Ml Economic Dispatch w5y Incremental Cost
.:i [~ 7 Jq V) [~
NUWINNIBILFUNNANNT WL WAL

WAZANNIANHMS W 10w sendlng

USE OF ECONOMIC DISPATCH WITH LINEAR DECREASING
AND STAIRCASE INCREMENTAL COST FUNCTIONS IN THAILAND

05 @ 29aNa
maviminTsniWi, aowume luladunysisuss

UV INENAYTTINAINAT, Unuad 12121

Weerakorn Ongsakul
Department of Electrical Engineering
Sirindhorn International Institute of Technology

Thammasat University, Pathumthani 12121

unaaga

Iuﬂﬁﬁ'u‘m‘iun'm Economic Dispatch fidusunitivey Automatic Generation
Control (AGC) ﬁag;’lum'smua;mmq Audmuausuumasiwiuiend  mslwidheuia
wivdszmelvne (nu.) 'lﬁgnﬁ’mm-tfutﬁa‘lﬁém‘%’unumi Incremental Cost (IC) ifiaTudu
mnn’im%mmﬁ'uqutfwi"ufu Foinlimsldoudulletwaia  unanaiiaueisn s
Economic Dispatch iafiavsasiusumsdaiiy IC ﬁﬁﬁwammﬁmn:i’mﬁzjq{u (A1uu
Wuau) e Tsliiwaseufauiiuuazaumssnwaruiulnvaei s Wi wa e tauuas
Taelihwasanufouson  TselwihwasanuSousmitauSontsznoudiufaiufngseudnin
mietuluazmizeudalath udenuasrToui il dsgungiigenniviufginuin
lovieiiaeduindosiiia Wi waarmudon ﬁum'iuuuu‘lﬂmnm’aLﬁudqunuwmﬂmmﬁamu
Wvhaswing nvlu. uasjudnlihasszneusnvenlsme (Independent Power Producer) u
mamensy Economic Dispatch inuivTselWimianumaanidy 2 nau A naulavlihnay
AnuTeu uaz nanlsiWihmwaeaufauion tf'immnm"’:qmmn%'ﬂ-h (LeGrangian Multiplier
w3a Lambda) ﬁwqmaenﬁjuTw‘lv\lﬁwwé'mﬂu%'auﬁﬁ"lgqn’h Lambda gugavainas Telnh

wasAnmTauim nqulselWiwasanudouasld35 Binary Search (BS) lumsn Lambda

54




ﬁtvhﬁ'm;lnﬂﬂ')uuﬁmﬁmmnaunﬁ Lambda ﬁﬁwtﬁu{utﬁmunﬁﬂﬁgﬁﬁ wio WusunIanwue
sutiula uniingulsiihwasnnuiousnliis Merit Order Loading (MOL) lauld
A Lambda §1ﬁﬂﬁtun:i’mﬁqﬁQﬂﬂa~sttﬁa: Block wasamuFautmiduaitlunsnmuaaiau
MIAUIAGDY §mSusums Lambda f’iﬁﬁhaﬂmu‘jamn:"fmf@%’un’iaaum'isi'num:'ﬁguﬂ'u"lm
ummﬁﬁ'mm&‘lﬁgnmﬂauuﬂ‘sﬂﬂﬂﬁf'iii IC ﬁtﬁuﬂunwtﬂmﬁuﬁﬁﬁhaﬂmﬁmn:i’mﬁgqﬁu
uazRuMIEnEaztutLle Aasuvesitiinsuaminzdmiunmih Wi lunsmuaumsuaaliih
mu"zﬁ'm{‘lﬁgam%ﬂamnﬂmmm-rmuuumiuﬁm uazmsUju@Anisuuy On-line vav nwu.

