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Abstract
This paper proposes an approach for analysis anerd@nation of inadvertent interchange based onguency Based Tariff for
competitive electricity market. In this paper, caneldd model consisting of the pool, bilateral andltitateral transaction of
deregulated power sector has been considered [hl¢ompetitive electricity market, power scheduslelécided 24 hours ahead of
real market but it has been observed that sombeofrtarket participants are diverted from their catnments regarding either supply
of scheduled generation or withdrawal of schedutestl from the pool. Due to these reasons, the paystem deviates from the
optimized solutions. So there is an urgent needl&termination of inadvertent interchange revenag by such defaulter market
participants. In this paper, frequency based teghaihas been applied for determination of inadverieterchange revenue paid by
such defaulter market participants. The frequenaged technique has been applied to double auctiodifrad IEEE-30 bus test
system. The whole transmission system has beeledivito three sections; prevailing frequency iesth regions can be assumed due
to inadvertent interchange occurring in the systémthis paper, Frequency based tariff has beerppsed for implementation to
generalized deregulated model consisting of the, fmlateral and multilateral transaction.

Keywords: Availability Based Tariff, Deregulated Power Sectmdependent System Operator, Competitive Elétstric

Market, Inadvertent Interchange, Central ElectrjdRegulatory Commission, Locational Marginal Price.
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1. INTRODUCTION

The main objective of the deregulated power sectarket [1]

is to decrease the cost of electricity through cetitipn. The
market environment typically consists of a pool amivately

negotiated contracts. The performance of a maskatdasured
by its social welfare, also called social bene8B). Social
benefit is the difference of society’s willingness pay for

energy and its cost. So in the deregulated enviemmthe
objective functions consist of bid functions offéreby

generation companies and retailers to the indepersiestem
operator (ISO). The term Availability Based Tastands for a
rational tariff structure for power supply from g@eating

stations, on a contracted basis [2, 3]. The unfgature of this
tariff, to tackle the peculiar problems of grid ogt#on in India,

is the frequency-linked pricing of the Unschedulegtrchange
(UI). In ABT mechanism, fixed and variable cost gmments
of power plant are treated separately. Unschedulgichange
[4] in a time block for a generating station/loaéans its total
actual generation/demand minus its total
generation/total scheduled drawal. All paymentsaoocount of
Unscheduled Interchange charges levied under @gdlations
and these shall be utilized for serving of invesimef
transmission schemes or for providing ancillaryviees
including but not only limited to load generatialancing
during low grid frequency to ensure grid securitg @afety.

scheduled

Indian energy exchange is India’s first electri@ychange [5].
It is a transparent, neutral, nationwide, automatedline
electricity trading platform. It enables efficieptice discovery
and price risk management for participants of thextecity
market including industries eligible for open accdhrough
anonymous platform.

The Indian Electricity Grid Code (IEGC) is a regida made
by the Central Electricity Regulatory Commission. [B lays

down the rules, guidelines and standards to beved by
various persons and participants in the systeptaio, develop,
maintain and operate the power system, in the mestre,
reliable, economic and efficient manner, while litating

healthy competition in the generation and supplglettricity.

India has a huge power shortage (unmet electrigiynand),
which is retarding the nation’s progress. The maigm of
Unscheduled Interchange (UI) [7, 8] if properly t3ed, can
help in bringing more power into the electricitydy, enabling
the utilities to meet additional consumer load,hbshort-term
and long-term, and significantly reduce the quantfmoad-
shedding. Ul has generally been known as the tordponent
Availability Based Tariff (ABT), which was introded in India
at the regional level in 2002-03. A real-time balag market
based on real-time price signals derived from fesqy to
maintain system frequency sufficiently close to nwahvalue
has been proposed [9]. It is used for settlementeaf-time
imbalance between demand and supply during a ggukmniod
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in deregulated markets. A frequency-linked biddstgucture
for the frequency regulation service market hasmnh@eposed
[10]. A dynamic simulation model is developed fotwa-area
interconnected power system that incorporates ¢haéufes of
frequency regulation services to examine the peréorce of
the optimum regulation contracts.

