declined. my as industries faoce higher

A Y
-
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- bine topping cycle, high pressure steam produced by the combustion of a o

R

~
o

i -

electricity bills, due to spiralling/;uel costs, renewed interest isg
shown)in cogenerafion, as more customers see the potential savings

4
involved,

1.5 Types of Cogeneration Systemg

Technically there are two fundamental types of Eogenera— .
tion systems, namely topping and bottoming cy&le plants [De Renzo 1983,
Harkins 1981} . There are also combined cycle plants which embody both

topping and bottoming cycle principles.

In a topping cycle plant electricity (or mechanical

energy) is produced first, and the thermal energy from the exhaust is
captured for further use. Figure 1.3 shows a topping cycle plant. -
In a bottoming cycle plant, thermal Qnérgy is capfured from a waste

stream, and then is used to produce electricity, by'driving a turbine

generator unit. A combined cycle plant is shown in Figure 1.4 . - -

3
f

L]

1.6 Current Technology for Cogeneration Systems
e -
A variety of concepts and technologies are available for

both topping and bottoming cycle plants. For example in a steam tur-

wide variéty of fuels is used to drive-a turbine, The turbine exhaust
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1.3 Topping Cycle Plant.

Figure 1.4 Combined Cycle Plant.
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uuummpumm-magm'
to .electricity in an alternator. Other toppimg cycle optioms include
gas tuzbines, dissels and fusl cells. ﬂ ‘

s " Ny

Mcyﬂnplnsscumé\dth steam or am oK-—-
.mcmuth-m—mnm. lluzé:w--yb.md

W

17 cperstice of Cojmerstion mits:
) 2 cogenerstion mit can be opersted either to track its ow

electrical demend, or its thersal desand. If the mit tracks its elec-

trical dessnd, the process is called electrical losd following, and if it

tracks its thermal demand the process is called thermsl load following.  ©.
The present stoly Rssumes that the copmeration units inwolved, are of the

electrical load following type. This mode of cperation vill be bemaficial,
caly if the marginal opersting cost of the cogeneration wmit, foes not
axcesd the BIC of the corresponding bus, ,

( < LT
1.4 Puture Prospects fir Cogemerstice ‘

- Induetriss utilizing process steam, can bensfit by the oo~ -
mm&w.ﬁm@mmt&nm.‘ Many

A}
t




B
e ‘ | « |
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mly-t-cmuymn to be economical, prwidugﬂn&:ae- R
tive returns on investments.” Cogeneration is now encouraged by

? ‘ muﬁuﬁmdmnwmmmﬁd[mmma‘
. . .

. Williams 1983] .

14

The prices of oil and gas will continue to rise in futurs,
causing the price of bulk electricity to rise. Thus any cogeneratiom
mmtm_mm,ugm&miwmm._
This will force cogeneration ‘systems of the future to use coal as the
¥ pt;-xymof fuel [Merxil 1983] . Purther, as industries, insti-

wwmummmmdt&ueh;oloqiu.udth. R
sconcmics of cogeneration, free market forces could work to expand the
mtdmmmmmtwun,. 1900,%.0;:
* al..’I80] .

o~
[

~
»

1.9 Gbjections to the Implemsntation
Of a Pripe Structure Based on BIC's .

) ’

‘ e R
The participants of a pricing scheme axe utilities, cus-
' tomacy, and regulators. Given bslow is a list of effects, which could

form the basis for objections to a time varying price structure based om -
' IIC'., 'Lo.o'
T\/ 1)  Revenues (pzuﬁt;)hout‘intiumyh-c—u- v

L ]

C | certain.

’
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i

(2) ° Approving uncertain prices in advance may prove . ‘
difficult to regulatory authorities.

’

(3) controls needed on the part of the customsr,

orecast price, may prove to be too complicated,”
- and could require expensive hardware and software
Qqﬁi;-nt.

»

»

4 - The missatch between the forecasted BIC , and the

exact BIC at a given instant need not alwayg be

J—

a

small due to various wmoertainties in the system S -

paramsters. This calls for secondary equipment, °
wwmmm BIC at a givenm ~ _

instant in real time.

1.10  The Need for a Radical Change in the Philosophy of Supply of Klsctricity

' t From the time commercial electricity production and dis-

tribution becams viable, thes philosophy behind its successful operation
has been of a "supply follows demand” type rathar than ‘d;nud follows

supply” . Commercial electricity companies had to supply any desand -
called for by the customsrs. mmm-mu-v}mwm
mmmofmumhmuﬁé‘nﬁmmmmuq
P ‘ )

circles, the reasons baing n-triud‘m
o
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1.

2.

3.

uén;tmmu:mmcmmmmmmot "demand follows
supply” .
in which the customers play an active rols in the comtrol of the power

system by dropping demand at times of high cost and increasing demand at !

times of low cost.

[P

0 |

Utilities cannot handle contingencies efficiently,
as handling of such 'ccntj.ngunciu must be shared \—'
by both t:t'xe utility and the customer, in an inter-

%
active manner.

The failure of customers to see the exact cost of
electricity they consume, causes soms Customers to

subsidize others.

Lack of customer cooperation under normal and ab-
normal system conditions brings about large fluc-
tuations in the daily system demand. This calls
for large reserve ganeration and trnnuiuio.n
capacities. The large investments that go along )
with these reserves brings about large financial
burdens on the utility c@c\nios. Recovering the
capital invested may take long, as these rsserves *

ocome oiut.o operation only at times of peak demand.

Por thuo reasons, the philosophy of curreant ut:ufiey opera~-

The system would now be in a better state of equilibrium,

mltpo‘itiumtm-cm,th

"o T RN
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systam could come ‘Very close to deregulation [Schweppe et al., 1960,

Golub lt al., 1981, Schweppe 1978) .

.11 Objectives of the Thesis

This Thesis is mainly concerned with the derivation of
optism (minimum) BIC's and ascertaining the relationships amongst the
various BIC's and the SIC . It is shown that in the absence of con-
strained transmission lines, all BIC's are in parity with each other_

and the SIC in a lossless system, However at least one activa trana-

mission constraint is sufficient to bring about a largs disparity among

thess incremental costs. The 'IEEE Reliability Test System 19797,
is used extensively in the exsmplification of certain applimtioni of

these BIC's .

Y

Further applications of BIC's in various catsgories of
j n
planning n{ﬂ operation of a power systes ars considered. Specific
exssples being : *

¢

(a) Estimating the cost of daily energy rasquirsments
at different buses.

(13 Analyzing the economic impact on (i) the customer,
‘{i1) the utility due to a change in the pricing
philosophy.

¥




{c)

(d)

1.12

17

Locating the economically best bus in the system
for economy interchanges (i.e., transactions
of a utility among its customers and other

neighbouring utilities) . .

Choosing the best alternative amongst many system

expansion alternatives, which would minimize the

daily operating cost of the system.

. Conclusions

The cost of elactricity variss with time, This makes

the buying (from other utilities, ‘or from customers with cogeneration

facilities) and Qelling {to customers or a neighbouring utility) of

electricity dependent on the time at which transaction is made. Hence

it becomes necessary to compute exactly the cost of delivering the elec-

trical energy (usually pidduced at various locations in the network)

to the various customers. The present study shows that the BIC's ,

which reflect the exact cost of the next' MNE increment in bus desand,

can be used successfully to compute these costs.

~

These BIC's , 1if implemsnted by the utilities say prove

to change the electricity supply philoscphy from one of supply follows

demand to demand follows supply. From fundamental principles in

sconomics it is known that this latter form will bring about an equili-
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brium between the supplier (utility) and the consumer (customers) .

Nany advantages result from such an equilibrium, Other applications :
of BIC's are in ths fields of power system planning and operation,

Chapter IV of this thesis sxepplifies these applications. '

Fatim
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CHAPTER 1II t

DERIVATION OF OPTIMUM BUS INCREMENTAL COSTS

/

2.0 Introduction to the Problem of Economic Dispatch -«

. Econon\ic dispatch (ED) as the name implies is the d‘t
economical mode of disi‘ntching electrical enerqgy to meet the system
demand and losses, giving due regir‘d to generation and transmission
limits. Intereat in this complex problem was shown as early as 1930
[Happ 1977] , and the method of equal incremental gost became widely
accaepted as the solution to the lossless ED problem, of a system com~
prising of only thermal units. A few years latsr ;:rgnmissim losses
were included into the basic problem, and the solution was established.
A good background of the necessary theory in this regard i's given in

the work by Kirchmayer [Kirchmsayer 1958] .

The problem of ED can be formulated as a mathesatical
nonlinear optimization problem comprising of an objective function (the
gensration costs) which must be minimized subject to certain constraints.

The constraints vary depending upon tha power system modal used for the

study.  Since this study utilizes the DC load flow model, the corres-
ponding constraints become the real power flow limits in the gsnerators

and transmission limsi

In subsequant sections detailed compact axpressions for
the objective function and constraints are derived and the problem of

—————
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ED is forsulated. The necessary conditions to be satisfied at the
optimm, give the required optimumr bus incremental costs.

. "

2.1 MC«t of Thermal Units

The input to a thermal ganerating unit is measured in
MBtu/E while the output is measufed in MM .  As auxiliary power
requirements of a thermal unit must be accountsd for, the given in;;ut -
cutput data must be converted to input versus net plant send out,
Unfortunately these characteristics are non linear. In practice these
non linear characteristics are approximated by a quadratic function,

through a linear least squares (abbreviated LLS) fit. The necessary

theory is given in Appendix C . '

These quadratic cost functions enable the derivation of
very elegant malygijal solutions to the problem of ED . The work of
Vojdani [Vojdani 1979] highlights these points. Many practical applica~- "

tions relating to this theory can be found in the work by Al-Jishi [Al-

-

Jishi 1980] .

The operating cost of each unit in §/hr can be approximated

i\ by the following function, i.c..'

2 b
CyPy) = cy+ap +2p, Pf P Vi=1, ceee , mel K(z.n
N

where mtl is the total number of dispatchable units.

i
©

-

e g
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i Thus the objective function can be written as follows, i.e.,
Py - "
! ”]J .
J cee) = X, c, (P,) (2.2)
/ i=)
| |
| . . -
f By separating the cost of the slack generator, for reasons which
| will becoms clear ’ the subsequent reading, equation (2.2) can be written
l am s | )
| |
L |
, e Lkt t 1.t 1 2 .,
; c® }'1‘:‘" LAS T T A0 L WOR RS L SR
\ (2.3)

where the following ars defined, i.e.,

1
Il

4 [eyr €p0 weveenne s c.l" (2.4.a)

JI S
i A ‘J
‘ l - M tb f hzl cSoensses ¢ b.’] ' (20‘-b)
3 ¢
j a t
a , lay, a,, seesee al , (2.4.0)
’ A t
9‘ % fl, 1, cocesnace 11“1 {2.4.4) )
(2.4.0)

- A t
‘%g - [Pl' P2' (X X R XN N1 g‘l .

Mow that the cbjective function to the ED problem is established, the
’mmmtmm BD problem is to establish the related con-

straints. ' This will be handled in the next sectiom.
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2.2 mmmuwmemmm

The constraints related to the ED probla are two fold,.
namely, (i) equality copstraints, (ii) inequality constraints.
The next two subsections are davoted to formulating the necessary squa-

tions related to these constraints.

~2.2.1  Bquality Constraints

The line resistances are assumed to be very small,

coffpared to the line reactances, i.e., for all lines i-j

)

—_ << 3 (2.5)

Purther disregarding the flow of reactive power by bholding the bus
voltages fixed at 1.0 pu and considering only the flovot."roalponz
tha following set of n+l load flow equations (the details of which are

3

given in Appendix A) results, i.e,,

- "~ e
Z = J8@ (2.6)

LI e}

n+tl is the total mmber of systsm buses.

(‘ . z vector of all net bus injections.
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is the (n+l) x (n+1) singular DC load flow . ,

o
o

. _Jucobiam. ‘ : o v

- .
” e is the vector of all bus woltage angles. _

» -
mauw.ummotiuwlmmnm. This &
‘pcubl.hcmbymmgnslwkbuymmthmuﬂ
column corresponding to this bus. If bus number (m+l) is chossn as

© the slack bus, equation (2.6) bscomss . ) -
- ¥y Gefinition : ) " .
~ ) } 3 [ P-L , “ ) (2.8.a)
; 8 Lo cee LoD oy ceae L3t | (2.8.b)
- u‘l' .2' LY ¥ -0 ""3 (XX ”1 . -0

'is the vector of n' bus injections,

2
1
Jd is the (nmm) non singular DC load flow Jacobian.
-] is the state wector of n bus voltage angles. o

o

. &.wnwmﬁmvmmmwﬂunmmm‘huitmu
{onon, i.0., B S - ‘ . -

% 4 . .