Tutaquu

ABSTRACT

At present, the power economic dispatch program, part of the on-line Automatic
Generation Control (AGC), controlled by National Control Center, Electricity Generation
Authority of Thailand (EGAT), has been developed for monotonically increasing
incremental cost (IC) curves only, which results in limited flexibility. This paper presents
methods to find the solution of economic dispatch with linear decreasing IC curves for
existing combined-cycle (CC) blocks, and staircase IC curves for both thermal units and
CC blocks. A single CC block consists of one or more gas turbine units and a steam
unit. The CC block uses.high temperature exhaust gas from turbines to generate steam
that is used to drive a steam turbine generator. Those staircase curves are introduced as
a result of the transaction agreement between the first Independent Power Producer (IPP)
in Thailand and EGAT. To obtain the economic dispatch solution, we initially divide the
total units into two sections: thermal section and CC section. We then treat each section
separately since the lowest lambda (LaGrangian multiplier) of the thermal section is higher
than the highest lambda of the CC section. The thermal section uses the binary search
(BS) algorithm to determine the optimal solution based on the equal lambda principle
for either monotonically increasing lambda curves or increasing staircase lambda curves.
On the other hand, the CC section uses the Merit Order Loading (MOL) method with
the lowest lambda at the highest operating output of each CC block as our index for
either linear decreasing lambda curves of staircase lambda curves. The implementation
of the developed program has been done on a test system consisting of linear decreasing
IC curves for CC blocks, and staircase IC curves for both CC blocks and thermal units.
The solution of the proposed method is valid and practical for on-line application. This

research is motivated by the actual on-line operational and planning problems of EGAT.
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1. INTRODUCTION

Economic dispatch (ED) is a problem
of determining the operation schedule of
generation units such that the operating cost
is minimized, while satisfying the constraints
such as power balance equation, upper and
lower operating limits. In the Thailand’s
present situation, ED program, one of the
on-line programming modules on a Cyber
machine located at the National Control
Center, Electricity Generating Authority of
Thailand (EGAT), is limited in flexibility
since it can handle only monotonically increas-
ing incremental cost (IC) curves. More spec-
ifically, the existing ED program cannot accept
linear decreasing IC curves and staircase IC
curves. Currently, a gap between the total
scheduled generation capacity and the lowest
load demand in Thailand is not large, thus the
combined-cycle (CC) blocks, whose IC curve
is a linear decreasing function, are always
scheduled at their maximum operating output
to serve the base load without the need to
reduce their generation during the light load.
As a result, excluding the CC plants from the
ED program will have no effect on the optimal
scheduling [1]. In 1996, the staircase IC curves
of the thermal and CC blocks were introduced
in the energy transaction agreement between
the first Independent Power Producer (IPP)
and EGAT. In the next few years, it is
expected that there will be more IPPs
including the existing CC plants to be privatized

by EGAT. Since it may be necessary to vary
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the CC output in an economical manner, there
is a need to develop an ED program which can
handle all types of IC curves such as monotonically
increasing IC curves, linear decreasing IC

curves, and staircase IC curves.

Economic dispatch with non-monotoni-
cally continuous IC functions has been inves-
tigated by using the Newton method [2). The
proposed method is not applicable to our system
due to the present of staircase IC functions. In
[3], they proposed the hierarchical ED for
multiple piecewise quadratic cost functions of
different fuel types to obtain the least
production cost. However, the algorithm was
developed for increasing IC functions only. In
this paper, we present methods to solve the
ED problem with monotonically increasing IC
curves, linear decreasing IC curves, and
staircase IC curves by initially dividing the total
generating units into two sections: thermal
section and CC section. We treat each section
separately since the lowest lambda of the
thermal section is higher than the highest
lambda of the CC section. The thermal section
includes either monotonically increasing
lambda curves or increasing staircase lambda
curves, while the CC section includes either
linear decreasing lambda curves or staircase
lambda curves. In the thermal section, the
optimal dispatch rule is that all generating units
are operating at the same lambda, in which we
use the binary search (BS) algorithm to obtain
the least production cost [4]. In the CC section,

the equal lambda principle is no longer



applicable because the production cost of CC
blocks increases at a slower rate as the output
is higher. Therefore, we propose the Merit
Order Loading (MOL) method using the lowest
lambda at the highest output of each CC block
as our index. Comparison between the MOL
using the lowest lambda at the highest output
and using lambda at the lowest output indices
is made on a test system consisting of staircase

IC curves, and linear decreasing IC curves.