Conventional Generation Scheduling GS algorithmdglified
to incorporate frequency dependant part of tadff][ Hourly
frequency and load using Statistical Analysis andifigial
Neural Network (ANN) respectively are estimatedte8hnique
for determining loop flows and designating conttiba factors
to utilities in a power system has been discusstdl.
Contribution factors are used to assess the paation of
generating utilities in causing unscheduled flovd assigning
equitable charge or compensation to utilities basad
participation. In a competitive electricity mark§t4], the
sellers and buyers submit bids for energy buy a&tid Bhe bids
are generally in the form of price and quantity @tions and
specify how much seller or buyer is willing to borysell and at
what price. After the bids are available to the ketioperator it
settles the market based on optimization.

Frequency-based tariffs have been proposed in todiaprove
unscheduled interchange [15], [16]. Such tariffplasteeply
inclined prices to deviations from frequency. A wéow price
is assigned to high frequencies, and a very highkepris
assigned to low frequencies. The Wide Open Loadbwoig
(WOLF) Method is similar to the Ul Pricing Methodaept
that it includes time error, steeper prices, andoatinuous
pricing formula for reactive power [15]. Pricesalgary with
location due to line losses and transmission caimgsr [15],
[17] and [18]. Thus, WOLF provides a technique for
compensating specifically for unscheduled transiotissisage
unlike the Ul Pricing Method.[13], [19] introducetechnique
that shifts the focus from contributions of transsibn
companies to contributions of GENCOs specificallyhe
difference between actual flows and scheduled fl@heng
different contract paths is used to estimate miaop flows in
an energy grid using various techniques to mininttze pth
norm, such as ordinary least squares, robust r&Egres
Contribution factors with different weighting mectisms for
each utility are then determined [20]. A suggestidke-or-
pay” charge could then be levied to participatinEN&ZOs
according to their unscheduled flow contributionestimated
using the minor loop flow assumptions and assodiatieors
[21]. Availability Based Tariff comprises of threemponents:
(a) Capacity Charge (b) Energy Charge (c) Unscheetirter-
change (Ul) Charge. In case there are deviatioom fthe
schedule of generation or withdrawal of power, thisrd
component of ABT comes into picture. Deviations nfro
schedule are determined in 15-minute time block®utgh
special metering and priced according to the systerdition
prevailing at that time. If the frequency is abo%8 Hz,
(nominal frequency in Indian System), Ul rate viié low and
if it is below 50 Hz, it will be high. As long ahé actual

generation / drawal is according to the given saleedhe third
component of ABT is zero. In case of deviation, keéar
participants have to pay Ul charge according to shecified
frequency dependent rate. According to current gjinds of
CERC, this rate varies in frequency range of 495aHd 50.2
Hz.

This paper proposes an approach based on frequesssd
tariff for determination of inadvertent interchanggvenue as
penalty for defaulter demand market participants profit for
generator participants who provides extra power
stabilization to the system in competitive eledtyianarket.
This frequency based approach has been applied to a
generalized model consisting of the pool and tretisas such
as firm bilateral and multilateral for competitiveectricity
market [11]. The proposed frequency based techrigisebeen
analyzed on modified IEEE-30 bus double auctioh $gstem.
In the considered model, generation as well denraadket
participants are allowed to offer and bid theircps along with
their maximum generation/demand limits to an indeleat
system operator (ISO). The bilateral and multilater
transactions holders will request the 1SO througtiaeduling
coordinator (SC) for transaction of power specidyithe
injections and extractions point as well as the @ammf the
transaction.

for

2. MATHEMATICAL

PROPOSED TECHNIQUE

A methodology based on frequency linked tariff Haeen
formulated which will be helpful for assessmentradvertent
interchange payment paid by the defaulter markeiggaants

in deregulated power sector. Previous work on hagdl
inadvertent interchanges in a classical power sydtas been
extended and developed a solution methodology Iglear
depicting how to handle these inadvertent intergkanin a
deregulated power market. This new balancing mesimais
similar to a tariff scheme working successfullylimdia since
2002 and is based on real-time price signals derifrem
frequency. The generators and loads under thisefinark can
self-schedule themselves based on real-time prigeals
maximizing their benefit. This scheme does not ieqany
additional control and communication infrastructaseprice is
communicated by means of frequency that can beedens
anywhere in the grid. Penalty imposed on the defauharket
participants depend on severity of deviation. Il Wwe paid if
generator generates less than the schedule, oroleexdraws
power, thereby decreasing frequency.The Proposetnigue
involves the following three steps:-

FORMULATION OF

2.1 Assumption of Frequency of Particular Region

Power system is in balanced condition at nomireddency of
the system, but frequency of the power sector deviftom the
nominal value due to imbalance between demand appolys of
system. If at any stage, electrical power availablmore than
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required power, then frequency of the system besomere
than the nominal frequency. On the other handhéf power
available is less than the required power, thegueacy of the
system becomes less than the nominal frequehcig. demand
of the some particular area at current frequencwHereas
Dhom IS the demand or load of the system at nominajueacy
andf,,, is nominal frequency of the system.