(e

.
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- mi is an n dimensional vector whose elements are
- ’ - —_— _ Y . ‘g;)
. r ‘ . ‘
~ Ba1)-4 .
~n A — ' .
b, -<< or, TV 1€ () :  (2.10)
O K] o
‘ “
- . . ‘g
-:“ - - » -
B imt1)-i is the susceptance of the line joining buses (m+l) and i, ‘
\ .
The symbol i € (m+l) implies that bus number i is comnected to b‘\m. -
: B t . as ..
aumber (wmt+l) but is not coincident with (m+l) ', | ’
- ; k7
. 2.2.2. quAlity Constraints o . ,'
a (“_’ X ) s ‘a
- l@seu of inequality constraints exist. The first set
[ * - -
corresponds to generation limits and the second set ‘corresponds to trans-—
mission limits. I ~
) - ,
- 2a2.2.1 Limits on Real Gensrations - i
The bounds on the controllabie generators can be writtsn
as folim, d.e., o
. Ptg p g P (2.11)
". Real péwer limit on the slack generator can be written as follows, i.e.,
o ‘ \ ’
max . it )
o <p . < I ] (2.12)
%
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From equations (2.9) and (2.12) , the following results, i.s.,

ol T TR vl T (2.13)

mtl m+l wl - Tl

2,2.2.2 Limits on Real ‘Line Flows

Por all lines (i-3) , thotalpmrﬂmlmumi’si

written as follows, i.e.,
9"

P-mi-j <vp

iy S Py Q (2.16)

‘From equations (A.21) and (2.14) , the following result is obtained,

i,e., .

t . .
- r:: <z, < g:; (2.15.a)

2

Imaooqw:;ﬁon. totn.u}unu i-4 qutim(z.ls,;n) becomss 3

1

»

- € 30 < I - (2.15.b)
By definition 1 J
r : 1 P
| A - , to lime i-3 2.15.0)
X Ly - y ?
e . o wl ‘

P
e b s PR RS X TR -
;

]
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max A BaxX
P“ - P.t-j + corresponds to line i-j (2.15.4)
L : Jpxl
 Vhare p is the number of transmission lines in the. systea.
o
" The following compact form for all functiomal inequali-
) " ties is obtained by combining equations (2.13) and (2.15.h) , i.e.,
£ >4 (2.16)
where by definition :
p ! -
e §
s a - {2.17.a)
- w - »
b .
. ) ; N
L-ita
{ .
. . - "\
" Pline , ,
A .
4= ( .. (a1
min - Ipz‘ .
Pl Tl F “Fon t an \\ v
» - o ’

e

*
LY

nmmowuunmmmm;mm
mmm,mmmmmmm

. -

tions to formmlate the WD muamm

ok o C———————_—-_ T )
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2.3 Formulation of the Transaission Comstrained 2D Probles
\'ih- D problem, formulated as & nom-linear optimisation
pt:bl.wulﬂzudu‘!onm’. i.e.,

Mininize c: c + g_g P+ -;- !t 3 ?_
w.r.t. P . (2.18.a)
*.¢c + a » + Ly 2 -
»l wtl wt) 2 "w]l w)
) Q ,
" s
~ .oto _:_ = i-‘- (zonﬁm
i1 " lan * .g.t L] (2.18.¢)
M Cp <= 2180
“ 88 > 4 (2.18.0)

/

It will be assumed for the purpose of gumarility, that the eptimmm gesera-
tion schedule corresponding to the ND pecblem above is defimed by the

following equatiom, i.0.,

B
e &l d
B

. gasn




T™he optimum ° BIC's tob.d-rivdult.qgulb‘blnd
wpon the I moliel defined in this sectiom. '

s

. D
2.4 8o of ) -+ for s Costs
2.4.3 Derivation of Wecessary Mm - Slack Gemerator is Free

Assuming a total of ¢ 'active constraints, at the trans-
nission constrained optimmm, which are charactarized as follows, i.e.,

1. ¢ generators operate at thelr lower limit,
2. ® gyperators operate at their upper limit, }

3. q-t-u functional inequality comstraints, of equation (2.16)
.an-eun. Since the slack generstor is ssewmd free,
mmwpmmm'm.

By datinitiom : N\ .
P . ) -
L .

s & et-un : ‘ (2.19)

% ] gub) ' ' '

‘ 4 - I \

1S . o s )
atd (q=t-w)xl : {2.20)

_hgéi ‘Pﬂ-’ Y '
(5 »-—:Lpb amd £ are for the bowpd amd free comstxminks re-

Py
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The following necessary conditions must hold st the optimm, 1.e.,

-

Ecarmhch -y

of ) - j
539"52*!9234'53 A /
/
"k * b, P A - ' ] 2.22 |
" e 't Tmel w0 | (2.22.0)
I'l 3
of t (] / ! .
w® -l Ba,, - 8,2\ " 0 | | (2.22.8)
|
¢ ' , /1 '
The following equations are a consequence of squitions (2.#2.6).&#
(2.22.¢), i.e., Z ' ’ /
£, t '
-J- A - { 2‘! - E’A.’l] Ly (2.23.a)
A -l - 8 el + b sl Y 1 (2.23.b)
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It is shown below that the elements of A are the optimum BIC's at all
buses except tha slack bus, The BIC of the slack bus is obtained

from equation (2.23.b) . “

At the optimum, the Lagrangian £ of equation (2.21) is
equal to the optimum system operating cost C(P) . If one considers an
infinitesimal change in only the bus loads Li." at all buses, by using
the necessary conditiaons given by equations (2.22.a-d) and a Taylor
series expansion about the optimm P , along with some algebraic mani-

pulations ons can arrive at the following equation, {.se..

ac@) = af = aL A + & (2.24)

- wtl AIH.

| If the change in bus loads is confined only to bus 1 , that is, if only

Ly

mmufm.mmummmwfmm.

(2.24) , i.e.,

Lstllmdmmybyaninﬂnitum;-ow‘tvmhotmmm

%—- - 2 Vi ® 1,2, conune » Bbl (2.25)

Bquation (2.25) suggests that a M increase in energy desand at bus 1
will cost the system a minimum of Ais. Hence elements of A give the
optimum BIC's of all busas except the slack bus. The optimm BIC of
the slack bus is given by squation (2.23.b) . mtm!rmthi:‘.qutim

that, whenever the slack gensrator is unbounded its IC is equal to the

_optimum BIC . The next section derives the necsssary sodifications to

this rule vhen the slack generator is bound.
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2.4.2 Derivation of Necessary Comditions - Slack Genserator is Bound

The problem in this case is identical to that in BSsction
2.4.1 . The only difference being that the slack generator now operatas

st a limit (could be an wper or lower limit) . *
Recalling that the slack generator belongs to the functiomal
inequality constraints of equation (2.18.a) ons can rewrits tha last term

of the Lagrangian of equation (2.21) as follows, i.s., ¢

T ot -5 8 = BEia 1-%3--:-5-’-%- (2.26)
Sy - 5,2 3, 1 %% - Pt

Wmm&rmnm“&wrhatémwtwm:

limit, s in equation (2.26) can take either one of the two valuss shown

¢

hm, 1...; -
| ] - - »1 + !-'.'l ‘2027)
s - P.'"l - P"]. 1 | (2.2"
mmwmumm‘(ummmm
generator is at an uper limit, without loss of ganerality) 1@
t t 1.t 1 2
£ m o Cra BT RBRE Y, Y Pan t T Pan
t Ak t limit
USRS LR WL S AL IRl WAL L T
t \
val@ -F @ +a AT eE,) (2.29)

: v

-
-
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The necessary conditions are the same as those of Section 2.4.1 except

- for equation (2.22.c) which becomes githu one of the two equations

given below depending on whether the slack generator is at an upper or

lower limit respectively.

o’
-55_—- ....1 + b‘fl P.*l - Xﬂl + uﬂl = 0 {(2.30.a)
m+l
__._-—a‘ - g ‘ + b P - A -a = 0 (2. 30.b)
2 a1 w1l w1l wmtl »nt+l ml

In the next section it will be shown that these results
are guite general and hold-true for any bus provided it is a qoncratim
bus. This ssans that any generation bus can be chosen as the slack bus
for the purpose of computing the BIC's and the results nh?uld be con-

sistent. This has bean found to be trus in numerical tests as wsll.

=~

2:4.3 ° Independance of BIC's of the Choice of & Sluck Bus

The elements of vector a in equation (2.22.a) which
M to the bound generators _!_’_1 can be negative or positive de~
pending on whether they correspond to generators operating at upper or
lower limits. Hence the ith component of this equation would be

either equation (2.3l.a) or aquntim (2.31.b) ‘d.p-adin‘q on whether

.gemexator i is at an upper limit or lower limit, i.e.,
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' ) A
8 +b P + Iuil - A ‘ (2.31.a)
a +b P - Iail =3 7 (2.31.b)

i i1

r'm.uautimmu:m-dtnhmd-ntood. (

The rasults .of equations (2.31.a, b} suggest that the
results of equations (2.30.a, b) can be axtended to sny bus provided it

carries a generator oporat:in:; at a limit.,
()
The ith component of equation (2.22.b) can be written as
follows, i.e.,

‘1 + hi Pl - li . £2.32)

Once again the notations are assumed to be understood.

”

From equations (2.23.b) and (2.32) one sees that the
results of equation (2.23.b) can be generalized to any bus provided it
carries a ganerator which is free.

H

The results of this sectiom can be stated in the furm of

4
the following Lemma.

Leuma : In a losslass power system comprising of only thermal generating
miuuﬁnqundcmtmmméptmmmmtdmtofa
genqration bus will be egqual to the incremsntal cost of the corresponding )

|
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generatoxr if and only if it is free ~ else it is either equal to the
IC of the corresponding generator plus the corresponding IMN or minus
the corresponding LM dJdepending on wvhether that gensarator is at an

upper or lower limit.

This Lesma serves to check the validity of numerical re-
sults for optimum BIC's obtained by using equation (2.23.a) and proves
to give consistent rasults, Hence one can conclude that the model used
for determining optimum BIC's in this study are independent of the -
choice of the slack hbus. Rumerical studies carried out further confirms

this fact.

The next ssction dsscribes an algorithm for computing opti-

mum BIC's continuously from the minimom loadability limit to the maxiwm
loadability limit, As can be sesn from equations (2.23.a, b) one needs
to know the Li's’ of the constrained lines, i.e., g, and the value of
the generation corresponding to the generator chosen to be the slack,

T™his information is provided through a simulation package working on the
theory of Appendix B .  This theory uses the energy balance equation as
an equality constraint, while the model developed in this chapter utilizes
the (n+l) 1load flow equations as the equality constraints. ° It can be
shown through simple algebra that the LN's inwolved in both models are

in fact the same, i.e.,

(2.33.0)

a
-3 N )

.L»

J ' (2.33.b)

{

*»
Ln

»
Lagrange Multipliers.
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i

uhctovccton_l,lmdé_zmdnﬂmdinhppmdhptn. This in fact

simplifies the interaction between the routine developed in this study and
the simulation package used to supply optimum LM's [Vojdani 1982] . The

next section describes the algorithm and highliqhti some computational

advantages.

4

2.4.4  Description of the Algorithm to Compute Optimum BIC'S

In the first phase the algorithm reads in the constrained

generators at: a change poin't*&. and-determines whether the slack generator
chosen for the study is bound or not. Depending on the state of the
slack generator, thse BIC of the slack bus is computed, and correspondingly
that portion of the matrix 8, is constructed and stored.

In the next phase the LN's corresponding to the active
transmission lin-l'u-e read in and correspéndingly the remaining portions

of matrix ib are constructed and stored. It is worthy of mention that

(thntm.lfé‘uotutrix S, at a charnge point has only & few rows,

-b
i.e., the mmber of activs transmission constraints plus one, a number

which is normally never greatér than five.

3

T™he DC load flow Jacobian need not be changed every time

the slack generator reaches an operating limit. This wvas demonstrated in

.Achmqopointhavﬂu-ofsy-tu-m ’D" at which an inequality

constraint given byvdm (2.18.4, @) becamss active or inactive.




R

" Sections 2:4.2 and 2.4.3 .  Bence tha Jacobian need be factorized omly
once at nvo first change point, either through sparse Cholssky factors

- .)Nn onvrnt»uo. and stored appropriately to be recalled at every change

point in order to solve equation (2.23.a) for the optimum BIC's .

‘This results in'considerable savings in computer time.

] As-the BIC's are piscevise linear within a pair of losd
gn&.%?&%ﬂui&f%ﬁﬁ&inﬂ ’

ggﬁnﬁogmxﬁu t the beginning of the interwal and
lﬂn.«a&ogg t the end nn&ng The BIC’'s at

' gggggggﬁ’»ﬂo&nﬁggg

polation, The analytical expression for the BIC's completely sliminates

the need for iterations and makes the solution very fast, thus luw»ba it

l‘nv-grlunn n&iﬂ'giggﬁv‘ .
g!vﬁg&nﬁgg guﬁn’iﬂgnﬁ
oconstrained lines in thess results.




- |ROUTINE, THE FLOW CHART OF WHICH _

3

MAIN SIMULATION PACKAGE (MSP)

{VOIDANI 1982] GIVES

1. CHANGE POINTS (CP'S)

2. ACTIVE SET OF CONSTRAINED
LINES, GENERATORS AND
CORRESPONDING LM'S AT-

BACH CHANGE POINT,
3. LOADABILITY LIMIT.
AT EBACH CP THE MSP CALLS THE

18 GIVEWM BELOW T0 COMPUTR
OPTIMUM BIC'S -

READ FROM MSP AT EACH P
ACTIVE SET Of COMSTRAINED
LINES, GEM'S., AND ILN'S

IDENTIPY THER BOUMD AND
DSE BITHRR D). (2:30.a)
OR Bg. (2.30.b) T0 0B~

TAIN THR BIC OF SLACK BU§

 SLACK BUS  USDNG
BOUATION (2.23.b)

/

& .

