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Abstract

In this study, an 0pt£mal power dispatch technique using spot price of electricity for multi-area
interconnected systems s proposed. It is assumed that all areas in multi-area system agreed upon the
formulation of a base spot price for electricity in advance rather than agreeing upon a transfer schedule
at a fized price. This results in a flexible transfer schedule among them. The proposed base spot price of
electricity 1s a linear function of frequency error and integral of frequency error of a system. As long as
the tie-line losses are ignored in the system, using the base spot price in the algorithm is enough to find
the optimum generation of each areas. |

Later, the dispatch algorithm is extended to lossy multi-area case and demonstrated on a five area
interconnected system. Inclusion of the tie-line transmission losses is achived by modification of the base
spot pirce of electricity. A transfer power algorithm is devéloped to handle optimal power transfers for
the given area transferrable powers among the areas. The dispatch akgom’thm can handle different system
configurations where some tie-lines in the system can be taken out, generation and tie-line transmaission
constraints. The proposed technique gives the most economical generation of each area together with the
most economical energy exchange among them. It results in frequency requlation as well as economic

dispatch.

1. Introduction

Interconnection and pooling among power utilities were established primarily because of the advantages in
reliability consideration [1,2]. After energy shortages in the 1970s, interest in the economic benefits of power
pooling and multi-area interconnection has become very strong, so research on this subject has been very
attractive.

Multi-area dispatch problem was solved by considering different aspects of the problem such as tie-
line loading restrictions, unit forced outages [3,4] and power pooling [5,7]. Different solution techniques

like high-low algorithm (6], production cost simulation [7] and others [8,9] were used in the solution of the

problem.

In the literature, electric energy has been treated as a commodity which can be bought and sold in

a energy market place. This trend resulted in using pricing of electricity having different formulation in
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the solution of different multi-area problems. In reference [10], it is used to solve system security problem.
Comparison of different pricing schemes under uncertainty is given in reference [11]. Pricing for transmission

in open transmission access problem is discussed in reference [12]. Detailed explanation about spot pricing

of electricity can be found in reference [13].

F.C. Schweppe and A.W. Berger studied the effect of real time pricing (they used real time pricing
instead of spot pricing) to assist in the control of frequency and tie-line deviations in two area system [14].
To maximize the social welfare under the constraints which are linear differential equations (system dynamic
equations and turbine governer model) and linear algebraic equations (tie-line power transfer and area
generation equations), they wrote the necassary (and also sufficient under some assumptions) contidions by
using Pontryagin’s maximum principle. Later on, they showed that optimal controls (speed changer controls
and area loads) that are obtained from the above necessary conditions can be obtained by choosing suitable
real time prices (for generation and demand) by the utility companies. They formulated the real time price
for generation as a linear function of frequency deviation and integral of frequency deviation. Average
frequency deviation was used in their formulation. They used a demand real time price where increase In

price causes decrease in demand. They ignored all losses in the system in their examples.

In our dispatch technique, our goal is to minimize the total generation cost in the system. We, too,
consider average frequency deviation (average frequency error) or motion of center of inertia to model system
dynamic behavior. Base spot price of electricity is also a linear function of system frequency error an integral
of frequency error of the system, but we add a coeflicient (A;) into the base spot price equation. In the
formulation of the problem, we suppose that all areas comprising the multi-area system has agreed upon the
formulation of a base spot price in advance rather than agreeing upon a transfer schedule at a fixed price.
This results in a flexible transfer schedule among them. We allow each area in the multi-area system to
generate and/or exchange power to maximize its own benefit. The decision of changing generation of power
in any area in the system is made according to difference between the posted spot price of electricity and
its incremental generation cost of electricity. If the system losses are ignored and motion of the system’s
center of Inertia is considered, every area in the system sees the same spot price of electricity which is the
base spot price of electricity. When the system losses are neglected, using the base spot price of electricity
in the dispatch algorithm is enough to find the optimum generation of each areas. As long as there 1s no

tie-line which exceeds its transmission capacity in the system, which area buys power from which area 1s not

important.

Inclusion of the system tie-line transmission losses are achived by modifying the base spot price of
electricity. In a lossy system, knowing the rules (or algorithm) for determination of the transfer powers
among areas becomes important. We propose a transfer power algorithm which uses the posted spot price

of electricity of each areas in the system. Our dispatch technique can handle constraints on generations ot

areas and tie-line transmission capacities very easily.

{

2. Problem Formulation

In this section, we will demonstrate a spot price algorithm on a lossless n-area case. At the first stage, we

will ignore generation and transmission tie line constraints to make the formulation easier. We will relax the

simplifications one by one in a separate section.
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2.1. Input-output and incremental cost curves

We assumed that generation units’ input-output curves are quadratic. Mechanical inputs to the generators

are taken as independent variables in those curves. An input-output curve for a generating unit is
M = aP? +bP,, + ¢ joule/h. (1)
By using price per joule for used fuel p(R/joule)?
F = Mp = (ap)P% + (bp)Pr +cp  R/h. (2)

For incremental fuel cost, we obtain

dF
A= = (2ap)P, + bp R/MWh
dP,,
or
AN=BP,+7Z R/MWh (3)

where P,, has dimension of MW.

2.2. Pricing of electricity

In our algorithm all areas in multi-area system agree upon the formulation of a base spot price of electricity,
SP, in advance. The base spot price of electricity changes with the frequency error and the integral of

frequency error of the system [14]. We can write the spot price of electricity as

t .
SP = A; — Ay AF(t) — A32?r/ Af(t)dt  R/MWh (4)
0

where A f(t) represents frequency error, or deviation from the nominal frequency. When the frequency error
and the integral of frequency error are positive?, the base spot price of electricity decreases. In reverse, when
they are negative®, the base spot price of electricity increases. That is, A, and As are positive constants.
Formulation of the spot price of electricity assures system frequency regulation as long as the system stays

stable. Zero time for accumulation of frequency error is the time when accumulation of frequency error or

time error 1s made zero throughout the system. In Equation 4, A; and Az have dimension of R/MWh
and Ay has dimension of R/(MWh x Hz).

2.3. n-area problem

We assume that each area in the system has one generating unit (equivalent unit) [15]. Incremental generation
costs of areas are represented as

Ni=B;P,.,+7;,, 1=1,...n (5)

where P,,; is the mechanical power of the i** unit and B; and Z; are constants.

(Generatihg units’ modified moment of inertia constants are defined as

- 47THiPi,r{1ted

Wsyn

J,

=27 Jiwsyn, t=1,...,n (6)

I R represents a nameless fictional monetary unit.