2.2 Deter mination of INADVERTENT
INTERCHANGE Price

In day a head market, hourly bids are taken froppkers and
load serving entities to discover an hourly locadilomarginal
price (LMP). Based on settlement in day-ahead ntagke
hourly schedule for next day is prepared. This duole
represents a perfect balance of supply and denesudting in
nominal frequency. Any deviations from scheduld vabkult in
deviation from nominal frequency. Locational Magifrice is
the price of power at nominal frequency.

ws/Mwh)

LMPy

—_—
fonin foom f(Hz)  Trax
Figure1 Variation of Unscheduled Interchange Price with Frequency

Figurel depicts the variation of frequency baseabvertent
interchange price with frequency. Taking LMP aseference
point we can construct a curve similar to INADVERNE
INTERCHANGE curve to price deviations in schedube the
proposed real-time market, Frequency dependentvémteht
Interchange Price curve. This curve joins two fiyemnts on
price vs. frequency chart. Let {f, fnax } be the range of
frequency over which real-time price will vary. Theal-time
price called as Frequency dependent Inadverteerdinange
Price is higher for frequencies below nominal eafue. when
demand is greater than supply) and lower for fraqigs above
nominal value (i.e. when supply is greater than afeat). Let
from D€ the nominal frequency, f be the current fregyesnd
fmax be the maximum frequency, where LMPij is thealtional
marginal price in ith trading interval dtfus.

Frequency based Inadvertent Interchange price MW$Y) at
any frequency f can be determined by the expression

fmax -

i = LMP; X = LMP;

I:max - fnom
X Frequency Deviation Ratio (2)

2.3 Determination of Profit/ Lossat any Bus

Frequency of the grid is a function of supply-dechanbalance
and not in control of one particular market papégit. The
profit (loss) to any electricity market participanis the
difference of total revenue received and the cdspawer
purchase or generation cost in real time marketerdfore
Profit/Loss in Inadvertent Interchange mechanisnarat load
or generator bus can be defined as a function wiatien of
power. AP= (Pa - Psc) WheredP is the deviation of power
from the schedule in MW and is calculated by sudtiing
declared schedule from the actual drawal for edeminutes
time block. Loss or Profit ($/h) iniy trading interval at
particularjy, bus due to inadvertent interchange of power én th
real time market.

a;j(AP) = AP x (Ulprice;; — LMP;;) (3)

where Ulpricg is inadvertent interchange price @f pus in j,
trading interval in the real time markdtMP;; is locational
marginal price ofy bus in iy, trading interval in the real time
market. Net Profit or loss of the system in firstding interval
is given by

0

i=1

-

Net Profit or Loss ofthe system 4

3. STEPBY STEP PROCEDURE

The main steps of the proposed algorithm can berithesl as
follows:-

Stepl: Read the system data of deregulated double auction
modified IEEE 30- bus system.

Step2: Run the optimal power flow program in matpower for
optimal values of generation and demand

at generator and load buses and evaluate lochtioaginal
price at various buses of the system. Under Mhiknce
condition, system frequency will be nominal thereby
Inadvertent Interchange Price be equal to locatiomarginal
price.

Step3: Note the uncommitted amount of power at variowsl lo
buses in the pool, bilateral and multilateral test®ns in the
subject cited system.

Stepd: Assume the prevailing frequencies in each of thiesse
areas of the deregulated system

Step5: Calculate the Inadvertent interchange price atouar
buses of the system by equation (1).

Step6: Run again the optimal power flow for optimizatioh o
new generation at various generations

buses corresponding to new load at load buses tdue
inadvertent power exchange.
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Step7: Determine the inadvertent amount ($/h) receivexnfr
each defaulter load of the pool, bilateral and tiatéral at
each bus for creating the disturbance in the sy&te equation
(2).