ﬂg-g\n.l dumwcmmmmm;am BIC'S

*

F1.0M JACORIAN & SOLVE EQUATION
(2.23.a) POR OPTIMOM BIC’'S

L__rper sesours = s ]

o

N

u.‘wwmwm:ym.
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. 2.4.5 The System Incremental Cost ' . =
In the present study it is assumed that the bus loads are
linearly correlated to the system demand P [IEEE Reliability Test s
System 1979] . L C — ‘ u
P Li - ti PD V i = 1' ...o.T‘ ] n+l - ' : (%q34) “
v o
S . Separating the bus load at the slack bus, equation (2.34) becomes : ‘
N i I ST ; 8
L-= TP , (2.35.;)‘ 4
. 4 o - . -
| Io.+1 - tﬂ"‘l Pb . , (2035015)
‘ - o 8 e t,t T : " (2.35,¢)
' 2 1. csoew ¢ ‘l m+2' esssw § ,1" ) - . - 14 .
‘ - is the bus load system load correlation vactior. o : -
- 3
¥
© ‘Thué substituting for’ L in either equaticm, (2.21) oz -
"(2.29) and taking the derivative with respesct to system demand P, re- : e
mt’. in 3 {:a"t
S : | o
al Lt ) B S - :
. ‘nu° - AT + xﬁl t"_l ) iz Ty (2.36.3)
: o B+l - S '
T . = X RN o - (2.36,b)
‘ i?]' ' T -
( : However, in the absence of transmission line constraints, equation (2.23.a)
becomas : B . -

(Y
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v
JA = -b) . (2.37)

the solution of which is trivial, due to the structure of the DC load

flow Jacobian J . and is given by :

11 - Az ¥ tiicceecss = A.rl (2.38)

m@i\um ith element of & .

4

From equations (2.36) and (2.38) , the following eguatiomn

results, i.s.,

. al ac .
dPD »GD ntl
i.e,, thes system A, defined by %cr— is equal to the ERIC of ths slack
: D
bus. z'

Y

2.4.6 Summary of hweults
In the sbesnce of comstrained tramsmission lines, all XIC's

-

are in parity with sach othwr and the SIC . m.m;xivct—-—
mipsion comstraint is sufficient to bring sbout & large disperity ameep

BIC's and the SIC . . The difference are mech move promousced closs ‘to
the losdability limit of the powsr systes.  This letter faot is Gemos-

-

strated through tests carrisd owt in Chapter IV .
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The transmission losses have been ignored up to in

this. study. The naxt section demonstratss how these losses \\//\

incorporated into the study, and it is shown that even in the
of comstrained transmission lines there could be disparity among the

BIC's dus to tranmmission losses.
‘ :
£~
&
2.5 Effect of losses on BIC's

2.5.0 uumm/zuotwwuw,m

4

Classically, transmission losses have been incorporatsd into
the & problem through B-Coefficiemts (Kirchmayer 1958] .  Howwver,
other more accurste methods exist such as the IC - Loss Formala (DCIZ)
to ascertain the accuracy of these models demonstrate the TSIZ o give
:h-bu\:zmlutoqumu°mlsn.unmmwn1. In this
mmusmwuynmwmm TRF . It
'wumum\wm&twmﬁmmm°
the mputaticns relating to optims BIC's in a lossy systam.  owwver,
ubchi;olmy‘mM.ummu«nﬂ&
systam lomses.  This task vill be umdertakem in the next sectiam.

2.5.1 w&m&

tgmuxmum aumwmh
sesmmed timed, 1.&,mwhmnmwmmm '

N
. st ‘-
\

Rl e ,&W:‘nhﬁ%:.&{&m&r e, _ 9 . R
B Nt R R AL
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L

DC - Load Plow iodel. Thus all buses except the slack bus will be

modelled as voltage controlled busaés.

The n load floy equations can therefore be written from

equation (A.12) as foliows, i.e.,
i

A

zZ = z(6) .

The “ith element of equation (2.40) is given by [Elgerd 19682, El-Abiad

1968] the following, {.e.,
L)

g, = Z |y, v v
i & i%x 1k

-

<.~

]co.(ei—ek-a )

ix

1 - 1, coe o F 4 .' ”2" -..... F J ”1
&,

-

By definiticm :

ja
. s ix ]
LA L AR .

\
where K€L implies that k is conmectad to { , but is mot coincidest
vith 1.

==

Thos knowimg the n-bus injections the n-load flov equa-

(2.40)

(2.41)

(2.42)

tioms (2.41) cem be soived to give s wiiques solution of the stats wector

6 [Tinney amd Nert 19671 . Semcs the state wector § cam be wittes

\n follows, i.se.,

0

oy

e v
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The transission system loss is a dependent losd flow varisble, and hence
can be expressed in tarms of the state vector 8 , i.e., L

i

(2.43.b)

P, = 2,0

-

From equations (2.43.a) and (2.43.b) the following result is cbtained,

i

i.e.,

P - P ‘-'-' E_’ . (2.43.8)

Before procesding to the derivation of the Bquivelent Loss-
lass NModel (LX), the ED model with losses will be formulated and solved
wmom-&um'-'. Wmmmwum oy
thess BIC's can be cbtained from the ELN . It vill be shown that the \
mwmmmummmmmmumu._
and hence wald sisplify the determination of optimm BIC's in the WD

—

modal with losses. ] T

2.5.2°  Derivetion of Optims BIC's with Trassmission losess

'u’mmuwm.& D problem oem

be formmlated as follows, i.e., . p ‘ ,
\ .1 N i - \ ’\
minimize I c @) o < 248.8)
i=1 ) .

LS 7% N 4

AR .} P Mo =
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.tﬁ. ’ - & - !‘g’ /r‘ ( | ‘?.“Ob)
» ! /
By ‘definition /
o t
?_ - [’1' ’zi sieenee ¢ ’?i, . (20“.d)
Hanoe the Lagrangian to be minimised becomes : .
¥l .
£ =« I Cl(!’_) + A (2@ ¢+ L-P
i=]
+ A ey (!.’1(9) + L - ’-ll»l’ (2.48)

of i . .
L = ') ~A = 0 ’ vi l, snoves »n
L 7U St "7 s
5——“ “cl @ )=, = 0 (2.46.b)
K mel akl " bl 1l - *
P we L omaw| .

L}

The m‘mo{qﬂnb.“{e)_ can be | mum.‘m.o

. m w, (@) . (© - -
& - - +~ ‘ . (2.47.4)
i 398 -mee o

|
|
|
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“
. = v . ' . - ‘y, ’ '
Prom equation (2.47.a) . the following equation can be written 1 .
L w e S L '
SRS 51%-9—‘ c L (2.47.b)
« \' ' p
From equations (2.44.b, ¢) amd (2.43.c) the following result can be
.. abtained, i.e., ] \
i -
B, L e B i0)+ e RO \ . (248
U E
By definition : - ' R |
. e o oo
‘ , ,.n g (1' 1' yotoo?,. llm . ! | ﬂ-‘) )
Trom equation (2.48) the following result cem be abtained, i.e.,
»_® w W '
L 4 :
= g—— -1 L e (zcsa)
’1& AL | :
. , - \ e
From the ith ocowponemt of equation '(2.44.b) the following result is
T cbtaimed, i.e., o
L ' ' ,
#___, -1 ‘ o , (2.51)
“» "_P ‘ n, :
Foom equaticas u..?oi and (2.51) the following résult is cbtained, i.e.,
Fow @ @ a

C | 5%— -g;ﬁ--x ,, . | fz.sz)

§ i . .-
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ih- Ine:-nul Transaission Lr.;n (rre)

. following [Kirchmayer 1958], i.e.,

' 33 .
5-55‘-9-1:1. vi = 1,2,
i )
wy b, 8.
LR, Tmel :

" Thus from equations &2.47), (5.52)' uﬂ

e

- is cbtained, i.e., A

-

A

3

1 T e Bk

.
at bus i is defined by the l

ceve o By B2 ceieo 4 0l (2.53.8)

(2,53.b)

(2.53.a, b) the following result

(2.54)

The Pesalty Pactor at bus i (PF,) is defined by the following equation, |

M~
ESY

i-.- [ 2

1

"191‘1"7-"12;")'

(2.55)

-

from equations (2.54) and (2.55) the following result is ocbtained, i-.e.,

PP A, = A . $1i » 1, ceve. » N

14 ntl

i

(2.56)

manw-mmmmgmumz.s.l

" ans can show that A, and the elemsnts of A are the BIC's of the
respéctive buses. Furthersore the optimm operating strategy in the pre-

a

»

{




sence of transmission losses implies that the penalized BIC's of all

Ed

system buses iist be equal to the BIC of the slack bus.

/
i

L3

In summary one could say thntvhtnmnaniumnmuo
Locly, the optimum operation of ,the systea cnrruponds to the pcmlizod
IC of all generators being equal. Cc-pomnts of equation (2.56) are
the modified caqrdimtion squations [Galiana and Vojdami 1979] . The

following susmary is made from equations (2.56), (2.46.a, b, and ¢), i.e.,

L
;“-— e - - | °
dI'i 3\1 C"_(Pi) (1 -k ) c! 1( .‘_1)
ac A Vie]l, ..., m (2.57.a)
w1 ) ’
ac A
-;-u-‘;--' xj - (1 kj) Chry Poet)
v j - .’2"-cco- ‘s ml (2-57UC)

- - \

v |
In practice the:modified coordination equations are solved

lununly, vith an outer iteration loop which computes both the total
system loss ‘PL . and the incremental trnnniocioq losses ki from a .
load flov study or loss approximation formula [Vojdani 1979] .

\ The approximate equivalent lossless model will be derived
naxt from tha lossy ED problem, and it will be showm how one oould com-
pute the BIC's defined by equations (2.57.a,b, and ¢) trivially from

[
m mo .
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2.5.3 The Equivalant lossless Problem (
i

< Prom equations (2.53.a, b) the following results are
o Q .
obtained, i.e.,

sv, = K 4R . (2.58.8)

I ° )
mséuh.wxitminthnfoumbolw. 1.0, » A y

v <
t 2 ' '
- - P®

o= R +E (P | (2.58.b)

Were P is the total systes losses at the optimm defined by P* .
J ; ) | \
- :
By definition i, , .
4 3t K
L [k].' kz' csesscsesss ¢ k.’ll (2.59-.’

t

g.tue [Pi' P;, ses0ssses ¢ P;*ll (2.59-b) .
. K - ¢
2.‘ + A !' - g. = [P1' Pzg sases P ] (2.59.0)

w+l .

Bquation (2.58.b) defines ‘the total system losses in a '$' neighbour-
hood of the base case optimum, defined by P*,  This is the linearized

form of Taylor seriss loss formila. i

Rewriting the X ptoblaothctinnzsz with the
mmmqmmuummmmum i.e.,

o

»
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C
48
. g .
w»
© o) . N :
Rinimize I c k) . ) . (2.60.a)
- i=1
) . ) ’ }L ~h .
w.rct- ’i tor ‘- - 1' 2' ;jbo” I .+1 / ‘ &
& 7 .
e .. nt+l S
s.t. 1f1 P, = P +P E (2.60.b)

luntutinq P in cquation {(2.60.b) by utinq equation (2,58.b) xesults “
in the follovinq. i.e.,

~ ’ L] .
€ P e + B+ X -2 | (2.61.a)

-+l — . D o

By definition :

A . g ) “
‘.._1\'] tl, ;.0 . o ol o« o o » P 1} {2061.”’

4

On simplifying equation (2.61l.a) results in the following, i.e.,
ts &

(80 -0 B - PytP K P* (2.61.¢)

s Squation (2.61.¢) gets simplified to the following, i.e.,

L) n ) -
- X =
10.., z Pi Ld PD . (2.“*)
i=1 -0 .

Equation (2.62.b) is similar to the smergy balance eguation of a losaless
systam.
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By dafinition : '
' !

' .o : : ,

Fi e (1‘ - ki)’i 'I 1 - 1' ¢« o s o = f, "’1 (2.62.3)

Thus equation (2.60,b) in model (2.60) becomes equation (2.62.b) ,
.. N )
thus mathematically transforming model with losses, i.e., equation

{2.60) to the following equivalent lossless model, i.e., N S

, "‘514 ‘ - -
Hinh:liu?i-l fci(Pi) = C ()

a. 13:} (2.63.a)

wr.t., P, , for i=1,2, .....,ml

i
1
ntl . ' :
S.t. x ii ': PD s : ) \ (2-630b,
iml - ' ~
Whers by definition i .
a ‘ g '
v - 4 i . . < .
‘1 o ki . ' ‘ (2.“0.)
: . ’ \
\ N 3
b ° ’ ) N ‘ .
B, ¥ — A (2.66.0)
' a - kif ] i
P, in this aodel vill be the modified generaticos, end 3, , B, the

‘P

—au\ai\o:n coefficients.

| : :
Dus to the insignificant compoment of system losses that
are wsually isvolved in sach losd flow + the enargy balamce

\

!
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. - ~a,

equation (2.63.D) ocan be written as the following approximate load flow
sgquations, {.e.,

B -1 =238 (2.65.4)
- t - -
Patl = Ly ™ B8 ‘ (2.65.b)
Where by definition : B
§ é [;1' ] ;2 I : s o o 9 o o ¢ ;.] t (2.‘5 QC)
8 = (6,8 8,86 8 .t . (2.65.4)
- - . 1' 20 LR Y 4 .'0 .’2!. ¢ o e o e..‘l (£409.

inu justification of equations (2.65.a) e (2.65.b) 1lies in the fact that
they are mathematically correct, i.e., addition of thess equations doms \\
giuthcmmmw (2.63.p) . w aifferently it msems

that the component of total system loss izbersnt in each of the losd flow

squations is small encugh to be meglectsd.  Mowever the ‘siitiom of thess
Wﬁth(mﬁnthqlmxmw » ) ocsmmot be

‘Wmhpmw. and -hence axe tahen into accoust in the emergy

balance quucn (2,60.D) . Thus considering equation (2.63.a) as the
objective- function and -pleuu (2.65.2, b) as eguality 'm, the

mﬁohmm; . o . om
. z '51' 3 -tv < ..z < at =
P St U El*ﬁ'y*%lﬁ‘i“bl"mx’

.
- 4

e .
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The first oxder necesssxy copditions are :
 a -t - .
i.C(P)‘x = 0, Vi = 1, ... .,nl1 (2.66.b)
4 a; 1 j. i _ -
i
-7 4 -t -
- a0 : (2.66.0
$ »l
vy
_3£ - tht¢ by B = 0 (2.66.4)
2 - - wl -

As befére it can be shown that the elements of A and A, ;nth. BIC's

of the respective buses.