2 Load decrease, system accelaration

3 Load increase, system deceleration
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where P; ,qteq 1s rated active power output of generating unit —i and H; is inertia constant of generating

unit —2 defined as
1 .2 _
EwsynJE
H; =
P’i,‘i‘"ﬂ,tﬁd

, 1=1,..,n. (7)

Ji 1s moment of inertia constant of generating unit—i and ws,, is electrical synchronous frequency in

radian/sec. Pe; is electrical output of area—i. For the whole system, we make the following definitions:

J = ZJ (8)
P, = ipm (9)
P, = ZHJPE,E,. (10)

Under the assumption that the system network is rigid or strong, we can take one frequency error
for whole system. This also means that tie-lines can transmit fairly large powers. Whole system’s dynamic

equation can be written as

Af(t)
6(t)

Eiquations 11 and 12 represent motion of the system’s center of inertia. Oscillations between rotor pairs are

%(Pm _“PE) (11)

|

2w A f(t) (12)

ignored. In the steady state, these equations give the same result obtained from the swing equation where

synchronizing oscillations are not ignored [16].

Under the given pricing policy of electricity, we now discuss behavior of areas when the system load
changes. Each area is going to dispatch generation to maximize its return. If one area realizes that spot
price of electricity is bigger than the incremental generating cost of its generation, that area is going to
Increase its generation (i.e its mechanical input to its generator) until $pot price of electricity is equal to its
incremental generation cost. In are reverse situation, if one area sees that spot price of electricity is less than
its Incremental cost of its generation, it is going to decrease its generation until spot price of electricity 1is
equal to its incremental generation cost. Under those conditions, if an area generates more than its load, it
s going to seel its excess generation or if it generates less than its load, it is going to buy an amount of power
which 1s equal to its generation deficiency. Since we ignore the system losses, every area in the system sees
the same spot price which is the base spot price of electricity. It does not matter which area buys from or
sells to which area in a lossless system. This dispatching policy can be expressed by the following differential

equations

sz' — KE(SP — /\1), ] = 1, vaey 1Y (13)

where Ki,..., K, are positive constants of dimension (3600 x MW?2)/ R. Dot in Equation 13 represents

derivative with respect to time. For the integral of frequency error, by using Equation 12, we have
t

5(t) — 6(0) = 27 / A f£(2) dt. (14)

Since at ¢t = 0 frequency error accumulation is made zero, we can write

§(t) = 2 /t Af(t)dt. (15)
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Time error in the system is [1]

5(t) 1

t
ATime(t) = 50 @/{) Af(t)dt sec. (16)

ATime(t) in Equation 16 gives the time error of synchronous clocks in all areas. If we substitute Equations

4 and 5 into Equations 13, we obtain

Prmi(t) = —(K;A2)Af(t) — (KiBi)Pmi(t) — (KiA3)6(t)
—|'(K1,A1 — KEZ.L), 1=1,....n (17)

Equation 11, 12 and 17 can be written in a compact matrix form.

{_\f‘(t) 0 1/J 1/J - - 1/J 0 A f(t)
Pi(t) ~K14A, —-K.B 0 0 — K, Az P,1(t)
ng(t) _K2A2 0 “'K2B2 L. Tt 0 —KzAg ng(t) N
P () —K,A, 0 0 ei e —K.B, —KpA; Prn(2)
6(t) 27 0 0 0 0 6(t)
—1/J 0
0 K1A) - K124
0 KAy — Ko Z,
P, + | (18)
U KnAl - KnZn
0 0

Equation 18 is state-space representation of the considered n area system. Equation 18 can be written as
x=Ax +bP,+k | (19)

We want this system to be stable. That is, as ¢t — o0, Py, ¢ = 1,...,n should go to finite values, and also
Af(t) must go to zero because §(t) goes to a constant. In this problem, J and B;,Z;, i =1...,n are given
parameters. By choosing coefficients of the spot price of electricity Az, Az and coefhicients in Equation 13
which are K;,i = 1,...,n, we can make this linear system stable. However, we can not select K; coethcients
freely. As it can be seen form Equations 13, they determine rate of change of boiler and turbine output.
They have upper limits. It is much easier to make the system stable under the condition where H, B, Z and

K constants are given and Ay, A3 constants are chosen. This approach is very suitable for problems having
a high dimension (more areas).
Now let us assume that we choose Ay, As coeflicients so that the system is stable. Since losses are

ignored and a generator can match its output to its load almost instantly, we can write the following equation:
a AP, = AP, (20)

where AP; and AP. are load and generation changes in the system. Suppose that there is a load change
of AP, = AP, at t =t and then load remains unchanged during T seconds after the load change. At

t =ty the system was in steady state and its initial conditions are

Pi(to) = P.i(te), i=1,...,n (21)

59
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Af(to) =0 ' / (22)
6(to) = o (23)

Since Ppy;,7 = 1,...,n have constant steady state values at ¢t = 3, by using Equations 13 at ¢ = tg, we can
write

KI(SP - AE) — 0, 1 = 1,, ceey T (24)

Since K; #0,2=1,...,n, we have

AM=X =X, =5P"= )" (25)

Equation 25 states that in this optimal power dispacth, the steady state results obtained here are the same
as those obtained from equai incremental criteria [15]. However, this optimal dispatch technique results in

frequency regulation as well. By using Equation 25 and Equation 4, we can write
A1 — A2 Af(tg) — A3b(ty) = SPY (26)
Since Af(tg) = 0, from Equation 26, we can write
A1 = SP° + A3é(to) (27)

Since there is a load change and AP, = AP, at t = tJ and load is constant in T seconds after the load
change, we can take

P} =P) + AP, = P} + AP;, = P} = constant (28)
where
Z P = P, (29)
=1 '

|
2

(30)

T2
§ 0o _
PLi

=1

during 1" seconds which is sufficiently long for the system to settle at its new steady state point. Under
those conditions, there is an analytical solution to Equation 19 which is given by

x(t) = e t)(x(t9) + A le) — A~ ¢ (31)
where
0
Prn1(to)
X(tg) = (32)
Pn(to)
6(to)
and |
c=bP +k (33)

The solution can also be given in terms of system’s eigen values

x(t) = Z[e”"(tt”)Ri(x(tO) +A'c)] - A lc (34)
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where R ; 1s the residue matrix corresponding to eigen value v;. As it is seen from Equation 34, as ¢, which
is bigger than ty, increases, transient terms will die out and the system will go to a new steady state point
given as —A~'c. At the new steady state point at ¢t = ¢;, where (to + T) > t;, we have (asymptotically)

x(t;) = —A 'c. (35)

Since again at t =1, Pp,;,1 = 1,...,n have constant values, we have

A =X ==X, =8P =\ (36)

T'his result show us that at new steady state point, load dispatch is optimum again. Also because of pricing

strategy used, we have at ¢t = #;

> Pni(t1) =) Pelto) + AP. = P} (37)
1=1

=1
Since A f(tg) = 0 initially, by using Equation 11 we have?
Af(t1) =0 (38)

This very important result expresses that at any new steady state point, the frequency error is zero. We see
from these results that by using this base spot price of electricity for interchange of electricity, each area will
control its generation to maximaize i1ts return. If each area in the system controls its generation to mazimize
its return, the generation obtained gives a global optimum dispatch for the system. A natural question which
can be asked at this point is that what happens if one of the areas or more do not control its generation to
maximize its return. This question can be discussed under constrained generation case where controlling of

generation in non-optimum fashion can be taken as putting an artificial constraint on that area’s generation.