The second section of the paper illustrates
types of generating cost functions used in the
calculation of production cost at EGAT. The
third section proposes solution methods for
ED to solve monotonically increasing lambda
curves, linear decreasing lambda curves, and
staircase lambda curves. The fourth section
renders the test results and the analysis of two
case studies. Finally, the fifth section

summarizes the paper.

2. TYPES OF GENERATION COST
FUNCTIONS
A generation cost function (Baht/hr) is
determined by the product of a heat input/
output function (Mbtu/hr) and a fuel cost
(Baht/Btu). In Thailand’s power system,
generation cost functions are generally

categorized into four types:

2.1 Second Order Polynomial Cost Function
for Thermal Unit

To obtain a second order polynomial

cost function for a thermal unit, we fit the

curve using the least square method among
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at least three test points, for example, 50%,
75% and 100 % of the highest output. The cost
function is a quadratic type (aP* + bP + ¢)
where the coefficient a > 0, or the IC (2aP+b)

is a linear increasing function as illustrated in

Figure 1.
Cost
(Baht/hr) x_//
IC Pmin Pmax AN
(Bahm\ﬁu)

MW

Pmin Pmax

Figure 1 Quadratic Cost Curves and Their IC
of a Thermal Unit

2.2 Piecewise Linear Cost Function for
Thermal Unit

For convenience, we may represent a

cost function for thermal unit by two straight

lines connecting through three test points

instead of using curve-fitting by the least

square method. The piecewise linear cost

curve and its increasing staircase IC curve are

as follows:
Cost(P) = alP+b], ,"’min <P<P,
=a2P+b2, P.<P<P .,
int man
IC(P) = al‘ Pmin R Pint
= a2 Pim s P = Prnax
where a, > a,. The corresponding curves are

2
given in Figure 2.
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Figure 2 Piecewise Linear Cost Curves and

Their IC of a Thermal Unit

2.3 Second Order Polynomial Cost Function
for CC Block

A CC block may consist of one or more
gas turbine units and a steam unit. In a closed-
cycle operational mode, the cost function is
obtained by curve-fitting among at least three
test points using the least square method. Its
cost function is represented by a second order
polynomial function aP’+bP+c, where a < 0,
which results in a linear decreasing IC function
(2aP+b) as illustrated in Figure 3. This
phenomenon is explained by the following
characteristic of the CC block; the higher the

output, the better the efficiency.

Cost

(Baht/hr)
p' MW

A 4

g0 |-

in max
IC N
(Baht/MWhr)
D Prax MW
Figure 3 Quadratic Cost Curves and Their IC
of a CC Block
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2.4 Piecewise Linear Cost Functions for CC

Block

A
Cost 5 i
(Bahthr) / j
‘Pmaxl 1in .P -
Ic > min2 maxd MW
(BahMWh})
Pminl PITI:K4 MW

Figure 4 Piecewise Linear Cost Curves and

Their IC of a CC Block

To obtain an accurate representation,
we, instead of using only one quadratic
equation to represent the cost function of CC
block, may employ several piecewise linear
functions to represent cost functions for each
mode of closed-cycle operation. For instance,
a CC block consisting of four turbine units and
a steam unit can have four modes of closed-
cycle operation. Note that one mode of operation
may consist of one or two linear curves, and
the output of each mode of operation may
overlap among one another. The cost functions
and their corresponding staircase IC curves are

illustrated in Figure 4.

3. SOLUTION METHODS OF ECONO-
MIC DISPATCH

In Thailand’s present system, the lowest
lambda of the thermal plants is higher than the
highest lambda of the CC plants. Thus, we
initially divide the total generating units into
two sections : thermal section and CC section,

and treat each section separately. To obtain



the economic dispatch solution for the thermal
section, we use the BS algorithm based on the
equal lambda principle since the lambda curves
are either monotonically increasing function or
increasing staircase function. On the other hand,
for the CC section, we use the MOL method
with the lowest lambda at the highest output
of each CC block as our index since lambda
curves are either linear decreasing function or

staircase function.