From equations (2.66.c, 4) the following result is cbtained, i.e.,

y

-y Cpn P o) e (2.67)

" % % T
mmtz.m muuthtﬂ- BIC's of all buses in the XM
mq-nmun IC of the slack gemerstor M. (m+1) .  This solution
uumwrmmmwumuqz.c.k.
m.ua'mummawmm |

" thess ITL's hmmﬂlym&wm.&q’udhm-

m@mummumwmm-umum.

#
et
- e "
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) in equati:ons {2.57.a, b, )

]
On replacing C w1 (p o+l
with the corresponding valuas in equatidﬁ (2.67) , results in the follow-
ing equations relating the BIC's in'the ELM to those of the lossy ED
model and are smrized below, i.e.,
g'-c—- A - . - - I - Q}- .
dL1 i 11 Ci(Pi) (1 ki) Ai v l, cieeeer s m
R " (2J68.a)
ac - A [ - '
—- ) m C! (P ) (2.68.b)
4aL 1 m+l m-l-l m+l i
M A g © .
R — - X L 1 - K X v - lﬂ'z ceaase mr+l
1dLj R j .( j) j , »j ’ ( )
'L (2.68.0)
_ It can be cbserved that the BiIC of the slack bus, i.e.,
- a 3 5 . \} . o
bus number (m+l) , remains invariant in both models.  Thus, in solving .

for the BIC's of the ED model with losses, one could first solve the
correspording EIM by utilizing' the alqorit;hm of Section 2. 4 4 , and by
:u:ltlhly modifying the generation cost coefficients of all genarators.

one. th. solution to th,u pmhlw is obtaimd, the BIC of the Ep model
with l.ona Clh be’ obt:un.d thmugh the transformations dcfinad by, bqua- .

tim (3.“9.!, b' llﬂ_ c', -

<
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CHAPTER Il

OPTIMUM OPERATING COST OF A POMER SYSTEM

3.0 Introduction ™~

The optimum operating cost of a power system plays an im-
portant role in the planning stages of a power systes, as the power
system planner would always try to select those alternative expansion
strategies which would mainimize this operatm§ cost. The term operating
coat, implies the total cost of fuel used by the system gemr;tors over
a specified period of time, preferably a’gdty. The operating cost of
a system is dependent on the loading procedure, availability of units,
and the system demand. The present study views the problem of operation
as a short term detemministic problem where forced outages are ignored and
a specified network :r_:.;ucture is assumed. Howsver, the theory developed
can be used to simulate forced generator outages by sidtgbly modifying the
load duration curve [Vardi and Avi-Itzhak 1981] . > o

- -

The load dutation curve will sarve as the basis for comput-
ing the optimum operating cost of the system. Hance, a discussion of

hthis will be considered in the next section.

: S

v

AN

3.1 The Load Duration Curve
'!halonddmtion@n {(LDC)- is definsd ss a graph show-
ing the fraction of time in a given time interval for dhich any given

i ke

9

L
v
0
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system load level is exceeded. The load duration curve can be used

for the following computations, namely the operating cost of a power
sy?te-, the eneryy delivered by each generating unit, and any associated
cogeneration units, and the minimm cost incurred by a utility in supply-
ing the energy z:equiremnts of a given bus (either based on the BIC of
the corresponding bus or the SIC) . In its conventional form the
abscissa of the LDC specifies the number of hours in a given period
(assumed to be a day in this gtudy) during which the customers den:nnd for
power equals ?r exceeds the associated demand level specified on the ordi-
nat.g (usually/) as a percentage of the annual peak demand) . In practice
_ the \fp\le of /the two coordinate axes are interchahged and the time variable
is norﬁa\li/zed, the base chosen for the normalization being the correspond-
ing period (24 H in this study) .  Thus, the ordinate of the normalized
LDC ca;x be interpreted as the probability that a given demand may be

S ’

‘ equalled or exceeded.

-+

1f y(P)) defines the nommplized LDC , the cumulative L

density (or distribution function) is defined by the following equation,

13

i.s., .

1-we®) = o) (3.1)

4 . \
The derivative of equation (3.1) with respect to the demand PD gives the

‘corresponding density function of the demand, i.e.,
N . ‘
4

PD!'(PD) ¢’ (PD) (3.2)
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In the above equation PW(PD) is ths probability demsity function of

*
the system demand P_ . Pigure 3.1 gives a graphical illustration.

D(
The PD!'(PD) can be used to computs the expected values (weighted
average valuss) of the bus and system IC's . This gives an indica-
tion of the relative variation. The process of determining the

expected values are discussed in the next sectionm.

K S

3.2 Computing the Expected Valuses. of Bus and System IC's

The BIC's are piecewise linsar functions in the systam
demand. However, the theory to follow does not explicitly assums this,
and would be valid even otherwise.- The expected value of the BIC of

bus i, i.e., ki s l1ls computed from the following equatiom, i.e.,

4 .

!(li) - I B]IC1 (PD) 0'(PD) QPD (3.3.a)
-lld

where E stands for the mathematical expectation.

The SIC isnlso'piccumumummmw

P_ . The ;xpectod value of which is given by

E(SIC) = ISIC(PD) 0'(?0) dPD (3.3.b)
=

.

.Allﬁmnmqimntth.-adofmm.‘
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In the absence of transmission line comstraints, it can be shown from
equations (2.23.a, b) and (3.3.a, b) that the following is true,
1.‘0'

S

!(sx(;) - B(li) V 1 - 1' * & & o o » 9 n“l (3.3.:)

mmmotmwmmwm:-uuumﬁ:
tioms in. BIC's from the SIC dus to saturating transmission lines.

I4

The method for computing the optimum operating costs of a
powar system, and those of individual gemerators will be discussed in the
proximates the I1DC by a piecewise linear function. This latter approxi-

)
mation being used to simplify computatioms.

\

3.3 Theory for Computing the Optimmm Operating Cost
aamm" N

J
Por demonwtrating the theory, a powsr systsm with only two
generating units will be coasidered. However the results derived are

quits gensral, and can be agplied to a system with any nmbar of generst-

hd

ing units.
Figure 3.2 “lwmﬁm
ing the SIC. m,mmmdmuu.m
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the IC curves of the individual generating units, the IDC of the
systam are known. Pmﬂyith‘mmdchnmuulmm—
ntd.hm.mqulmmogctcxiurim&nw) cnbound.
to computs ths SIC curve of Figure 3.2.c . Purthermore, it can be
seen, from FPigures 3.2.4, e, £, that the ordi.nau-‘o! the normalized .
LDC of generating units are equml to the ordinates of the normalized
LOC of the systam, within the range of opsration of each individual
unit, i.e., ‘
p:h'<p <9:t

ﬂi(Pi(PD)) - NPD) for 4

v i - 1' essses 3@ ”1 (3"“)

vhare *1"1"0” is the normalized LIDC of unit i and

P:t is the limiting generation of unit i . Generally
133 * max
1 <%

P for all units.

In the evant that transmission linas reach operating limits,-
the EICC may no longer be employed to cowpute the SIC . Assum-
ing that the computer package provides the piecewise linear variation in.
the SIC curve, and the piecewise linear variation in the qeﬁeratton of
unit i with demand P, Figure 3.3 gives a geometrical procedure for
obtaining the normalized LDC of generating units in this case. To be

general it is assumed here that the unit picks up load at a point beyond

e

D
unit equation (3.4.a) is valid. ‘ '

Once again it vill be seen that within -the working range of each

T A
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The ninimin and meximm system demands are assumsd to
1ie in the range given by the following, i.e.,

F
mtl wl .
» THY <, A%< A= (3.4.b)
—~ . {m] im) .
mmwmmummnnmbf (in §) :
D
cm - cll:b. + ; [ c’ (PD) t(!o) nd (3.4.c)
’ wmFl g
£ i
i=)

From Figures 3.2.4, e, £ the shaded areas “1' “2' and
- \
A, are related by the following equation, i.e., . N

Al + Az Ll 13' ’ ) * (3.4.‘)

The cost incurved by the system (in §) , tomlythoguimnpnmud

by area A_ is given by the following, i.e.,

3

min ' nin ’
Capep = (C;(B ) + C (B, )} xrT ~ . (3.4.0)

-

*

where T is the time duration under study taken to be 24 H in this work.,

The next section shows how these very same ideas can be used to compute the
optimum operating cost of generating units. First the theory is developed

I
for a unit with one IC segment and subsequently it is extended to cover -

R 4

I ( }lltiple IC segments. ey ‘ o~

» " ‘t - !
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3.4 Theoty for Computing the Optimim Opersting Cost

.
¥

of » Single Gesersting Unit with omly one IC Segment

The optimm operating cost of wnit §i (in §) is given
by the following equatiom, i.e.;

|23
Py
op puin ; \ !
ci - c:l.‘ s IxT + I c;(?i) ‘1“’1’ arl (Q.s.a)
..
' \
On simplifying equation (3.5.a) results in the following equatiom, i.s.,
D .
op min
ci ci(’i. I xT + [ ci“’i’ Nl‘n)\ ‘1"0) d!o
1l o
T r:“‘ Vi @ 1, “reee o mtl (3.5.D)
im}
where by definitionm :
. Y
ar
i
"1"!)) & EFD- o * | ) (3.5.0)

¢
The IC of wnit i, i.e,, 'Ci(Pi) can be pn_rmtcﬂnd in PD o
This is possible as under lossless ED , the generation of unit i is

piecewise linear in the demand PD s d.e,, . ‘_ .

i

P, = P, (Py) : (3.5.4)

¢

Thus equation (3.5.b) becomes




\_ i :W
K
. g
-'ci(t:”rxr + T 8, m () an
| el
+ z,:ill 4 1-1' semes @ ”1 ' (qu..)
i=] .
where by definition : ' e
0wy & c'u» ) $(ey) | (3.5.0) !
This theory will now be extended to the case where the generating units
havé multiple IC segments. , !
« v‘
v
, ' 3.5 Theory for Computing the Optimum Operating Cost
! of a Single Gensrating Unit with Multiple IC Segments
: Multiple IC segmsnts ars typical, when a qamaunq‘ plant °
. cc%ziua of many units which are not identical. The single cquivaiiat

unit which results through the application of the EICC will have many
v IC segments as shown in Figure,3.4 . If the single equivalent unit, de~
| notad as i , has n IC ugunti, equation (3.5.b) gets modified to

the following squation, i.e.,
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Vi ®l, cocees o D) (3.6)
> . . : [
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3.6 Total Delivered Each Genara it

The total energy delivered by sach generating unit 4,/

. deee, W (ing W) -over a pericd T is given by the following equa-
! o .

[}

«t:l.on, i.e. ’ - e ) t -

.
{ N
~
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v - t';“‘ xT + ! v (?,) e (3.7)
! ) ‘
* f
% mmummx.nmgnmnmnn. i.e.,
| =
v, - r':“‘ T + [ "P) m (R) @P (3.8)
o ol
z #ﬂ ’ / o
. i=} S Wie 1’ weoese ¢ =l !

Parsmetarising in system desand Pn is particularly useful as it helpe

to work with only the system LDC . The similarity betwesn eguations
(3.5.0} and .8 Wmmmtmmmmm
Mmtofnuitmhudtomtbmumhumw i
each unit. mmmmmmmmﬁum

e T i o

mnmmzymmquwmmm

’ mmummmmmmtyummnmm
\ reoquirensnts agimmbq.duthoncctthntbuhﬁmby
*  the following equation, i.e.,
A - ! Ary wmy) ar) (3:9)
. A , I~
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ware ) is the BIC of bus i, ad t i the composest of the
correlation vector T correepoeding to bus 1. By replacing -
A B) in the integrand of equation (3.9) by the SIC one could .
compute the cost of supplying electricity to bus i based on the SIC .
This would aid computations relating to economy intsrchanges. The

sinilar structure of equations (3.4.c) and (3.9) implies that one

could use the algorithm which computes optimm opersting cost of a sys-

tam to computs the cost incurred by a utility to supply slectricity to

B

a given bus, ’ .

.