2.4. Constrained generation case

If the imposed constraints on area generations are given as

Pmimm S Pmi < Pm‘ima.—n (— ].,J veeg 1L (39)

where F,,; . and P,; __ terms are maximum and minimum generation limits of area —: respectively, then
the dynamic Equation 17 must be rewritten as

(40)

5 { 0  if Ppni= Pni,.. and Pp; > 0o0r Py = P . and P <0

P mi otherwise

where Pmi 1s given in Equation 17. These n equations, along with Equations 11 and 12 become the dynamic
equations of the system. That is, the rate of change of mechanical power of the :'* generator has the same
formula as in the unconstrained case, unless the generation of that unit is at its maximum or minimum
and the usual rule says to increase or decrease generation respectively. If generation is at a maximum or
minimum and old rules would ask for still greater or lower generation, the generation would stay at its upper
or lower limit respectively. If, for instance, generator 1 is at its maximum limit, P,,; becomes a constant in
Equation 11 and the system behaves as a n — 1 generator system. This lower order system should still reach

an equilibrium at rated frequency (zero frequency error) and global optimal power distribution subject to

4 Consider also equation 37
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the generation constraint. The system incremental generation cost and the base spot price would be greater

than those without a generation constraint, as would the integral of frequency error.

It n —1 of the generators reach the maximum generation limits, the same arguments apply. The n

area problem reduces to a single area problem, with the remaining area controlling the frequency. If all areas

reach their maximum generation limit, the system will collapse and load shedding will be required.

2.95. Inclusion of the tie-line transmisson losses

When the tie-line transmission lossesy are included in the dispatch technique, the transfer power among

areas become 1mportant. Therefore, we will develop a power transfer algorithm for lossy case. The governing
differential set in a lossy case can be written as

: 1
Af: “j(Pm ""PL _}Dlﬂss) (41)
Poi=Ki(SP,— X)), i=1,..,n (42)
6 = 21 Af (43)
where
SP,=6,5P 1=1,....n (44)

and SP,\;,J and P,, are given in Equation 4,5, 8 and 9 respectively. P; represents sum of all area loads.
It Equation 5 and 44 are substituted into Equation 42, we obtain

Pri(t) = —(K0; A)AF(t) — (K;B;)Pmi(t) — (K;6;A3)6(t)
(K193A1 — KiZ?;)j i 1, veng TL. | (45)

If we rewrite Equation 41, 45 and 43 in matrix format, we get

x = Ax+d . . (46)
where i i t__
0 1/J 1/J R 1/J 0
—-K 6,4, —K;{B; 0 0 — K160, As
— K505 A5 0 —KoBs -0 .. 0 — K505 A4
A= | . | (47)
—K,0,A- 0 0 -K,B, —K,0, 6 A;
27 0 0 0 0
}( :?_1 PLE — Plﬂss
Ki(0,1A; — Z1)
K (02A, — Z5)
d = (48)

x and x are the same as those given in Equation 18. In the case of constrained generation, Equation
40 will also be valid, but the value of P,.; should be calculated according to Equation 45. For given K;, B;, Z,

and 0; = 1(: = 1,...,n), we can make the system stable by choosing suitable A, and A; values. Calculation

of #; values is given in the following section.
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Area-1

IPT,,
Area-3

I 143

Figure 1. Representatio% of the most general five area system.

3. Formulation of Transfer Power Algorithm

Tie-line power flows depend on the tie-line configuration of the considered system. Therefore, we will consider
the most general five area (n = 5) case as an example here. Derivation procedure which is given here can
be extended to the cases where there are more than five areas in the system. representsation of the most
general five area system is shown in Figure 1 where every area is connected to every area by a tie-line.
li; MW represent maximum transmission capacity of tie-line ¢3,72 = 1,...,5 7 =+ 1,...,5 as shown n
Figure 1. To determine whether tie-line transmission capacities are.exceeded or not, we need to know the
transfer powers among areas during transient and the steady state periods. During the transient period,
there is no generation-load balance in the overall system, and frequency change occurs. For example, if there
is a load increase in the system, the system’s frequency decreases. Decrease of frequency is stopped at the
point where load and generation are equal system wide. During this deceleration period generation is less
than load. When a customer applies an electrical load, it receives necessary power immediately although
mechanical inputs can not be changed immediately. This power comes from stored kinetic energy on rotating

masses of the system. If there is a load change in the system, kinetic powers assigned to each area will be
J; .
Prin,i = 7(Pm — Pp — Pss), 1=1,..,5 (49)

As it is seen from Equation 49, every area gives (or gains) kinetic power according to its modified moment
of inertia constant.

In the transient period, mechanical energy is converted to electrical energy and also stored as kinetic

energy on the rotating mass of the system. The mechanical power of the i*" generator is taken
Pi(t) = Poi(t) + Prini(t), 1=1,...,5 (50)

We are concerned with the transferable power of an area which is the generated power minus load of an area
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rather than total input power here. So, for transfer powers, we have
Pl = Pe; — Pry = Py — Pring — Pr;, i=1,...,5 (51)

where Py, is load power of area—i. Note that Pyin i(t) becomes zero in steady state. Therefore Equation
o1 1s also valid for steady state. When PT; > 0, area—i has generation excess and when PT; <0, area —1
has generation deficiency. We will assume that every area in the system has agreed upon the following two
conditions:

e Any area can buy power from any area at the seller area’s posted spot price.

e None of the areas can force any area to buy power from itself.
T'here are four kinds of area types in view of sold and bought power.

Absolute seller area: the area only sells, never buys any power.

Absolute boyer area: the area only buys, never sells any power.

Net seller area: the area sells and buys power, but it sells more power than it buys.

Net buyer area: the area sells and buys power, but it buys more power than it sells.

Net power of area—1 is described as
Pret. = SELL;, — BUY; (52)

where SELL; and BUY; represent power sold and bought by area—i. According to the given definitions,
both absolute buyer area and net buyer area have negative net power. On the other hand, both absolute
seller and net seller area have positive net power. An important pownt here is that a system should not
consist of only net seller and net buyer areas in the steady state since there must be at least one area in the
system which buys its own sold power in this case. In the following sections, we will develop a transfer power
algorithm step by step. Before starting the development of the transfer power algorithm, we will shed some
light on tie-line power loss calculation. When there is a power flow from area-i to area- 7, loss expression

for tie-line 45 can be written as

R!ﬂs.sij — Cij(TPTij)2Rij- (53)
In Equation 53, R;; is the resistance of tie-line 77 (ohm) and C;; is defined as follows

A 10°
N (Vij cos ;)2

C@j (54)

where V;; and ®;; are transmission voltage (volt) and power factor of tie-line 7 7 on the border of area—j
side. From now on, transfer power I'PT;; is going to represent transfer power of tie-line ij on area-7 border.