Step 8: Determine the inadvertent amount ($/h) paid to
generator buses of the pool, bilateral and natél for
balancing the system by equation (2).

Step9: Determine the net profit/ loss in the pool and
transactions by taking the difference between thgment
received from the load buses and amount paid tergéor
buses. The flow chart of the proposed approackpsesented

in Figure 2

Read system dataincluding bilateral and multilateral
transactions

[ Run OPF without unscheduled interchange in the system

]

Note the optimum gen. and demand to be scheduled,
determine LMP at all buses

|
k]

Unscheduled power interchange in deregulated system,
determine frequencies in all sections and Ulprice at all buses

;

Demand> Generation, Current frequency<Nominal
Frequency

l Ul »LMPy ‘

)

For Generators, decrease in generation and for Load
increase in drawal

Frequencyis normal,
Ul =LMP;

I

| Neither Penalty nor Reward ‘

Penalty to defaulter and reward to those who stabilize
the system

4. METHODOLOGY OF WORK

The proposed frequency based technique has bekd tasd
analyzed on modified IEEE-30 bus test system shiovfigure
3. It consists of 30 buses, 41 branches and sigrgéing units.
The whole deregulated power system has been diviled
three sub sections; the prevailing frequenciehése areas can
be assumed by trend of the inadvertent interchafigewer in
these areas with the help of equation . Then coporading
inadvertent interchange (Ul) prices are calculaeeach bus
with the help of equation (1). First of all, runtopal power
flow in matpower software for scheduled power flawthe
system for optimal generation and demand at gemreratd
load buses and Locational Marginal Price (LMP)attrebus of
the system, then calculate Ul price at each busoaipetitive
electricity market. Now due to Inadvertent Intencpa of

power at various buses of the system, there will be
corresponding increase in generation at variouedusd the
system; these optimal values of generations cdourel out by
running the optimal power flow again. Inadvertentetchange
payment paid by load bus and received at everyrgtoreis
calculated on the basis of prevailing frequencthit section of
the power sector by equation (3). Net Profit orslos the
system comprising of pool, bilateral and multilater
transactions can be calculated by equation (4)fefifice
between payment received from load buses and pdypa&hto
generator bus may be called as partadial Benefit (SB) of
the system.

Area 1

Fig 3 Single Line Diagram of Modified IEEE-30 Bus System
with Bilateral and Multilateral Transactions

A single-line diagram of modified IEEE 30 bus systevith
bilateral and multilateral transactions is shownFig. 3. The
proposed approach dependent on frequency basdtl has
been tested and analysed on this system. Doubléoauc
deregulated system has been taken for this purpdisthe six
generators connected at buses 1, 2, 22, 27, 231andre
assumed to offer the cost characteristics howetheme are
bidding from some demand sided buses. Bilateralsaetions
are additional to the pool transaction, these #etisn occurs in
deregulated system due to the bilateral exchang@oefer
between one buying and one selling company. Mtstitd
transactions are an extension of bilateral traimagt These are
also charged on the basis of LMP and Ul price, beedhese
entities are also not bidding. In this study, ttwansactions,
one bilateral transaction of amount 2 MW and ondtitateral
transaction of 10 MW are considered for the sinioihat
Generator and load of bilateral transaction areneoted at bus
number 6 and 22 whereas those of multilateral &reticn is
connected at bus number 25 whereas loads are dedregcand
9, 27, 28 respectively.
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Frequency of the area 1, 2 and 3 has been assurtag 49.81
and 49.85 Hz respectively as actual demand is ri@e the
scheduled demand.

Inadvertent Interchange price in area 1 2, 3 agg.l4 LMP*
Frequency Deviation Ratio by equation (1) Frequency
Deviation Ratio of an area is dependent on curm@aximum
and nominal frequencies of that particular areaq&ency ratio

of area 1, 2 and 3 are calculated as 1.68, 1.95 lari8
respectively.

Table 1 show Inadvertent Interchange Revenue redeirom
load buses of the pool as well as transaction fiadvertent
power interchange by them. The inadvertent intergba
payment paid by each demand bus is calculated btyptyging

the difference between Ul Price and LMP price with
inadvertent power of at that particular demand Bime overall
inadvertent interchange payment paid by all sudtigi@ants
are calculated by taking summation of payment gmideach
individual demand bus. Fixed power demands are also
penalized on the same basis, because these eraitesot
bidding.