@

3.8  Nodelling Cogenerstion

_The real powsr output from a cogeneration unit could have
any gensral shspe and need not resemble the load curve of the system in
uy;q. Howewir, in ‘order to simplify computations the theoxry to be
Mwamtmmimhmmmlmﬁcno{

amnummitmm'mt-wm. In ths more genexal case
this can be extended to a plecewise linear correlation function in the
system demand P, , the theory being still valid and beinj applisd to a
segment at a time.
mloddm;:n:hlsmdﬂamhkmnum;
mmw; ’n will be provided by the computer packegs
dsveloped in this stuly. By sssuming a comstant corrslation’ v, to -

1 ]

Y
exist between the ith ocogemeration mmit snd systam demand 'o' Pigure

e

\ ’ l ' \ ) R
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3.5 gives ths geomstrical procedure for constructing the LOC of the -
mm:mmwug' BIC as sean by this unit.
The construction is assumed to be self-explanstory. ‘

The area Ac in Pigure 3.5 is the comtribution by the
cogemsration unit to the base load of the systam. Bance, frxum Figures’

3.2 and 3.5 one sees that the utility saves an amount (in §) given

by the following, i.e., )

Fou
R - f P P ) A (B ) AP, (3.10.a)
e -
. A A h
xb“‘t = -‘3 x Cum (3.10.b)
3 : »

v, (P is the normalized 1OC of the cogeneration unit and 1\ ., is

the BIC of bus i paramsterised in ’ci\l' The computations involved
in computing "i can be greatly simplifisd by paramstarizing *1 and

).d in PD . Hence, equation (3.10.a) gets simplified to the follow-

ing, 1.e.,

D -

R’-lb".+v[

1
T s

joy 1

'c:l"cimb“ Ad(’c,i“n” di'p (3.11)

mmn&d_m (3.4.c) and (3.11) ensbles ona to use
the sams algoritim in the computsations of both the total opersting cost of
the system, i.e., c . uﬂwtintrm_ R .

~

- van
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Baving a cogemaration unit in -the system will affect the
net LDC , and the bus load - system demand correlation vectar T .

T™he next section ﬁzmtiqutu these changes.

.
3.9 Effect of A Cogeneration Unit on the Correlation Vector

From equation (2.34) the system demand would be written

in the following form, i.e.,

mel
P, = t, P : (3.12)
D " 4 3D

g

m;qm-mummum i, having a fixed corre-

lation v, to the system demand PD » squation (3.12) gets modified to

i
the following, i.e., .
i-1 ‘ n;l
Q-v)p. = T ¢t P_ + (t, -V, )P + ©oc, P (3.13)
1"’o jup 3D R B

Equation (3.13) can be simplified to tha following form, i.e.,

n+l -
pod | p md 7 : (3.14)
ju1 3
wherse by definition 3 ' o
‘ mod A -
o [ - - . . 3. .
( PD (1 "1)’0 ‘ {(3.1%.a)
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IR oy domon, v

t
Mo 8 3
3 (1 - vi)
and
mod 4 &7V
3 {1 - Vi)

Vi = 1, ..., ntl
3 ¢ i |
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(3.15.b)

T
(3.15.¢)

Hence every time a cogeneration unif is added to the system, the components

-

of the correlation vector gets modified according to equations (3.15.b) and

(3.15.c) respectively and hence do not require major modificiations to the

algorithms for couputiné the costs discussed in tlie previous-sections.
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Fiqure 3.4 IC segments for Unit i .
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1. The abscissa has two scales namely (i) the
- generation of unit i (Pi) ¢ (i1) the system

dmndPD.

2, Pg is the value of PD corresponding to P

for =1, ... . ,n.
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CHAPTER IV

% AMALYSIS OF smmm‘;? RESULTS

4.0 Ducq.m._o_g of Objectives

The numerical results d:uculg)od i;n this chapter are a
consequence of two simulations carried out on the IEEE 24-bubd test
system [IEEE Reliability Test System 1979] , and a ;i-.lhtian on a
10-bus experimental test system [Vojdani 1982} . A major portion of
this chapter is devoted to demonstrating the theory developed in p:-giou\-‘
chapters through these simulations.  Although the theory developsd is

- quite gemeral within the framework of the necessary Assumptions stated

in their derivation, modifications were needed to the data cited in the

first reference in order to overcome Gertain programming limitations in-

[
herent in the main simulation pa.chq-. ¢ These modifications were needed

only in the heat rate data of smn generators and the configurations of
generators. The modified data corresponding to these changes are given

in Appendix D . Appendix E gives the data used for simulations carried

out on the 10~bus system, with modifications made only to the network
parameters to demonstrate the much prom\u;ced variations in BIC's from

the SIC close to the loadability limit with three constrained lines

&

existing at the loadability limit.

AN

The first two simulations cif,éd above, to be carried out

on the 24-bus system are meant to highlight specific theoretical aspects,

and hencde. needed few changes to the network structurae. These changes

I4




.
&Wmmmxum'mwuunvwmm e g dn A b s . e e bt o amevaam e
.

and the points emphasized by the simulation results will be the topic )
of Section 4.2 . \ g

14

The data given for the IERE 24-bus systsm in the corres-
ponding refarence specifies that certain hydro units are available for
dispatch along with the remaining all thermel units. As one camnnot ,
define’ a’ fuel cost for hydro units, it cannot be rated into the
ED model, along with other thermal generating units. Hence an optimm

’ -thodﬂo:utu:uinqthuhydtomrqy-ptthc.mc. Such a method is i
developed in the next section.

)

. :

A - B §
.

4.1 Optimum Utilization of Available Hydro Enerqgy

e data applicable to the 24-bus system specifies
4{?4

769.23 MWH as the total amount of hydro energy available for dispatch

on the first day of week 18 , which has been chosen as a typical day
to dcumnstxate the theory of previous chapters. Further, this amount
of energy can be dispatched nt( 100 gcapacity. i.e.,h 3PUMWN , as
* . specified in the data. However, if this energy is dispatched at 100 &
capacity it would lagt oﬂly for 2.56 H , %ﬁ'?et better dispersion of) 'this
energy (3.85 H) ‘ it will be assumed that the dispatch is carriea out at .
a fixed capaclity of 66.7 % (i.e., at 2 PU MW) until all the avn-ilasle NN

~%  .energy is expended. In order to carry out this dispatch optimally it

becomes necessary to determine the time of day <t at which the hydro

" I
‘ -~ . N\
¢ - LY
-~ -
.
.
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v
- -

generator must be started, By varying t from O to 24 E one

could determine the value of < whichcomspondstoﬁnninii-syt-

. tem operating cost. This problem can be stated as the following

optimization ptcbii-, ‘f.@.,

gl
mininize C‘g_p R)
wor.t. 0T (4.1)
vhere :
T Mt‘iuti.ofdayatuhichhydmuniumw.
H is the daily availability ot,h;d:o snexrgy in MH .,

C(P,H) The minimum daily system operating cost.

Tha solution to this problem is carried out nt-grically .by incrementing

T in d:l.-cr.tc ti-i lup- and cosputing the overall system operating cost.
The ruults are given in Table 4. 1 . Pton thelle results it becomes
evident that 15:00 H is the best time to start”the hyd;'o units for this
particular day as this brings about the lowest daily system operating cost
of § 362.0 x 10> (cf. .§ 372.19 x 10° inthe absence of hydro units) .
This is found to be phyciq'nliy acceptable as well, as the system peak for

this day occurs close to 15:00 H .

On dispat\clling the hydro ener in this manner the systam

1 63)

load duration curve gets"“a.'ffected in the time interval 15:00 H to

18:51 H, by 2PU M4 . Hence the load duration curve is modified to ,

a

» Ey
All relevant tables and figurek are given at the end of this chapter.

oy
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’ L
give the net load duration curve, the data of which normalized to 24 H

is given in Table 4.2 . momaoteh.mild?ﬁdurationcummw
becom#s the net energy requiremsnt of the sysm.l‘ Subssquent simula-
tions and discussions to follow will assume that dispatch of hydro
units are fixed st the above level, and will uunru the net 1LOC of -

Table 4.2 forx eoqmtttions

Table 4.3 gives the snergy deli by esach generator

and the corresponding cost of this energy. It can be seen from this .

‘tnblo that generator 21 (nuclear) picks up the st portiod of

system-enexgy demand. The low IC of 9.7 § at minimum qamrltion
Of 200 MM at this plant and the relatively small gradient (0.0078 $/M°-H)
of the FC curvn:for this plant are the pr:inn cau;a of this effect, On
the c;ontrary, the generating plant at bus # 15 picks up the least system
energy demand, the reasons being a high IC of 2?.11 $/W5H .at a mini-
m.gnn—c\tut;ion of 12 N and the high slope of m{‘; IC curve of

0.2986 $/m2 -H . For these rcuox;a,’this plant Jn.nins static at its
minisaum generation level of A2 W through the ire range of system
loads. In ca.n:ying out these computations double lines 18 - 21 and
one line 15 - 21 are assumed to be in_ outage Figure 4.1 . These
netwbrk wogifications being necessary to demonstrate the disparity arising
among the BIC's. due to a single line, namely line 15 - 21 reaching an
operating limit at a system demand of 14.“436QU MW . To demonstrate
this and other theoretical points of interest on the 24-bus sys‘tem, it

was necessary to make cértain other modifications to the network structure,

. This will be the subject of the next section. .

~ @
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4.2 Objectives and Assumptions Relatifig to Simulations

(a) Simulation # 1 : This is meant to demonstrate that the BIC's
vary from the SIC when at least one transamission line reaches
an operating limit. By ;,noving the dodble lines 18 - 21
and onesiine 15 - 21 of Pigure 4.1 , it is de-omtrat;d that
the single line remaining boévun buses 15 ~ 21 reaches an
operating limit at a system demand of 14.436 PU W (on 100
MVA base) .  The resulting BIC's and the SIC are tabu-
lated in Table 4.4 .  Purthermore, necassary comptations are 3
carried out to demonstrate that if electricity is priced based
on the SIC , it could. cause some customers connaected to
certain buses to subsidize other customers connected to the re-
: maining network buses. \ It is also demonstrated that by a
chnng; :Gx the pricing philosophy, the utility neither gains nor
loses so long as no purchases are made either from a neigh-.
‘bouring utility “c:;r from cogeneration customers. Bowever if
such purchases are based on ’:}"ﬂ sIC , it is shown' that uithef
the buyer ox iha seller stands to lose or gain unfavourably.

'

—_—

(b) Simulation # 2 :+ The intention here being, to investigate ‘the i
i —

, cfxangés in the results of simulation # 1 brought about b; a !
. . -
4 . ' second transmission line getting constrained. Once again any
line could have been chosen to reprssent this second line, pro-

s - <
vided it permits the system to supply its peak demand.: For ’

( v ] purposes of this study the power flow ﬁnit on line 8 ~ 9 is
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is reduced from 175 to 75 MN , keeping the remaining data

as in simulation # 1 .  This causes line 8 - 9 to reach

an opsrating limit at a system demand of 19.558 PU WM .

This occurs in addition to line 15 - 21 getting constrained

at 14.436iPpU M as before. The results are tabulated in

Table 4.7 , fro—- ;thich one can :;n the much pronounced varia-
A\ tions in some of the BIC's with respect to the SIC . A

graphical plot of these variations are given in Figures 4.2.1

to 4.2.24 .

The pertinent aspects of simulations 1 and 2 will be discussed in the

e

next section.

4.3 A Discussion of Results

Table 4.4 gives the variation in BIC's through the range
of system loads, pertaining to the first day of week 18 as given,i;n the
data\ for t};e 24-bus, system. This data is modified app;:upriltely to
consider the op'timm dispatch of. hydro energy as a negative load. The
normalized LDC corresponding to this modified system demand is given
in Table 4.2 , which will serve. as the basis for cost ccun'putations to

f.olloy in Section 4.3 .

. P -

~ Ag the first transmission }ina, i.e., line 15 -‘\21 gets

constrained at a system demand of 14.436 PU MW , the. BIC's of all

-

“ ) 7~
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system buses begin to differ from each other and the SIC in intervals
arising beyond this .point. These results correspond to bus # 23
"/ being chosen as the slack bus, However, on trying other buses in the

systam as the slack bus consistent results were obtained, confj:tning

the theory of Chaptc'r Ii . These results are computed using the

general equation (2.23.a and b) . Purther the BIC's of generation ;

- buses were recomputed through usjing the Lemma cited in Chapter II .

Good agreement were foynd to exist between corresponding results. mc
- SIC's giver in this table were provided by the main simulation package, -

However on recomputing these SIC's from the BIC's and correlation ,

data, using equation (2.36.b) good agreements were also obtained.

These additional tests and the consistency of ruﬁlts are adequate justi-

. fication that the results are accurate and are void of programming errors.

The low BIC ofbg#Zl compared to the SIC , even at
load levels close to maximum system demand, while the high BIC of bus
# 15 can be explained through the Lemma cited in Chapter II ; i.e., the

i

nuclear plant at bus # 21 which has the lowest IC at minimum demand,

and ‘a relatively low gradient to the ic’ curve, keeps the BIE of bus -
# 21 , which must be equal to the IC of generator # 21 , low . ' An .
argument to the contrary lains why the BIC of bus # 15 4is high. o
The structure of the network is the prime reason for the BIC'-s of buses 17
- and 18 being equal and those of 7 and 8 being equal - i.e., one could
-~ ! s
-~wgnote that the structure of the network pertaining to the network modifi-
cations of simulation # 1 , isolates‘bus # 18 from the rgst of the lslystem

(_‘ e except for bus # 17 . Hence so long as line 17 - 18 does not reach an

i
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operating limit, buses 17 and 18 will have the same BIC's . A
similar situation prevails at b\ll..! 7 and 8.

‘. -

The cost of del“}.‘}ering the daily energy ;equirenents of

the various load buses are computed based on the SIC and the corres-
ponding BIC . These results are tabulated in Table 4.5 . The net
customer uvinqs. due to a change in the pricing policy as given in :
Table 4.5 indicates that m@tl on buses 14, 16, 18, 19, and 20
will subsidize the electricity use of customers in the remaining buses
if cost computations are based on the SIC . The high net savings at
bus # 18 is due to (i) its proximity to bus # 21 which carries a
cheap source of electrical energy and (ii) no generation facilities
being available at this bus -~ fog should a generator be present here
by the Lemma of Chapter II , the BIC would be equal to the IC of the

geénerator. The large negative savings at bus # 15 are mainly due to

-the expensive generating plant at this bus, which continues to remain con-

strained at its lower limit through the entire range of system loads.