Of course, transfer power of tie-line i on area—i border is
— TPTJE — Tpﬂj + Hﬂsgij (55)

For the sake of simplicity, we will assume constant V;; and ®;; along tie-line 7. With this assumption, we
can take C;; = C}; in our simulation program. In Equation 03, TPT;; 1s put as MW and obtained loss has

dimension of MW also.
i

3.1. Buying policy of an area

We will explain buying policy of area-1 merely as an example which is also valid for other areas in the system.
Every area in the system tries to buy the cheapest power in the transfer power algorithm. Let us assume
that at ¢ = ¢9, SP},SPy,SPy,SP) and SP? represent posted spot price of area-1 through area-5. Let us
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also suppose that area-1 needs to buy a specific amount of power which is represented as BUY;. Area-1
will try to buy a certain amount of power from each remaining four areas such that the total bought power
will add up to BUY; and the cost of bought power will be minimum. The cost of the bought power becomes
minimum only when area-1 sees the same spot price of electricity on tie-lines connecting area-1 and other
remaining areas at its border. The above proposition can be proved by assuming that spot prices on tie-lines
seen by area-1 are not equal. We accepted that spot prices of electricity seen by area-1 on tie-lines at 1ts
border increases proportional to corresponding losses taking place during transmission of the corresponding

transfer powers. By using the above optimal buying policy, we can calculate tie-line transfer powers at the
area-1 border. These tie-line transfer powers are T P15y, TPT3,,TPTy; and TPTs; (see Figure 1). The

spot price of electricity seen by area-1 on tie-line 12 at its border is

C12(TPT31)*Ry5
T PT5q

SPy, =(1 VSPY = (1 4+ C1oTPT» Ry2)SP;. (56)

Other spot price of electricity values seen by area-1 on tie-line 13 through tie-lien 15 can be calculated in a

similar manner. According to the optimal buying policy of area-1, we have

S‘Pl(z) — SPl(g) — SP1(4) — SP1{5) (57)

TPTy, + TPTs, + TPTy +TPTs, = BUY; (58)

By using explicit expressions for the spot prices, we can rewrite Equation 57 as

(1 + ClQTPTQlRlz)SPO = (1 + 013TPT31R13)SP0 —

(1 4+ C14TPTy1 R14)SP) = (1 + C1sTPTs1R15)SP; (59)

Equation 59 .gives three independent algebraic equations and the necessary fourth equation comes trom
Equation 58. By using four independent equations, four unknown tie-line powers can be calculated. If all

calculated tie-line transfer powers are positive, area-1’s posted “back door” spot price will be
SP; = (14 C;TPT13R3)SP, (60)

There may be a situation where some of the calculated bought powers can be negative. As stated before,
buying negative power means selling positive power and since none of the areas in the system can force any
other area to buy power from itself, we will take negative tie-line transfer powers as zero in the calculation
of bought power from other areas. If, for example, TPT3; as found to be negative, it is taken as equal to

zero and the remaining tie-line transfer powers are calculated by using the following equations.

(]' + ClQTPT21R12)SP20 — (]. + 014TPT41R14)SP40 —

| (14 C1sTPT51R15)SPy (61)

TPTy, + TPTy, + TPTs; = BUY; (62)

Again at this point, if there are negative calculated tie-line transfer powers, they are taken as zero and
described calculation procedure continues until all calculated tie-line transfer powers positive. Optimal

buying policies of other areas are exactly the same as that of area-1.
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3.1.1. Handling different system configurations

If there 1s no-tie-line between two areas, the absent tie-line is not considered in the transter power calculation
in the areas located at the each end of the absent tie-line. For example, if tie-line 12 does not exist, it is
not taken into consideration in calculation of tie-line transfer powers of area-1 and area-2. Therefore, we get
TPl =TPTi, =0MW from the calculations. In the case of two and three tie-lines not existing, the same
logic is applied. If four tie-lines which connect an area to the rest of four areas do not exist, the considered

area becomes isolated. In this situation, the simulation program gives a warning to the user. Our simulation

program does not handle such situations.

3.2. Calculation of bought power of an area

When the net power of an area is equal to its transferable power, that area will be called a balanced area.

In steady state, all areas in the system must be balanced. In other words
PT; =P,e, 1=1,...,5. (63)

where PT; and P,.;. are given in Equation 51 and 52 respectively. If one area is not balanced, its state
will satisty one of the conditions given below. Again wel will take area-1 as an example here. Conditions for

other areas can be obtained just by changing subscripts. Let us rewrite equations for P,.¢, and P1T;.

Pnetl — SELLl - BUYl

PTI:Pml_PLl"Pkin,l

Possible unbalanced conditions are given below.
I) PT) > 0 and Ppet, > 0
There are two possible unbalanced cases here.
a) Pher, > PT '
This condition states that area-1 is selling more than its excess generation. Since area-1 has to sell that

amount of power, in other words, sold power of area-1 (SELL,) is not controlled by area-1, it has to buy

more power to make itself a balanced area. The new bought power of area-1 is
BUYl — BUY10+(Pnet1 —PTl) (64)

where BUY, is the previous bought power of area-1
b) Pnetl < PT;
This condition says that area-1 is selling less than what it is supposed to sell. But since area-1 can not

control its sold power, it can only decrease its bought power if it is buying any power. Its new bought power
will be

7. BUY, = BUY; + (Ppe:, — PTY). (65)

If the bought power of area-1 becomes negative, it should be taken as zero since negative bought power is
positive sold power. If BUY; is taken as zero MW | area-1 is not going to be in a balanced condition after
having zero bought power. If an area is not buying any power from any area, its posted spot price should
be the base spot price of the system. Since rapid changes in the posted spot price can cause oscillations in

our transfer power algorithm, we do not change the spot price of any area whose situation looks like the one
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given 1n the above, quickly to the base spot price of the system; instead, we make gradual decreases towards

the base spot price’. Area-1 becomes an absolute seller area after making its bought power zero.
II) P17 < 0 and Pnetl < 0

There are two unbalanced cases under this condition.
a) |Pnet1‘ > IPTI‘

This condition states that area-1 is buying more than its need. Since it can not force another area to buy

from itself, it decreases its bought power. Its new bought power will be
BUY, = BUY + (|PTy| — | Ppet, |). (66)

If 1ts new bought power becomes negative, it is taken as zero.
b) |PT1| > ‘Pﬂeh‘

T'he condition given above says that area-1 is buying less than it is supposed to buy. Therefore it has to buy

more. Its new bought power is
BUY; = BUY + (|PT| — | Pnet, |). (67)

[IT) PT7 > 0 and P, <0

This condition states that area-1 is buying too much power, therefore it has to decrease the amount of power

purchased. If its bought power becomes negative, it has to be taken as zero. Its new bought power is
BUY; = BUY, + (Pper, — PTY). (68)

IV) PTl < 0 and Pﬂ_Etl > ()

The condition given above expresses that area-1 is selling too much power, therefore it has to buy more. Its
new bought power is

BUY, = BUY, + (Ppet, + |PTh)). (69)

3.3. Arbitration of power purchases between two t'areas

We will consider only tie-line 12 connecting area-1 and area-2 as an example in this section. Necessary

computation for other tie-lines are exactly the same as the one which is given here.