3.1 Economic Dispatch for Monotonically
Increasing IC Curves (Thermal Section)
The economic dispatch problem is to

minimize the following objective function,

subject to a power balance constraint,

NC
2pr
=1 f,max’

i) T
TGTBD = ), P/= P, + P, -
i=1 ’

and an operating limits constraint,

T
’ <PT<P

imin — ~§ —  jmax’
where

C;:: Total thermal operating cost (Baht/hr),

Cf.(Pr.T) : Operating cost of thermal unit i (Baht),

P!_T: Real power output of thermal unit i (MW),

P, : Total load demand (MW),

PL : Total loss (MW),

TGTBD : Thermal generation to be dispatched
(MW),

NT : Number of thermal units on ED,

NC : Number of CC units on ED,

59

T

i,min’

i max: Minimumand maximum operating

outputs of thermal unit i (MW),
C

- Maximum operating output of CC
1, X

block i (MW).
The optimal dispatch rule is:
IcTx1T= 2 i = 1,.,NT,

i, max

P.-P -P + P — 4 )
= U i=1
where

7 dcC. 2
!CI. :—=L or IC of thermal unit i

dp’

(Baht/MWhr),
{’_T: Penalty factor of thermal unit i,

A : LaGrangian multiplier (lambda).

If I” is a set containing the thermal units
operating between operating limits, L' is a set
containing the units operating at their lower
operating limits, and U7 is a set containing the
units operating at their upper operating limits,
the optimal dispatch rule is extended as:

Ic/ x 1= 2 i €l

ICT Ly x> % i€l

Lmin

IC.ls xU"<2 iUl
i P i

i.min

A
(Baht/MWhr)
AT r Y
A, oo
4T :
B B PR MW

Figure 5 System Lambda of Thermal Section



Note that we shall perform the economic
dispatch in the thermal section only when all
CC blocks operate at their maximum operating

outputs.

Figure 5 shows the IC or lambda of four
steam units. The lambda function of the first

unit is a staircase type with two steps. At
l1

[

TGTBD = P+ P!

2, max

+ PT L) + P:;r(ke).

3.2 Economic Dispatch for Linear
Decreasing IC Curves (CC Section)
In the CC section, we shall need to

minimize the following objective function:

=

[
CTC = ¥ CP9

e

subject to a power balance constraint,

NC
-¥pT .

=1 f,min

NC
CCGTBD = Y, P°= P, + P
i=1 i D L
and an operating limits constraint,

P < PC< PC

Lmin = " i = ° {max,

where

Cf . Total CC operating cost (Baht/hr),
£ Y .
CI. (P.) : Operating cost of CC block i (Baht),

PI.C: Real power output of CC block i (MW),

P‘._Cr'ni" : Minimum operating output of CC block
i (MW),
CCGTBD : CC generation to be dispatched
(MW).

We shall perform the economic dispatch
in the CC section only when all thermal units

operate at their minimum operating outputs.
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Since the lambda curve of a CC block is a
linear decreasing function, the equal lambda
principle will no longer yield the least
production cost as a result of the characteristic
of the CC block; the higher the output, the lower
the incremental cost. The recommendation is
that we should schedule the CC blocks in such
a way that they operate at their highest output
(corresponding to the lowest lambda). The
proposed method is the MOL method using
the lowest lambda at the highest output of each
CC block as our index. On the MOL list, we
order the CC blocks according to the ascending
order of lambda. As the system load increases,
we incrementally load the first linear
decreasing curve on the list until the power
balance is satisfied. If the first curve reaches
the operating upper limit and the power balance
is still not satisfied, we shall load the next one
on the list, and so on. For an example, consider

the lambda curves of three CC blocks which

are given in Figure 6. The ascending order

of MOL list is CC blocks I, 2 and 3 since
C

3,min’