Hence, the BIC at this bus by the Lemma of Chapter II becomes the IC

- of the plant less its LM . Since the IC is high this makes the BIC

more expensive. The simplest method of reducing this large financial
loss ato bus # 15 would be to comgletely shut down the plant at this bus\,
and restarting the units when the BIC b'ecomes’ equal to the IC at min;L-
mum generation.‘ By adopting such a control strategy, gspecially when

t

°

* . i
Net customer savings is defined as the difference between electricity
prices based on the SIC and the corresponding, BIC . .

.

e
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dealing with expensive units such as gas turbines, the netﬁ benefi;cs of ;
a cheap source of electrical energy such as that from a nuclear plant

could be spread over a wider margin of customers. One can observe in

Table 4.5 that the sum of electricity cqQsts remain equal to $§ 362.0 x 1'03, >
which in ¢t is equal 'to the total cost of operating the system genera-

tors given iﬁ*&ble 4.3 .

-

w

. It will now be demonstrated how a utility could gain or lose

unfavourably when economy interchanges are carried out between two or more
neighbouring utilities. If 85 % of the bus demand at bus # 18 corres- :
ponds to sales to a neighbouring’utility, the daily cost of energy based ,
on the SIC as computed by the seller is § 36.0 x 103, while {f the same
cost were computed based on the BIC (it would be §$ 35.42 x 103 . Hence
by maintaining electricity sales based on SIC , brings about an unwar-
ranted financial benefit of § 580.0 per day. If sglgs similar‘to the
one mentioned above are carried out at bus .# 15 , would result in a loss
of § 306.0 per day to the seller or ap unwarranted financial gain to the
buyer. A gimilar situation can prevail if eléctricity purchases are

+ |

made from a neighbouring utility. ' ,

.I\ ,
The theory developed in Chapter II assumes a fixed correla-

‘

tion to exist between the real generat;én of a cogeneration customer and -

the system demand, This assumption is used mainly for simplifying the

*

numerical computations. However more generally the above specific cor-
-~ .

-

R I

relation can be extended to a more general one .by assuming a piecewise

REY T e e
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‘- wggﬁhﬁ.ﬂ!ﬁ go&u«-‘i gnﬂi -

b
f .

ggﬂguﬂnﬂé gg%nﬁ&ﬂ aonc..
p

. ‘iegﬁuga a cogeneration unit lnnu.ﬂ!nnngg

»ﬂ%ol-nzgﬂgnﬂgigé:

The net savings to the utility, due to a cogenarstion
wit, capable of generating 1.5 % %%E#&E:

_ imwestigated, by spplying the umit to all 17 lad buses. ” The v
nl'gsﬂvo SIC and the corresponding BIC »-au;ub
.gaaa. zgglon%g% £ such cogensrstion -
!‘gn’%? 1s5-21, n‘lﬂ'!‘oﬁﬂlg ‘
© of this line ‘twhich coxyesponds to & system desmnd of 22.185 pu W) is

alpo givem in thia table. ~ It is fowsd that in the wbessds of the co- -

" gdasretion wit, the mexiswm velws of the LN of lime 15 - 21 1s
siven by 036809 3/WN . O couperimg this valus with thies repmeted

in Tuble 4.6 , oni sons thel the comstraimt on this lime is veliswsd
puxtially the grestest amowmt being when the cogemarstien cwstomar is

- tiom wmits, lg ggggigg?
%ggglg goﬁnﬁwﬁii .

!’inﬂﬂ%guﬁgg‘iggﬁr
. guaaration snits in strategic locations to gemarste mare sk timss of
ceatingencies, to relesss lims comstraimts.
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- Next the -stody will focus attention on the affact of a
Mlmmtungm&uudopm BIC's . '!h-umluot:i:m'- .

W

lation # 2 demonstrates thase sffects, and are given in Table 4.7 .

A graphical plot of these resulths are given in Figures 4.2.1 to 4.2.24 .

' The probounced variations betwsen the BIC's and the SIC can be seen
:lnb;u 7, 8, 17, 18, 21 ana 22 , mmtutmmm .
at the maximm system desand of 22.185 PU Mf . On coparing Tebles
4.4 ad 4.7 mmpnemmdtnmimlalwwaﬂw
of system demend equal to. 15.336 PU MY and start differing beyond this
*m.dmw. fhis is.due. to lime 8- 9 reaching sn operat-
mmznmmnamm mwm
‘im the BIC's and the mmmmmumumu— ) -

mmuh—- 17.1‘,:1-‘22 It is demomstrated

"thewash simsletions cerried et on & 10-bus systes that thess veristions
esuld be spresd Chroughowt all system buses if ssmy lines get construiasd,
& csmmen festwe close U5 the loadability limit.  Results of these sime-
lakious carviel out to the systes loadability limit is shown grephioally
~hm-c.¢.1 ‘e 4.4.10 . Some festurmsz not foumd in previous
mmwm namsly the' case whers B2IC"s could be .
sighifiomtly higher tham the. SIC are ohssrved in figures coxrespond- .

ing o buses 3 4 wd 5, rortharanre lines reaching opersting limits
awe clesrly demarcated im these lattar figures which will now be discusesd
Bciefly. ' ’ \

e



Transaission line 1 - 2 ma-"'mmm-m
d system demsnd of 4.091 Pu W .  This-ie clearly demarcated in all

Pigures 4.4.1 to 4.4.10. At 6.19270 MM a second line S - \

- mmoponu.ng.lmt. m-muséummurm

P 4.4.5 whare the gradient of tiw mxmummmm
in Pigure 4.4.6 mmummumegm.. The reduction
is doe to a free generator at this bus, capsble of supplying the bus load

. , at its IC (Lemma Chpter II) . At 6.066 FU ML & third'lise 2 - 3

Mnmth. "mwmmamtta to-

rise from 2008 to 102.55 MM .  As this generator now oparates close

*b

[T
<

uxuwunexurcnmum m.umuam

e
e

Ay

C . Fise {n the BIC of bus # 3 sesn in Figure 4.4.3 . At a system

- c-u.e 9.%7 MM a fourth zm 3 - 10 reaches an operating limit.
WMWMW& of the BIT of hus # & o fake » higher
gradiant and that at bue # 1C ¢t faes ~n r Lovedr gresdient. Thiz i

shlf-euplamatory as bus & 10 ~arvisz & ifpe geasrstor (plsn Shrough Lewee

Chaptar II) At 10,290 P0 W line 1 - | gats ancoretrained, snd at

—~

10,429 PU M genevator 34 bus § 10 resches ar deeratisg” lamit.  This b
is ohowms 25 2 ngar astap Cige 0 the SIC suorws and some of :m BIo
i e;ws‘ The limit of system loadability s cesched at iD.646 FU MM
One mi:mh xal sppreachaing losdebility limit isn ot reflactsd in the m&ﬂt.__

4 Remce artificial mesns of kesping costomars awsy from the loadabilivy

Iimit =muat de sought possibly thwough the incorporatiocs a; suitable penalty

‘. functions into the BICSs, m&‘mm custoners basad on these
j

penaiizad AIC's . . :’/
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_— Although none of the three simulations investigated show
: Mmuuu in the BIC's, the naxt section discusses situations

whare duch disomntinuities may occur.

-

. 44 . piscontisuities in the Bus Increméntal Costs

‘Discontinuities in BIC's ars due to multiple constraints

aooming active or inactive {in »ddition *n those of the ;Sre’viaus load
inthrval) at a change point, Hamevsy mvemerical demonstrations of

¥
this featurs were rot poszaible dus 20 the main aimulation packags limiting

such changes in the sctiwve 2ot o one, Howerer, A gualitative explana-

tion of this phencmencn will be Alscussed.

-

If the gonerator of bua & 7 in Pigqure 4.1 has a very
high IC (higher t:.hnn that of any other aystem unitF, it will continne-
to operste at a lowar limit nptil line 7 -~ 8 Teaches 4n opsrating limit,,
At this point this wenerator must be releassd from its lowsr bound to m;t
;t least the hus desand. 7his meana that the LM corresponding to this
tj:ni.t must instantanenusly become zero. By Lamma of Chapter II , this
cauges the BIC of bus # 7 to incresse instantanecusly to the corres-
ponding IC valuve of this generator. A phenomenon to the contrary
occurring if the lime 7 - 8 is reloased from the active set in subsequent

loading of the system,
Arm
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The diacusgion to follow subsaquently l¢ to oulline nther
arear In powpr ‘syntem plannihy whera information provided by BIC's  man

b cvommaialle ~xpinitad,

4.5 Applicaticn of RIC's  in the Ezpsnalcr

Planning of Power Systems

\

Vary often the powar systaem planner iz faced with the
problenm of chooaing the h%si; alternative among many expansion alternatives,
in order to dstermine the best strateégy which would minimize dally oparst-
ing cost of the aystem. The &pglj.cmism of BIC's in thiz field of
study will be explainsd through the foilwing'exagam. Tha data

corvasponding to simulation # 1 being used in this study.

v

The following expansion alternstives are assumad ¢ be

avallable, i.e.,

(i} Commizsioning a cagamration unit capable of genarat-

ing lgﬁaPDm At all timeg at bus # 15 .

(i) Building a new transmizsion line either ftwesn buses 18
and 21 or between 15 and 21 , assuming that thems

lines are not available at present. a

{(111) Expanding the generation facilities at bus # 15 through

-

" .. the addition of thrse naw 12 MW units of the type lresdy

in existence at this bt;a.

R

PV

[P ——
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The daily operating cost of the system wers fcund‘tc
changs from $ 382.0 x 103 to the following values in each of the above
alternatives. In the first alternative the daily Qpar&;.:ing cost  bhe-
comas 5 354.0 x 103 . This however exciudas the amount palid. by the
wtility to the cagmaratar concarned, which could be computed aithey
baged on the 8IC or BIC . However, it is more appropriate to assume
that the utility pays this cogencration customer at least the expense the
utiliity would have incurred i;:aﬁ it supplied this energy, which amowtts to
$ 5.36 x 10° {computed based on the BIC of bus # 15) . Hence the
total operating cost for alternative # 1 becomes § 359.36 . It is
found that the addition of a new transmission line either between buses
18 snd 21 , or betwesn busees 15 and 321 is capable of removing the
constraint on 1ine 15 - 21 and result in a daily opq.ntinq_c:t;: of
$159.7 x 10> . The third alternative is found to be by far the most
sxpenaiva operationally, ss the oparsting cost now becomes $ 373.6 x 10°
The high IC at the minimus generation level and the stesp slope of the
IC curve, mcim: this uniw from picking wp the system demand, and
hence munma to apn:au at the lower generation: IMt which 13 opara-
tionally o expensive, Rance optmtimny t:hu fi.rit a}.umtivn

will prove to be the best,

Furthermore if slectricity sales to nelghbouring utili-
u«mmmmmm.mmmmmwm " BIC's M
1wed successfully in theoretical studies for estimuting changes in
WWthmenmg-afmmm&'
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4,6 Conclusions

Discuasions and numerical examples in this chaptsr have

showp that the BIC'z of a system give battar information relating to

electricity prices than those provided hy the SIC. Farthermors

the reasons for the wvaristions in BIG's from the SIC dre diacumssdi

20 that if one were to base cost computations on the SIC one would

know where precautionary measures must be taken (like having additional .

transmission facilities in gystem locations where lines are likely to

rgaah oparating limita) in the power system to alleviate unwarranted

subaidy and financial losses {(or gains) to both a utility and its cus-
touwmys.
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- S TABLE 4.1 '
- - . -
OPTIMUM OPERATING COST POR VARYING HYDRO DISPATCH
e
‘ T (3 COST ($/DAY) y;
v - — - /
. 0:00 , \a@im L
e
3:00 © 368.34 x 10
7:00 ’ 362,99 x 10°
11:00 362.03 x 10°
" 15:00 362,00 x 10°
19:00 362.86 x ].t::‘v3
TABLE 4.2
NORMALIZED LDC WITH HYDRO UNITS
¥
DBGND PU MM NOMMALIZED TIMZ
d‘ {100 MVA BASK) (248 BASE)
0,000 © 1.000 )
, 12,4233 3,000
12.967 ’ 0,917 S
. 13.311 ' 0.854
14.196 ‘ . 0.2
) 15,973 0.729
T 16.860 : ~, 0.688 “ s
: 18,635 Y
19.301 0.542
19.532 _ 0.438
S .40 . 0,375
~(. L 20,61 S L
abm . ' m‘s‘ ’
1.3 © 0.308

1%

23,188 © 9,000

T e
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e L
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N




g TABLE 4.3 °

ENERGY PRODUCED AND THE MINIMUM OPERATING COST

OF THERMAL UNITS PER DAY

90

ENERGY OPERATING
GEN. -BUS # (PU MWH/DAY) COST ($/DAY)
[

1- .485 11.87 x 10°
.3

2 0.830 25.26 x 10
' 3

7 0.752 37.90 x 10
l 3

13 2.069 29.81 x 10
. 3

15 0.120 5,72 x 10
, o - 3

16 2.297 59.64 x 10
"21 6.386 90.09 x 10°
3

23 5.503 101.71 x 10

i ) q\
¢ &
TOTAL ! 18,44 3%2.0 x 10°
N -
‘ -

> )'
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£
%
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TABLE 4.4

VARIATION OF SYSTEM £ BUS INCREMENTAL CODSTS

¢
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TABLE 4.5

-
Sy

92

' CcOST OF ENERGY REQUIREMENTS AT DIFFERENT BUSES PER DAY
f F4 -
\i
Bus LOAD ~ cosT or ¢ELECI'RICm NET CUSTOMER
SYSTEM LOAD IN $/DAY BASED ON SAVINGS TN
BUS % CORRELATION 51C BIC 5 / pAaY
L. ’
3 3
1 3.8 13.75 x 10 13.79 x 10° ~ 40.0
LT

2 T34 M 1331 x 100 12.33 x 10° ~,20,0°

3 6.3 22.81 x 10° 22.91 x 10° ~100.0

4 2.6 9.41 x 10° 9.43 x 10° - 20.6

5 2.5 3.05 x 10° 9.07 x 10° - 20,0

- Y
6 4.8 17.38 x 10° 17.40 x 10° - 20.0
7 4.4 15.93 x 10° 15.95 x 10° - 20.0
. ) 3 3 ¥

8 . 6.0 21.72 x 10 21.75 x 10 - 30.0

g 6.1 22.08 x 10° 22.12 x 10° - 40.0
10 6.8 24.62 x 10° 24.64 x 10° - 20.0
13 9.3 33.66 x 10° . 33.68 x 10° - 20.0
4 6.8 24.62'x 10° 24.61 x 10° 10.0
15 11.1 40.18 x 10° 40.5¢ x 10° ~360.0
16 3.5 12.67 x16° _ 12.66x 10 7 10.0

18 11.7 42.35 x 10° 41.67 x 10° . 680.0
19 C 6.4 23.17 x 10° 23.16 x 10° 10.0
20 4.5 16.29 x 10° 16.29 x 10° 0.0
. 3 he2] 3 N . )
TOPAL COST  ($/DAY) 362.0 =10 62,0 x 10 0.0 (NET TOTAL
he i SAVINGS)

»
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TABLE 4.6

NET DAILY SAVING TO A UTILITY DUE TG COGENERATION

93 .