As explained in section 3.1, the tie-line transfer powers calculated at each area’s border (see Figure

1) are either positive numbers or zero. Possible relations of tie-line transfer powers calculated at each end of

tie-line 12 can be classified in three main cases. These cases are given below.
1) TP1i5 > TPT5,

We will represent new tie-line transfer powers as C'I'PT;,; after arbitration of power purchases. New tie-line
transfer powers at each area’s border will be

CTPTlg — T.PT]_2 — TPT21 (70)

; CTPTy = —(CTPT\3 + C12(CTPT13)° Ry2) (71)
2) TPTy, < TPTy,

New tie-line transfer powers at each area’s border will be

CTPT21 — TPT21 - TPTlg (72)

> Look at section 3.4 for details
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CTPT;y = —(CTPTy + C1o(CTPTy ) Rys) (73)
3) TPTy, = TPTy

New transfer powers will be
CTPIi, =CTPI5 =0 (74)

According to the optimal buying policy, every area calculates their tie-line transfer powers which go into
respective areas. Although those calculated tie-line powers of an area are nonnegative, some of them can
become negative after the power purchase arbitration procedure. The sum of negative tie-line powers going
into an area gives the power sold by a considered area. The sum of positive tie-line powers going into an

area gives the power bought by a considered area, so we can write the following equations (for area-1)

SELL,= Y  |TPTy| (75)
jE{TPTJ]_{O}

BUY, = )  TPTj (76)
je{TPT;1>0}

As long as both calculated tie-line powers 1T'P175 and 1" P15, are difterent from zero, both area-1 and area-2
are going to be unbalanced after the power purchase arbitration. Therefore, in a solution point where all
areas in the system become balanced, smaller calculated tie-line power (in the case of equal calculated tie-line

powers as in case-3, both tie-line powers) should be zero for every tie-line before the arbitration of bought

POWETS.

3.3.1. Handling of constrained tie-line transmission

There can only be a tie-line transmission constraint hit in case-1 and case-2 in section 3.3. Again we will
take tie-line 12 as an example here. In case-1 where T PT 5 > T PT4,, the absolute value of CT' PT5; should
be less than or equal to [5_ value. If |CTPT5,| is found to be lar'ger than 15, it should be taken

as equal to {15 . When |CTPT5,| is equal to [y, _ value, CT PT}5 should also get its maximum value.
Maximum CT'PT75 value is found by using the following equality

ICTPTsi|max = C12(CTPT3)*Ris + CTPT5 = 115

LLLR Y Y

or
Ci9(CTPT )’ Ryg + CTPTy1g — 13 =0 (77)

ma &

quadratic polynomial as

—1+ /14 4R12C12012
CTPT — mazr | 78
l2mas 2C:oR15 (78)

Maximum allowable values of CT'PT15 and CT PT5; for case-2 in section 3.3 can be found by following the

same reasoning given above. Their values are found to be

maT 79
" C 21 > 20]_21212 ( )

CTPThs|maz = lia. . (80)

If the transter powers of CT' P71 and CT P15, found in case-1 and case-2 of section 3.3 are larger than
their respective maximum allowable limits, they are taken as their respective maximum allowable limits.

But unless the buyer area® is discouraged to buy over tie-line 12, it will continue to want to buy more power

% Buyer area is area-2 and seller area is area-1 in case-1. Buyer area is area-1 and seller area is area-2 in case-2.
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over tie-line 12, and eventually both area-1 and area-2 will stay unbalanced. Therefore the solution point
for given transferable powers of areas will not be reached. To discourage the buyer area which causes the
tie-line 12 transmission constraint hit, we make the buyer area see a spotprice of electricity on tie-line 12
which increases proportional to the difference between found transfer power after arbitration and maximum

tie-line capacity of tie-line 12. To do this job, we increase resistance value of tie-line 12 artifically according
to the explained rule. For example, if CT PT, exceeds CTPTs .. or |[CTPT5| exceeds 1y, . artificially

increased resistance value of tie-line 12 is

CTPT5| —1
Ris. = (1 + ,},| l“‘ 12w) Rz, |CTPTy| > Lo ... (81)
12?]"1{11:
The same resistance value for case-2, when there is tie-line hit, 1s
CTPTis| — 1 '
nginer — (1 + ’}/\ l12‘ Pmas ) Rq9 ; |CTPT12‘ > l]—2m{1:ﬂ : (82)
]‘2'1"]‘1(1;!3

where ~ is convergence factor. The reason for using of v will be explained in section 3.4.

3.4. Overall transfer power algorithm

Transfer power algorithm is used for both initial (or steady state) and transient transfer power calculations.

It uses area power buying policy subroutine and power purchase arbitration subroutine.

Each area power buying policy subroutine gets other areas’ posted “back door” spot prices (S Pf, 7 =
1,...,5,7 # 1) the necessary bought power of the considered area (BUY;) and calculates (outputs) transfer
powers at the considered area’s border (TPTj;, 7 = 1,...,5,7 # 1), and new pasted spot price of the
considered area (SF;).

The power purchase arbitration subroutine receives the transfer powers calculated at the both ends
of a tie-line, tie-line’s resistance value, the convergence factor (v), and outputs new transfer powers and

artificially increased value of the tie-line resistance if 1t is necessary.

We also wrote the transfer power algorithm as a subroutine. It receives every area’s posted “back
door” spot price and mechanical input, the system’s base spot prilce and total tie-line loss (in the case of
initial value calculation), tolerance values for each areas balance condition ¢;,¢ = 1,...,5), the convergence
factor (v) and outputs new tie-line transfer powers, the posted “back door” spot price of each area and
the system’s total tie-line loss. It finds the transfer powers among areas such that absolute value of the
difference between each area’s transferable power, and net power becomes less than the respective area’s
tolerance value for its balance condition.