A‘C

C
- SN
l.min 2.min

Figure 6 System Lambda of CC Section



4. TEST RESULTS AND ANALYSIS
4.1 Case Studies

We use the Rayong power plant consist-
ing of four CC blocks (RY2_CC#l, 2, 3, 4)
whose lambda curves are linear decreasing
functions, and the Khanom power plant which
consists of two thermal units (KN_T#1, 2), and
a CC block (KN_CC#1) whose lambda curves
are staircase functions as our test data (see
Figure 7)
Case I : We use the lowest lambda at the highest
operating output for each CC block (excluding
those staircase lambda curves) as our index in
the MOL method. In addition, if the lowest
lambda at the highest output of the next CC
block on the list is higher than any constant
lambda segment belonging to the staircase
curves, we shall incrementally load that constant
lambda segment instead. Hence, the ascending
order of CC blocks in Case I is: RY2_CC#2,
RY2_CC#4, RY2_CC#l1, KN_CC#1.2-1.3,
RY2_CC#3, KN_CC#1.4-1.7.

Case Il : For a comparison purpose, we use
the lambda at the lowest operating output for
each CC block as our index in the MOL
method. Similarly, the ascending order of CC
blocks KN_CC#1.2-1.3,
RY2_CC#3, KN_CC#1.4-1.7, RY2_CC#2,
RY2_CC#4, RY2_CC#1 when we include

in Case II is:

the constant lambda segments of staircase

curves.

For the increasing staircase lambda of
thermal units (KN_T#1, KN_T#2) in the
thermal section for both cases, as the system
load demand increases, the loading sequence
starts from the lowest constant lambda segment
to the highest constant lambda segment. There-
fore, the loading sequence is KN_T#1.1,
KN_T#2.1, KN_T#1.2, KN_T#2.2. Note that
XX#y.z represents the z™ segment of y™

unit of XX plant.

—— KN_T#l

—8— KN_T#2

—&— KN _CC#1.6-1.7
—%— KN_CC#1.4-1.5

A (Baht/MWh)

—%— KN_CC#1.2-1.3

—e— KN _CCH1.1

——RY¥Y2 OC#1

200

MW o 100 200

300 400

—=— RY2_CC#2,4

500 600 700

—=— RY2_CC#3

Figure 7 Lambda Curves of Rayong CC Power Plant and Khanom Thermal & CC Power Plants
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Figure 8 Production Cost of Various Load Demands

4.2 Test Results and Analysis

We test the developed ED program on
a small system consisting of CC blocks based
on the methods proposed for 122 different load
demands. The first load demand is given as
662 MW and the next is incremented by 10
MW. Thus, the last load demand is 1872 MW.
The test results indicate that Case I yields a
lower production cost than Case II for most

values of load demands as shown in Figure 8.

In Case II, we expect that the total
production cost at any given load which is less
than 800 MW would result in a lower
production cost than Case I because the system
lambda is lower (see the loading sequence in
both cases). However, owing to the high
operating cost at the minimum operating
output of Khanom CC, this is not the case in
our study. From our experience, the CC blocks

are always committed at their maximum
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operating outputs in which the loading sequence
of Case I would yield the lowest total production
cost. Accordingly, the MOL method with the
lowest lambda at the highest output for each
CC block is practical for the existing on-line

economic dispatch application.

5. CONCLUSIONS

In this paper, we present the methods
for finding the solution of economic dispatch
with monotonically increasing IC, linear
decreasing IC, and staircase IC curves.
Initially, we divide the total units into the
thermal section and the CC section. We then
treat each section separately since the lowest
lambda of the thermal section is higher than
the highest lambda of the CC section. In the
thermal section, we use the BS algorithm to
determine the optimal solution based on the

equal lambda principle for all thermal units.



On the other hand, we use the MOL algorithm
with the lowest lambda at the highest output
of each CC block as our index for the CC
section because the use of the equal lambda
principle on the linear decreasing function will
not yield the least production cost. Based on
the experimental results, the on-line application

of this method is viable.
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