CO-GEN.

BUS #

¢
NET UTILITY SAVINGS

IN 5/DAY BASED ON

HMAXIMUM VALUE OF

THE LM OF LINE

\
s1c BIC 15~ 71 e
X )"\-\
1 5.35 x 107 5.36 x 10 8.672 S
2 5.35 x 10° 5.36 % 10° 672 '
-3 ) 5.35 x 10° 5.36 x 10° 8.663
4 5.35 x 10° 5.36 x 10~ 8.672
5 5.35 % 10° 5.36 x 10° 8.673
6 5.35 x 107 5.3 x 107 8.674
7 © 5,35 x 10 5.36 x 10° 8.669
8- 5.35 x 10° 5.36 x 10° 8.674
.y
9 5.35 x 107 5.36 x 10° 8.673
10 5.3 x 10° 5.36 x 107 8.674 r
113' 5.35 x 10° 5,36 x 10° 8.677
14 5.35 x 10° 5,36 x 10° 8.680 |
15 535 x10° 5.36 x 10° 8.647
16 5,35 x 10° 5.36 x 10°, 8,682
18 5.36 x 10° 5,24 x 10° 8,738
19 5.35 x 10° 5.36 x 10° 8.680 ’
20 5.35 x 10° © 5.36 x 10° 8,680
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. systém localities need not always be the same in a lossless system.

> This study has investigated the fact that the cost in-
mmmnuiqhmlrm:lwmh:to!mmﬁm_

I% is demonstrated through studies on a 24-bus syatem that these tosta

could have wide differences once transmission lines resch operating
limits. One saturating line is n.tﬂchnt to bring about a large die-
pazrity. Continuing to carry out economy intsrchanges based on the
s1c vzncm“mn&mmbmumm.namum

uucutlosm(uuinl}izlmmnm. It is also
shown that in a lossless mmulmnch;t:icieyuh'byﬂn
mqmmmmxumu.mmutymmmm
mnbyamumpdmw .
IthMlMMnmmm_Wu sIC's,
could hring sbout a radical change in the curremt philosophy of dispatch-
ing electricity. It is omjectured that under a pricing policy based
u_fm':.-mndnajmmi:m;mxdinqmmw -

oost of ‘electricity supply, not demsnding excessive smounts of energy at
times of Limited supply. A batter mods of cooperation msay result u the
muiaq foroe is now the load varying price of electricity. Howswvar,

sinos an approaching system loadability limit is not reflected in the



-~

nc'o. it may be necessary to price customers bund on pouuud BIC'c
rathar than the trus optimm BIC's, duiqmd to dincommq. lnad in- -

crements closs to system loadability limit,

Finally, the study has also shown how the optimums BIC'm
can be utilized in power systes expansion studies (both generation and
t:m-lnion nmim). where one could consider encouraging commiou
at oomi.n strategic h:lum as an llumaﬁn to building new plasts

ox transmission lines, In the operation aspect of a powar system,

_nltnbly modified opti" BIC's can be used to control different bus

.Wuummmnciqmmwm

‘s.1 Becopmendations for Future Research

(s} The results reported in this work assumes a lossless system.
Chaptar II givas the neceasayry theory to include transais-
sion losses into the model. Hence a program developed to
combine this theory along with the program used in tkfa presant

study will provida more realistic values for the BIC's.

F}

-

(b) It is found that no indication of an approaching loadability
limit is reflected in the BIC's . RBence, the pricing
philosophy based on BIC's must be modified to kesp customers

may from this losdsbility limit,  This can be accomplished

- o~
- “

-




Mm&;&mw P

‘ {e)

(@)

by multiplying the optimum BIC's by suitable penalty
functiona, and pricing the customers hassd on thess
penalizgad RICT= Purther ressarch is resded to deter—
mine such panaltv funct ions which nat anly keap costomers
meay from the loadabiliery limic, byt nles proside a means

of reflecting the large rapital and ovher o= ration related

*

_ costs incurred by s utility, In Figurs 5.1 one type of

pmalty function capable of mesting these requirements is

shown .

mprofmtttudyuma;ll units in the system to be
available at all times. However, some units may be out
of commizsion due to forced outages or for maintenance.
Hence for more realistis rasulis a wmens of inoorporating

unit commitmant into *he present study has "o ba formulated.

Custamer ragponse tn time varying slectricity prices is not
clearly mdaerstood, Benca bafore utlilitiss can make a
cosplete changs in thelir pricing philosophy, it would ba
most sppropriate to study the problem mathematically, through
bullding s;uitabla mxels to simmlate pessible customer re~

sponsas Lo load varying pricea, The axperience gainsd from

This

figurs is given at the snd of this chapter.
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from such studies will provide valuable midelines to the
actual ifplewentation bkesue of a new pricing philosophy

based on BRI’z

The present situdy sxsupes 3 congtant cormslation hetwsen

the bus load and geztem dewand in compmting aptises BIC's |

It will prowe smefl 1 gme can track Phame Arrimes BITTsn

¢

s

for diffarens Frir eads withenr hpving oo ramr the simolae

tion prograr. rovg preesihis fn parawstorife ohe o ivem
BIC's in *e-—n ~7 = Cemetapy and S fpaek ¥e cpryenn BICYs

by varying “is hopnvopy letwenn 7 amsl ) Hrmpmersr “Min

procsss ~ould ipvelwes actvivaring or deactivating mltiplie rone

. straints of ‘hn aozive ast meking the prablem move Crmplex.

More investigarion iz nesded (n this arsa, dppending & pro-
gram surossnfally desveloped 1o implemsnt ';Ms Leate to tha
existing package will provida a range of RIC's walid for
varying buz ioads not neceszarily having a fixed correlation

to the systen desand. .

[
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A _DC LOAD FLOW MODEL

Maqtcmuwnutumambummm

load flow.
Basic and Derivations
The following lists the basic assumptions under which
model operates: '

ALl line resistances are assumed to be negligibly saall
(see also equatiom (2.5)) .
ﬁlw&nmxmuimndcnlyﬂ-ml
pwu:ﬂo'vismidcud.
,mumammmmm- (oi-ej) are
assumed to be sufficiently ssall such that the follow— ’
mmmu-;t.q..

L2

’ ~
lhl(ﬁi - Oj) - (01 - Gj‘}

whece 81.6j mmhnﬁ..

u‘lb-vulalumq—lb 1.0pn .

@a.l)

R

T ATtk Bt T B Gt
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The power flow in line 1~ 1is given by [Elgerd 1982, Sullivan 1977] :

Py = By Y,V sin(® - o) (A.2)

vhere B is the susceptance of the line joining, buses { and j ,

i-3
By definition :
© heal generation at bus | & l'1 (A.3.a)
Msal load at hus -1 /Li . (A.3.b)
Meal injection at bus i, 2, 2 B -1 (A.3.c)

T™he real injection at bus i can be written as,

N
9

E, = P, -L = vvm.(e-ej).u-l.....nu‘

1 171 ﬁijij S
A.

mﬁmm-mujymmm i, but is not
coimcident vith bus 1 .
By assumptions 3 and 4, eguation (A.4) Dbecomes .

¢ v

5 - ) 'j" j) e, Wel, (o m (r.8)
p o

Let _;_. be the vector of (n+l) bus injections, givem by
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¢ .. . _

! [’ -.L ? eseee P - L ’ P s = L P evessesnse p ™ L
1 1 » mn ]l ] ne2 n+l L1
(A.6)

. 1] "ﬂ
let 6 , be tha vector of bus voltage angles, given by :
- 2 t
g - (e [ sseece 2 e [} e [} e [ ®eceeence e e ] “07)

1l a whl wh2 ntl 1 1

Thus the (n+l) load flow equations (A.4) becomes,
g = J§9O (A.8)
- - —~y
where J is the (n+l) x (ntl) symmetric DC load flow Jacobian whoes
elements are
Jij - - .1-1 uo”
3 =In ' (A.10)
Hoo gy 19
The (ntl) = (a+l) DC loed flow Jacohiam is singulaz, &
"T 3 ‘

J =« o0 a.11)
o1

»
m‘umuncn-dg_.

To overcoms this problen a.new Jucchien J is defimed by

Wmm ““Mh*“h“h
- theum on Mas  (wl) . _ .
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Thus the non-singular set of n load #l6w equations becoms :
2 -39 (A.12)
)
By dafinition
a t
.i [’1 Ll, easse ’. L-o - L.*z' secness p = L"’llm
(A.13)
e & o o .0 e .1t PR
-y 1' soverse @ . r “2 # ®ssseee ¢ ”1 m » -
. 1
0.’1 (] {(A.14.D)

The D.C. loed flow wodel ueed in this stuly is given by equation (A.12) .

i

A.2

he line flow sendfitivity in lime i-) hﬂvuhy;'

Ly ° 34 th.25)

mmu.ﬁ . ond asoumptions 3, ¢ iq-m—m.m._

» e - . -
iy Piey iu : | , .16

By dsfiaition

m" > P
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"«)l ‘
!‘j ‘ [0/ coeeea 1 ssusse *L Leneee 0]‘ ks - (r.17)

lan )

+ . .
1 3 _ )

From equations (A.16) and (A.12) mmmmmm&g.
we get

8 - gts i PRI
t -1 ' ’ . ’
r‘.:j - '1—1 9'13 O S ) (a.19)
- ' -1 B ) .

"v.j x"" _J- .‘_ . G.N)
i ‘ -

whare ! ‘
- ‘ :

Thus from equatiens (A.15) asd (A.19) , the semuitivity of line flows °
bocome : -0 '

{ Yoy i‘*x", ' : a.2)
Prok epuations (A.19) snd a.m; the lime flew et lime {1+3) . hesusss

t -.
,!’F’-x‘,; ‘ o fa.29) -
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wmmamm&um k
given by equation (2:1) , the cbjective fumction can be writtes as
followe: K o ,
. 1y - 0t B ) )
G IRICRS - BF o) T ¥ S .11
wiere ¢ ) v

2° 1o the gunerstion schedule of the wconatraised probles, smd is
siven by the bwmdu (vojdmi 1979] , i.e., \

0 gl .
P o= Beb ) lay,, +by Pple, - &t -3
By defimition - o e
. ‘!.’ o | ' o '
% ‘ * Ja' + b w1 2u % ' — “".’

The Nessisn matriz N will be positive dafiatte, provided the Sollowing
“velation holds, i.e,, - ‘ ' :

.‘ * 0 ¥vi = ], ..ttc.“ ¢ B ' “.‘3




L ) ’#'Y‘"“‘*‘m.

it

7/

€, i» the aptimm csst of the wodnstrained prebles in $/br .

-

( -
<y < R X XY
: X < & : s
’n":‘-‘.!-<'b"=: e (n.5.5)

5.3.2 Zxmenision Rewde
Thé line flov ssheitivity vewtes X, " Sofined by agmiion
(A.22) ocen bs partitionsd as fallews :

.

- - g
1 - . :
Yi-j . N
1‘_, & becoeed m} ) B 'L* 3.8
. 2 ‘ ]
Tied | am1
e o .
Piun eguekions (1.9), ta.xﬂ and (A.23) , ths Sellowing resuits ; i.s.,
LR O IrE I I
Upo? k=P yC Q) B S q )L -y m.7 -

I

[N
. , :
s L]

~ ' 3 . *

——
.
-
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.