There are two important points in the transfer power subroutine which should be explained. The first

one is that if all transfer powers going into an area are negative, a new posted “back door” spot price of the

Pnet* — PT’L
SP, = |14 : sp? 83
(14 2 0 s (83)

[f an area has only transfer powers which are going into that area and have negative values, that area

area 1s calculated according to

only sells pow:er (absolute seller area). When the net power of an absolute seller area is greater than its
transferable power, it needs to buy more power and eventually increase its posted spot price. But since this is
an absolute seller area, it does not buy any power, so it increases its posted spot price according to Equation
83 to discourage buyer areas and eventually reach its balance condition. If an area is an absolute seller area
and its transferable power is greater than its net power, that area needs to sell more power. Therefore it

should encourage other areas to buy power from itself by decreasing its posted spot price. In fact for the
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condition where P,.;. < PT;, SP; decreases in Equation 83. But it should not be less than the system base
spot price (SP). If it is so, it is taken as equal to SP. The second point is that the new posted spot prices

for the next iteration inside the power transfer subroutine are calculated according to
SP? =SSP’ +~(SP,—SP?) i=1,..,5 (84)

SP? which is on the right hand side of Equation 84 is the posted spot price of area—i at the beginning of
the current iteration. SPF; is the spot price which is obtalned inside area —¢ buying policy subroutine or by
using Kquation 83 at the end of the current iteration. v is convergence factor and v < 1. Since the obtained
transfer powers inside the area buying policy subroutines are very sensttive to the posted spot prices of
areas, large changes in the spot prices make large changes in transfer powers, eventually causing oscillations

around the solution point. For that reason, we use a convergence factor, v, in the final posted spot price
calculation.

4. Initial or Steady State Value Calculation

Before explaining the whole calculation procedure, we will first explain the calculation of steady state values
of Ppi(2 =1,...,5), for the given 6;(i = 1,...,5), Piss and Py values.

In a steady state, we have

\;=0,SP i=1,..5 (85)

or

Al A2 ﬁ__h__ﬁ

M2 8 M gp
6, 6, 6 8, 0 (86)

Since the sum of the mechanical power must be equal to the system load plus the total system tie-line loss

In a steady state point, we can write.

5
mei:PL"'Hﬂss- (87)

i=1

Equation 86 gives four independent algebraic equations. The necessary fifth equation to find five unknown
values, which are P,;(t = 1,...,5), comes from Equation 87. As stated before, the initial value calculation
procedure can handle the constrained generation and tie-line transmission. The constrained tie-line trans-
mission 1s handled inside the transfer power subroutine during the power purchase arbitration procedure. We

will now explain the calculation procedure for the constrained generation. If all obtained mechanical inputs

are less than or equal to their corresponding maximum generation limits (P,;_ . ,7 = 1,...,5), no further

tma

calculation is needed. But if one or more obtained mechanical inputs are larger than their maximum limits,

their values are taken as their maximum limits and the remaining load is divided among the other areas

optimally. For example, let us suppose that the calculated P,,; and P,,» values are larger than P,,;___ and

| respectively. Pr1 and P, are taken as equal to P,,;___ and P,,5  respectively. The remaining
mechanical input values are calculated by using the following equations
A3 Az As
| — = —=—=35P 88
03 0y Os (88)
5
Z sz' — PL + HGSS — Pmlmﬂm — I m200" (89)

1=3
The last calculated mechanical powers (PFP,.3, P4, Pms), are checked against their maximum generation

limits. If some of them are larger than their maximum generation limits, they are taken as equal to their
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maximum generation limits. If all calculated mechanical input powers hit their maximum generation limits
at the same time, there is no solution to the problem for the given area loads and maximum generation

limits. Load shedding is required.

We put all related calculation for area mechanical inputs into a subroutine. It receives Pj,6; and

Pj,ss and calculates (outputs) P,,; values. Initial value calculation subroutine uses area mechanical input

calculation and transter power subroutines.

The initial value calculation problem can be stated as follows: Given the area loads(Py;, 1 = 1,...,5)
find each area’s generation (F,,;, ¢ = 1,...,5), the transfer powers among areas (T PT;;,1 = 1,...,5,j =
1,...,5,¢ # j) such that the cost of generated power all over the system becomes minimum. Since the

transfer powers among areas are not known initially, the posted area spot prices (and #; values) and the
total tie-line losses can not be known. Therefore we take 6, = 1(: = 1,...,5), Pjoss = O initially. Since
we have taken the initial total tie-line loss value to be zero, and the tie-line loss values are considered in
the power purchase arbitration procedure’, the difference between area transferable powers and area net
powers 1s going to be fairly large. Therefore, the initial £; values must be comparably large. If they are
not taken large enough, the stopping criteria of the transfer power subroutine (see section 3.4) is not going
to be satisfied, so endless iteration inside the transfer power subroutine will take place. As the iteration
continues inside the initial value calculation subroutine, each newly found P,,;,0;, SP;, SP, P,ss and T PT;;
values will be closer to their respective solution point values. Therefore we decrease the ¢; values more and
more as the iteration proceeds inside the initial value calculation subroutine. At the end, all of the ¢; values

become less than the prescribed tolerance value.

5. Simulation Program

The algorithm of the simulation program is given in the following.

Step 1: Get Pr;,1 = 1,...,5 values.
Step 2: Calculate initial values for P,,;, SP;,,TPT;;,SP and Piss,? = 1,...,5,5 = 1,...,5,7 # j (Initial
value calculation subroutine). |

Step 3: Set {1 =0, Af=0,6=0
Step 4: Store values of P,;, SP;, TPT;;,SP,Af and ATime for plotting : =1,...,5,7 =1,...,5,1 # J.
Step 5: Calculate A, = SP + A;Af + Agd

Step 6: Get area load changes, APr;, and calculate new area loads, Pr; = Pr; + APr;,7 = 1,...,5. Set
{ =10.

Step 7: Get values for ey and v,2 =1, ...,5.

Step 8: Set ¢t =1+ ;.. Find solution to the governing differential equation set at time ¢ by using initial

conditions at time ¢ — {;ncr -

Step 9: If P, > P ..,t=1,...,5 then P,; = P, ...

Step 10: Calculate SP = A; — A;Af — A3, SP? = 6,SP.

Step 11: Calculate SF;,0,,TPT;; and Fj,ss,2=1,...,5,7 =1,...,5,¢ # j (Transfer power subroutine).
Step 12: Set t; = {3 + tiner. Store P, SP,,TPT;;,SP,Af and ATime for plotting, ¢« = 1,...,5, j =
1,....5, 1 # 7.

Step 13: Take the current solution to the governing differential equation set as the initial conditions for the
next solution step.

" see section 3.3
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Step 14: If ¢ < {754 then goto step 8.
Step 15: If there is another load change then goto step 6.

Step 16: If there is another loading to the system then goto step 1.
Step 17: Stop.

The first stage in the simulation program is the calculation of the initial values of P,,;, SP,SP;,0;, Piyss, T P
for the given area loads. After that, area load changes are given and the values of Af, 6, ATime, SP,SP;, P,,;. TP’

are found and stored at points which are apart from each other by ¢,,., untill the another loading is given
to the system.

Solution to the governing differential equation set is calculated by using
x(t) = eAt-10) (%o + A™1d) — A~ 1d. (90)

The matrix A and the vector d are given is Equations 47 and 48 respectively. Since 8, and P, values

change from one solution step to another before reaching the steady state point in the transient value
calculation, elements of the matrix A, and the vector d also change. We assume that power steering in the

system 1s done very fast compared to mechanical input changes.

We used time variable ¢; just for plotting purpose in the simulation program. Although time variable

t 1s made zero after each load change, f; is made zero at the beginning of each new problem.