By smbining squations (5.5.6) and (3.7) , the following fumctiomal
, - \
m‘q l‘llltl. tc‘.'
. gr 2>.x , o X )
L3 o
T™he I problem viewed as 2 moulisssr cptimiseticn pwoblem
. weuld be as follows, i.e., N : .
., .
miatnise 22 -2"%n @-12% S ¥ W
w.X.t. ¥ : .
s.t. M <y <y 9.5)
- gr > ‘ ) . ».9.0)
M”hmﬂn q wstive issgpmiity sunsleaints, ﬁ-
detndls of which are ss follows, i.e., -
!4 - #. i= lo :. o;noo » . w
!" - !1- ,.”l' essons 'o““ . “‘”on.’
r < "4 < _‘F f‘Wi' esene o B '. - {B.20.0)
i;‘-i atwetal of q- L -u ogumtisns (5.10.4)




o gt s o

R o
4
. . eI
y
.
.
? - .
. )
.
.

: mmam G md X == covmad wdecsront.
Iymn? :
’ e
mwm.m.mwmm.m only
is given by T i ‘
P 4 Y-
o 0 .
. X -’-!. X | . )
AL Jsam 7 : T A mae
s R ’o - - - N ’
L—'ﬂ mxl .
The gemeration constrained solutien, 1.s., solution to (3.9.a) amd -
* (8.9.3) only is given by the following; sseumisg the slack gemerster to
be fxee without loss of gemerality, i.s.,
) [ plimit ] s
, - . ) - .
X ©® 4 (lim c SR € TR )
.| o8 . : . .
e L ? lm
, ‘Q--uuiwlm sslution, {.e., selution %o eputions (5.9.a - 0}
"0 ghven by 1
r L - - )
t
- L 5 : S
h ' ‘f ‘ o a noon - om =» »‘3“1 . ) .:-' w.‘,
~ ’{ : |
Lq J -&3\
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Pertitionsd. Sossien : - '
' r 1 L . )
_ TR E Y : T

pa---‘-—-—-q *

!':2 !RZJ

i
"

=

g_u has dimension (f+u) x (L+w)

Pertitioned matrix of active functional imsymalities

- - t a * )
¢0[& | & . (B.11.0)
: gt

(8+u)

](rhu)q

Veohor of Lagrmige sultipliers .
" @an

hwmuwﬂ- .

€-qobe-Tre-Hef g™t d-dy

~ﬁ-t¢lw noseesnry conditisns ave ¢

o 'i"h%'ﬁ”&:&‘f:’f&‘fh“‘ el

. . - -
- - - '
v - -
. - '
. A N ) ) ) _
' . - 4
, .
. T e . .
- - : :
- " '
) .
. X ‘. v o
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mmemo!mumnm ED problem 5‘.—0‘, thereby
giving the following result from equatiom (B.l12.c)

—_— - _ a0
_’4 - !‘ -."32!!1 ‘!_1 !1) . (3.13.a)

With some algebraic manipulstions, (B.13.a) can be shown to be equal to :

{=

G G G ' ‘ '
L. P, + 1 . (3.13.b)

.
4 -

Wore I° are the gemerstion constiwized participetion factors defined
.

. ts
l: ‘ —"F y- £ .‘MI » seccsss s M ».13.¢})
b ) | .
" -t . : : i
l: A = %-- : (3.13.8)
foltur] £ 0 :
) feu !.I . a *
nﬂ ‘ f‘.: - z .’1 t’ Pt .4 ¥ £ = kowtl ¢ sonse B (‘.13.0)
iml 4 )
I T S ) .
- - 2 £ : 5.13.0)
fgva Tt . ’ *

Foen eiuations (3.12.¢) and (5.13.8) hs Sellowiag Tessit iq obtained,
L84,
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Prom equations (B.10.4), (B.ll.c), and (B.13.g) xesults in the follow-
' . ., .
ing equation for 3_2 e loe., .
4 ]
—a = (g ut i E-a : T paw
=2 =2 =22 =2 =" = s¥e
Prce equation (B.12.b)
v )X : ) t . . hd 3 -
A - lg_nggullr-!’l - S A ' (B.13.4)
T™he u components of 3’_1 associated with qnn-rat;au‘"at upper limits, i
_¥iM be negative, vhile the remaining ctwponents of 1, and A, Will be
positive. mtpupao’ofmiwcymuWOf _»\_1 are -
..  multiplied by =1 )-f'im: to have all Ui's positive.
» ’ M . e . @ .
‘B4 WMW ’
‘tx . - . - l ._
B.4.1 Parpmeterizing the Lagrange Multipliers ¢n -PD .
-, lb.bulodamlmulymmht'dw&-mm
’D » &s given by the mxwm m !
“1 - ti ,D ~ B L ¥ c'.oo..ol' . (+l) _ (n.14.0)
) - o : . - - )
T Y"1 : o (8.24.0) °
=} N ’
s T

i34

(B.13.9)

o~




following results, i.e., Co - ¥ , L

B, .:( Paramsterizing the Line rlon in P ) .

From equations (B.l4.a-b)’ and (B.1l3.c-d) the IM's ocan brp;rn-tcrind - '_ .
. . . . s
in ‘PD as follows : , ‘

.
I “ -

REVICINN Byt & .- ‘ (B.15.2)

. ) - . ) U 4
A, * By + By 7 (8.15.b)

A

. : * R . = . i -
B.4.2 + Parameterizing the Set of Frue Generators in PD

‘ ) - ;

o From equations (B,13.b), (B.13.q) and (B.15.b), the

T T T i T S O 1

- 1°p '+ q , T e
: T P o
vhere _l_!_' is the security constrained participation factors. >

L4 .

2
-

]o - - Ad

.
. .
j ' ' *
.

I

D. . o .

‘From squations (A.13), (B.14.a), (B.16.c) and (A.12) tha

ttctuhceurg_émboettenu): - . . ' '\
. B . ’
Q) = TR+ 3;"~ ‘ . (B.17.4) .~
< N
-~ r\ ’
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Q b
_ o
Prom equations (B.17.a) and (2.16)
) ¢+ 9 > a (B.17.b)
B.S The Continuous Simmlstion Algorithm
1. ldentify the optimm generation schedule at the minimmm load-
ability kbmit, i.e.,
wl
p;“’ - e (B.18.a)
im]l
2. Determine the generatiom constraint to be released from the
sctive set.
This corresponds o generator i where
] 1]
Ci(’i) < Cj(l”) vV 3 =1, ....... , | (B.18.Db)
Iri
s
3. Determine ths minimws positiye valus of P which either

D
brings about an egquality of egmation (B.17.b) or mskes a2

Lagrange multiplier in eguations (B.15.a) or (B.15.h)

T8XO.

This will mark the begismiang of amother load istezval.




Rapeat step
i.e.,

maX
PD PD

3 until limit of system loadability is reached,

14 4
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SOLUTION OF THE LLS PROBLEN

BY THE METHCD OF HOUSEHOLDER ORTHOGOMALIZATION

c.1 Householder Matrices

Householder matrices are Unitary Elementary Hermitian
matrices which have the general form :

t

. gy
I . (c.1)
! 3 \\‘
- ~
By definition
5 e (xlr e e o & = a & p lk]t (C.2.l)
1xk
xé[o,o........olt (C.2.b)
1xk

It can be shown that a transformstion of the following nature is poesible

[Stewart 1973] .
Ex = x (c.3.a)
Provided the following equation is satisfied, i.s., .
q = x + pe’ (C.3.b)

mwmmumm»mm.




PO i ..

This is & necassary condition, for purposes of precision in computing.

By dafinition -

¢ noo ..., 0"

p 1xk

LR Y
p e !2

In the LLS problem, Householder matrices will bs used to convert a

rectangular matrix into an upper trapesoidal matrix.

c.2 Solution of the LIS Problem

The LLS problem can be stated as follows

g
Mininise b - -“»"2 o

w.r.t, x

where the following matrices are given :

~ "y LI 4
B - OB ... ... h.,ln
‘u lO...m
A = , @>n

139

(C.4.a)

(C.4.b)

(C.5.b)

(C.6.a)

(C.6.b)

,k-ﬂw&m FLOPRPVE - oY

¥
%
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Thus equation (C.5) can be written as
I 2
Minimize ¥Q(b - A x) 2 (C.7.a)
w.r.t. x
where g - L -'--1 . . !1 . {C.7.b)
where 51, _!_2, e e e ey 5- are Householder matrices designed on the
columns of A to bring it into an upper trapexoidal form.
‘ Thus the abjective function (C.7.a) becomes
.
Ninimige b, - R xlz + Iy " (C.8.a)
a2 == =22 ' *
w.r.t., x
b
W =
Qb = nxl {(C.8.Db)
b
=l
L2 (C.8.¢0)
]
L) .,
The sclutionm to equation (C.8.a) is gives by
~ - ”
_._’ - !l “ (cc”

ok, e

R
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The solution of equation (C.9) is trivial, as R is now upper-

triangular and square, and the solution x is the best LLS estimate

Of R

Algorithms to solve the LLS Problem, based on this
theory are proven to be numsrically stable. Bouseholder matrioces :
\ are proven to exist, for any given matrix (Stewart 1973) . g
“
Bots : The optimum generation schedule, and the optimm operating .- {
costs axe very sensitive to the generation cost coefficients
{Vvojdani 1979] . - This calls for a very accurate msthod for
their determination. In the present study, an algoritim
based on the abowve theory is used to compute these cost co-

efficients.

e




APPEEDIX D
MODIFIED DATR FOR GENESATION UMITS
IN THE 24-BUS SYSTEM

Table D.l1 , gives ths heat rate data, used in this

thesis. The sources for the data are : ‘
(1) IRRR Melisbility Test System 1979 .

(2) Kl Hawary and Christensen 1979 .

TABLE. D.1
GNEIATING UNIT OPERATING COST DATA
sIss TR romL oUTIUT HEAT ) O & M COBT
) Y PATE rIXED VARIABLE
YU/ $/T/TR. - S/
12 Yossil #6 Oil 20 15,500 -10.0 . 1,6
Stean 50 12,150
80 11,460
100 11,310
S0 Fossil oOoal " 20 14,400 1.78 0.9
Coal $0 11,680 '
) 11,110
, 100 10,970
»
76 Possil Coal 20 15,600 30.0 0.9
Ceal 50 12,900 N -
g o0 11,900 i
100 12,000




R i R skt N e b e

s D1 (comt'd)
sIs8 s roxL ouTUT NRAT ocncosr °
) Y MATE “FIxmp VARIABLE
’ PTU/WOM $/XN/YR. $/on
100 Fossil #6 oil 2% 12, 400 8.5 0.80
Stemm 55 9,200
%) 8,870
100 8,980
Y
155 Fossil  Coal s 11,200 7.0 0.80 ’
Steam - 60 9,000
‘ 2 8,800 .
100 9,120
197 Foseil  #6 Oil EV) 10,750 5.0 0.70 .
Steam 60 9..50
9,840 ) .
100 9,600 '
350 Possil Coal ) 10,200 438 0.70
Stemn Py 9,600
00 9,500 /
100 9,500
400 Wuclear LA, s 12,550 5.0 0.30
Stesm - 50 10,400
.80 10,323
100 10,628 [




Table D.2 gives the generatiom ocvst coefficients. The

technique esployed in determining these coefficients is described in :
Appemdix C . .
) TARLE D.2
) COST CORFFICIENTS OF GENERATING UNITS
MIT SISR - coeT CORPFICIRNTS "
oan) c ($/H) a ($r0m) b (8w -1)
12 33,9109 21.3943 0.2906
+ 5% 66.8300 12,3535 - 0.0117
% 100.4397 12,1469 0.0228
100  as.3764 9. 1177 0,133
188 539, 7767 1.3365 0.0790
197 301.3237 * 20,0227 0.0060
. '
-+
350 398.2519 8.9196 0.0078
400.

358. 7356 3.4247 " 0.0102

. .? uma’mmﬂuu{upa
m D-Jo - . . - -
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BOS NO. OMIT 1 UMIT 2 UNIT 3 URIT 4 OMIT S
1 50 50
2 7 76 76 76
. 7 100 100 100
13 197 197 197 .
12 12 12 12 12
18§ 158
a1 400 400
'
23 350 350
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APPENDIX R
NODIPIED TON DATA
FOR_THR 10-BUS SYSTEN [VOJDANI 1962)
TABIE E.1
INPEDANCE AND RATING DATA FOR LINES
TO BUS x RATING
(PU ON 100 MVA) (PU MVA ON 100 MVA)
2 0.230 0.75
3 0.300 ° ) 0.50
5 0.730 _ 0.50
9 0.1% 0.75
10 0.073 1.00
3 0.040 1.50 '\
¢ 0.200 ‘ 1.00
3 0.35Q 0.75
6 0.200 . 0.50
r
7 0.370 0.50
-~ .
7 0.670 ‘ 0.50
s 0.150 . 0,50
’ 0.170 . ' 0.50
" *

m 001m ' ~ 0‘”
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N\
TARILE R.2
COST CORPFICINRNTS OF GENERATING UNITS
(nr) oen) a ($/em) b ($/10r-H)

A 10 60 3.80 0.040

20 100 4.00 0.003

c 5 60 3.90 0.040

D 10 65 3.90 0.040

z 20 S0 4.0% 0.0

r 10 60 4.33 . 0.002

¢ 5 0 3.90 0.074

B 10 60 4.00 0.022

TARLE R.3
GEMERATING _UMIT LOCATIONS
BUS WO. MIT 1 UNIT 2 UNIT 3 UNIT 4 _UMIT S UNIT 6
»
1 A A A A
2 B » B » »
J

3 c

4 4

[ 4 r

? G G: e
10 = 1 - 4

: ' 4

~1

e i B K 2 g

L




TABLE X.4
BUS_LOAD DATA
o8 w. BUS LOAD
S OF SYSTEM DENAND
1 20
2 10
3 15
. 10
s ’ })6 /
6 T s '
7 s
s 5
9 10
10 10

e R R, o % IR
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