6. Numerical Example

We picked incremental generation cost coefficients for five areas as B; = 0.1,B, = 0.15, B3 = 0.2, B4 =
0.25,B5 = 0.3 R/(MW?*h) and Z; = 1.0,7Z, =2.0,73 =1.0,Z4 = 1.5, Z5 = 2.0 R/MWh. Tt is seen that the
most ethclent area is area-1 and the least efficient area is area-5. The efficiencies are in decreasing order.

The K; coelhcients are chosen as Ky = 3.0, K9 = 2.5, K3 = 2.0,K4 = 1.5 and K5 = 1.0 (3600) x
MW‘J)/ R. The j!: constants are selected as j1 = 350 10°, jg = 300 10°, j3 — 275 10°. j4 = 250 10° and
Js = 225 10%(kg x m?)/sec.

For the given B;, K;,.J; constants, we chose Ay and Aj coefficients of the system’s base spot price
as 10.0 R/(MWh x Hz) and 1.0 R/MWh respectively. The eigen values of the system, when all loss
in the system is ignored (i.e. 6; = 1.0,2 = 1,...,5), are found to be v; = —0.39378, 15 = —0.37500, 13 =
—0.34172, v4 = —0.30000, v5 = —0.12316 + 50.17760, v = —0.12316 — 70.17760 and v- = —0.09318.

1'he tie-line resistance values are taken as Rijo = 2.0, R13 = 6.0, R4 = 9.0, Ri5 = 4.0, Ro3 = 2.0, Ryy =
5.0, Ros = 8.0, R34y = 2.0, B35 = 3.0 and Ry = 2.00.

The maximum generation limit for all areas and the maximum transmission capacities for all tie-lines

are taken as 1500 AW and 600 MW respectively. We assume that transmission voltages and power factors
are 380 kV and 0.9 for all tie-lines in throughout the system.
i

Initial loads of area-1 through area-5 are selected as 400.0, 400.0, 600.0, 900.0 and 1000.0 MW
respectively. 'IT'wo load changes are given to the system. In the first one, load changes for area-1 through

area-5 are taken as 1.0, 3.0, 5.0, 7.0 and 9.0 MW respectively. In the second one, load changes for area-1
through area-5 are chosen as —10.0, —7.0, —4.0, 2.0 and 10.0 MW respectively. Negative load change means

load decrease in the above. We will give the same initial loads, the first and the second load changes to the

system 1n the following two cases for the comparison purpose.
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Case 1

We have not made any changes in the numbers given in the above for the current case. The steady state
results of the current case are given in Table 1. With the given load values, there is no generation and
tie-line constraint hit in the system. We see from Table 1 that area-1 is an absolute seller area, area-2 is a
net seller area, area-3 and area-4 are a net buyer areas, and area-5 is an absolute buyer area in the system.
Note that the posted spot price of area-1 is equal to the base spot price of the system. Change of Af and

P,,1 are shown as case-1 curves (solid lines) in Figure 2 and 3 respectively. Change of P,,, throught P,,s
resembles the change of P,,;, but having different steady state values.

Case 2

We have taken tie-line 14 and tie-line 35 out of the system. We also have taken P,,; = 1100MW. The
steady state results are given in Table 2. Since the generation of area-1 (the most efficient area in the
system) hits its upper generation limit, the other areas in the system increase their generations. Taking out
the tie-line 14 from the system causes area-4 to increase its bought power over the other tie-lines which are
tie-line 24 and tie-line 34. Taking out the tie-line 35 from the system has the same effect on area-5 (see
Table 1 and Table 2). Change of Af, P,,; are shown as case-2 curves (dash dotted lines) in Figure 2 and 3

respectively. P,,; curve overlaps with time axis for case-2 in Figure 3. Change of SP, SP; through SPs for
case-2 i1s shown in Figure 4.

SYSTEM FREQUENCY ERROR VS. TIME
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Figure 2. Change in the system’s frequency error.
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Table 1. Steady state values for area generations, frequency and time error, spot prices and tie-line transmission

powers and loss power in case-1.

Steady state quantities Initial First Second
P (MW) 1140.51901 | 1149.11975 | 1146.06363
Pa(MW) 755.80232 |  761.57685 | 759.54418
Ps(MW) 574.14132 | 578.51049 | 577.00104
Pra(MW) 458.78263 | 462.30060 | 461.10842
Prs(MW) 380.92439 | 383.86222 | 382.88303

Af(Hz) 0.00000 0.00005 0.00001
ATime(sec.) 0.00000 | -2.27991E-2 | -1.47188E2
SP(R/MWh) 115.05190 | 115.91190 | 115.60638
SPy(R/MWh) 115.37034 | 116.23664 | 115.93164
SP3;(R/MW h) 115.82826 | 116.70205 | 116.40022
SPy(R/MW h) 116.19565 | 117.07510 | 116.77710
SPs(R/MWh) 116.27731 | 117.15861 | 116.86493
SP(R/MWh) 115.03738 | 115.89741 | 115.59209
TPT12(MW) 161.98523 | 163.85956 | 164.66037
TPy (MW) -162.43358 | -164.31835 | -165.12365
TPT3(MW) 131.63780 | 132.97459 | 133.95736
T'PT3(MW) -132.52608 | -133.88101 | -134.87723
TPT4s( MW) 129.28779 |  130.50553 | 131.70241
TPTy (MW) -130.57307 | -131.81514 | -133.03615
TPTs(MW) 311.66675 | 314.71846 | 318.55920
TPTs (MW) -314.98631 | -318.10335 | -322.02721
TPTy3(MW) 232.28472 | 234.39960 | 236.55014
TPT5(MW) -233.20668 | -235.33842 | -237.50627
TPTos(MW) 167.46022 | 168.88993 | 170.72145
TPTyo(MW) -168.65816 | -170.10841 | -171.96650
T'PTos(MW) 115.01858 | 116.06727 | 117.78411
TPT5o(MW) -115.92278 | -116.98804 | -118.73232
T'PT34(MW) 185.62914 | 187.06235 | 189.50233
TPTy3(MW) -186.21793 | -187.66027 | -190.11595
T'PT35(MW) 151.25943 | 152.62592 | 155.77112
TPTs53(MW) -151.84584 | -153.22298 | -156.39305
TPTys(MW) 41.13082 41.72735 |  44.00209
TPTys(MW) -41.15973 |  -41.75710 | -44.03518

Ploss(MW) 10.16969 10.36250 10.60291

7. Discussion and Conclusion

We proposed a power dispatch technique for multi-area interconnected systems in this paper. The basic idea
behind the dispatch technique is to introduce a spot price of electricity in the determination of the optimum

generation of areas and the optimum power transfer between areas in the system. We used a base spot price
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of electricity which is linearly dependent upon the system frequency error and the integral of the system
frequency error. As long as the system loss is ignored, using the base spot price in the algorithm is enough
to find the optimum generation of each areas. Using this base spot price of electricity makes the areas in

the system behave more independently to maximize their own benefits. This kind of behavior of areas in

the system lessens the necessary communication among them.

MECHANICAL INPUT TO AREA-1 VS. TIME
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Figure 3. Change 1n the mechanical input:to area-1.
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Figure 4. Change in all of the spot prices in case-2.
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Table 2. Steady state values for area generations, frequency and time error, spot prices and tie-line transmission

powers and loss power 1n case-2.

Steady state quantities Initial First Second
P (MW) 1100.00000 | 1100.00000 | 1100.0000
Po(MW) 770.20814 | 778.76577 | 775.75256
Ps(MW) 584.64622 | 591.09666 | 58R8.84458
Pra(MW) 468.19990 | 473.40507 | 471.63057
Prs(MW) 389.03349 | 393.38869 | 391.93062

Af(Hz) 0.00000 0.00018 0.0018
ATime(sec.) 0.00000 -0.03400 -0.02149
SP(R/MWh) 111.00000 | 118.45170 | 117.95943
SPy(R/MW h) 117.53122 | 118.81516 | 118.36290
SP;(R/MWh) 117.92924 | 119.21948 | 118.76893
SPy(R/MWh) 118.54997 | 119.85146 | 119.40776
SPs(R/MWh) 118.71004 | 120.01699 | 119.57920
SP(R/MWh) 117.15703 | 118.45170 | 117.94890
TPT 2, (MW) 181.56588 | 179.52534 | 181.99990
TPTy) (MW) -182.12918 | -180.07605 | -182.56589
TPTi3(MW) 126.79057 | 126.44688 | 127.79434
TPT3 (MW) -127.61464 | -127.26649 | -128.63151
TPT s(MW) 0.00000 0.00000 0.00000
TPTyH(MW) 0.00000 0.00000 0.00000
TPTis(MW) 385.18594 | 386.68235 | 392.62977
TPT5 (MW) -390.25633 | -391.79221 | -397.89802
TPTs(MW) 198.20474 | 199.23082 | 200.78455
TPT3(MW) -198.87602 | -199.90906 | -201.47341
TPTys(MW) 202.91675 | 204.20562 | 206.63880
TPT o (MW) -204.67567 | -205.98695 | -208.46284
TPTos(MW) 146.74970 | 148.01251 | 150.35383
TPTsy( MW) -148.22162 | -149.50987 | -151.89894
TPTs,(MW) 308.02113 | 310.23531 | 314.80635
T'PTy3(MW) -309.64231 | -311.87989 | -316.49974
TPTys(MW) 0.00000 0.00000 0.00000
TPTs53(MW) 0.00000 0.00000 0.00000
TPTy;(MW) 79.03076 80.83026 | 84.02486
TPTss(MW) -79.13748 | -80.94190 | -84.14549

Pross(MW) 12.08777 12.19332 12.5434

When the system loss is included in the dispatch technique, the transfer powers between areas become
important. We define the spot price of electricity for every area by using the base spot price or the
price of power that is purchased. At this point, knowing the rules (or algorithm) for determination of
the transfer powers between areas becomes important. Therefore, we proposed a transfer power algorithm
and demonstrated it on the most general five area problem. According to this power transfer algorithm, a

buyer area’s spot price is found by increasing the spot price of the seller area by an amount that is equal to
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the percentage of the loss that occurred in buying of that power. Actually during a power transfer between
a seller and a buyer area, the buyer area receives an amount of power which is less than the power that is
send by the seller area by the amount of the power lost during the transmission. Therefore the buyer areas
sees a higher spot price of electricity than the spot price of the seller area.

We assumed that in every area the generating units can be represented as one generating unit, their
input output curves can be put together as a one input output curve. One algorithm to do this job is given
in [15].

Our dispatch algorithm does not handle the situation where one of the areas in the system is isolated.
The most important problem in one area isolation event is to make sure that the system remains stable after
the 1solation of one area occurs in the system. This can be insured by choosing appropriate As and Aj

coeficients for the base spot price of the system. The selection procedure of A, and A; coefficients can be

as follows:

1. A specific value i1s assumed for A; constant.
2. The interval of A, values which makes the system stable when no area is isolated is determined.

3. The interval of Ay values which makes the system stable when area-1 in the system is isolated

4. The same calculation given in item 3 is done when area-2 through area-5 is in isolation one at a time

in the system.

5. At the end, we will have six intervals for A,. The subinterval which is common in all six interval is

determined. A suitable A, value which resides in the common interval is chosen.

6. If a common subinterval is not found, a new Aj value is chosen and the procedure given between item

1 and item 5 is repeated.

Ay and Aj values obtained in this way will ensure the system to stay stable after one of the areas in

the system gets isolated.

In the proposed dispatch technique, every area only needs to know the posted spot prices In areas to
which 1t i1s connected. Communication is necessary amoung the areas that are connected for learning the

posted spot prices and in power purchase arbitration.
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Kullanan Bir Optimal Dagitim Teknigi
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Gzet

Bu ¢aligmada ¢ok bolgeli interkonnekte sistemler icin spot elektrik fiyatini kullanan bir optimal dagitum
teknigt oneridmektedir. Cok bolgelr sistemde bulunan bélgeler sabit fiyatly elektrik alim satim anlasmast
yerine onceden elektrigin taban spot fiyatinin formulasyonu tzerinde anlagmaktaderlar. Bu anlasma
bolgeler arasinda zamanla dedisen bir alim satum programi sonucunu dodurmaktadir. Onerilen taban spot
elektrik fiyatr sistemdekr frekans hatast ve bu hatanin integralinin dogrusal bir fonksiyonu seklindedir.
Sistemde bolgeler arasi hat kayiplart thmal edildigi middetce, bolgelerdek: optimal giic dretimlerinin
bulunmasinda sadece taban spot elektrik fiyatinin kullanidmas: yeterls olmaktadar.

Onerilen optimal dagitim algoritmast kayiple ¢cok bolgeli sekle genisletilmis ve bu genisletme islems
bes bolgeli interkonnekte sistem tizerinde gdsterilmistir. Bolgeler arasi hat kayiplarinin probleme dahil
edilmesi taban spot elektrik fiyatinan genisletilmesiyle basarilmistir.  Verilen transfer edilebilir bolge
gugler: 1cain bolgeler arast optimal gug¢ transferi algoritmast gelistirilmistir. Sézkonusu transfer algorit-
mast sistemde bolgeler arasindakr bazy hatlarin ¢ikariabildigi degisik sistem konfigirasyonlarini, uretim
ve bolgeler arasindakt hat kisitlariny da gozénune alabilmektedir. Dagitim teknigi bélgelerdekt en optimal
tiretimlerle birlikte bolgeler arasindaki en ekonomik giic alis verislerini vermektedir. Onerilen dagitrm

teknigi ekonomik dagitim yaninda sistemdeki frekans regilasyonunu da saglamaktadar.
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