Table 1 Inadvertent Interchandeevenue received from load buses of the pool alsasdtansaction

Area 1, f=49.86 Hz, Deviation Ratio=1.68
Sr. |Bus| Demand Sch. Actual ul LMP Ul Price [Ul amount
No. | No. Bid Demand | Demand | Demand | ($MWh) | ($/MWh) | received
(MW) Psh Pact AP from load
(MW) MW) (MW) buses
(¥/h)
1] 2 31.7 22.36 23.86 1.50 3.8794 6.517 3.95¢7
213 31.4 31.40 33.2 1.80 3.9769 6.681 4.86B
3| 4 41.6 6.58 7.08 0.50 3.9775 6.682 1.35p
41 7 32.8 0.00 0.00 0.00 3.9497 6.635 0.000
5| 8 40 4.12 4.62 0.50 3.9709 6.671 1.350
6 | 28| Multi- 3.0 3.3 0.30 3.9531 6.641 0.806
lateral
Inadvertent Interchange Revenue received from tnmés of Area 1 = 12.33($/h)
Area 2, f=49.82 Hz, Deviation Ratio=1.92
1 | 9 | Bilateral 2.00 2.20 0.20 3.9958 7.672 0.74
2 10| 25.8 25.80 27.80 2.00 4.0087 7.697 7.34
3 |11| Multi- 3.00 3.30 0.30 3.996 7.672 1.10
lateral
4112 51.2 11.98 13.48 1.50 3.9993 7.679 5.52
5|14| 36.2 13.70 15.20 1.50 4.0997 7.871 5.64
6 | 27| Multi- 4.00 4.40 0.40 3.8496 7.391 1.42
lateral
7129| 224 0.00 0.00 0.00 3.9884 7.658 0.0Q
8 |30| 30.6 19.70 21.2 1.50 4.1476 7.963 5.72
Inadvertent Interchange Revenue received from tnmes of Area 2 = 27.53($/h)
Area 3, f= 49.85 Hz, Deviation Ratio=1.75
1|15| 38.2 0.00 0.00 0.00 4.0263 7.046 0.0Q
2 |16| 335 22.40 23.9 1.50 4.0893 7.156 4.60
3|17 29.0 0.00 0.00 0.00 4.0308 7.054 0.0Q
4 118| 33.2 23.05 24.05 1.00 4.1495 7.262 3.11
5 (19| 295 0.00 0.00 0.00 4.106 7.186 0.00
6 |20| 32.2 1.51 1.71 0.20 4.0841 7.147 0.61
7121 275 11.16 12.66 1.50 3.987 6.977 4.49
8 | 23| 23.2 0.00 0.00 0.00 3.8755 6.782 0.0Q
9 |24| 287 7.22 7.92 0.70 3.9219 6.863 2.06
10 | 25| Multi- 0.00 0.00 0.00 3.8116 6.670 0.00
lateral
11 |26 23.5 0.00 0.00 0.00 3.8089 6.666 0.0Q
Inadvertent Interchange Revenue received from eses of Area 3 =14.87($/h)
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Net Inadvertent Interchange received from all diedas load
buses of area 1, area 2 and area 3 of the pool 358/h)

Table 2 shows Inadvertent Interchange Revenue paid
generator buses of the pool as well as transaftiobalancing
the system. The inadvertent interchange paymertived by
each generator bus is calculated by multiplying difference

between Inadvertent Interchange Price and LMP pwié
inadvertent power at that particular generator Gime overall
inadvertent interchange payment paid to all geoesats
calculated by taking the summation of payment resbiby
each individual generator.

Table 2 Inadvertent Interchange Revenue paid to generasedof the pool as well as transaction

Gen. Buses of All areas of pool and transaction
Ul amount
Sr. | Bus No. [Sch. Gen. Actual |Ul Gen.| Frequency LMP Ul paid to
No. Psen  |Gen.Py| AP Deviation ($/MWh) Rate gen.buses
MW) | (MW) | (MW) Ratio ($/MWh) ($/h)
1| 1(Al) | 46.45 50.33 3.89 1.68 3.8579 6.481 10.2(
2 2(A1) 60.84 65.40 4.56 1.68 3.8794 6.517 12.03
3 | 13(A2) | 19.99 22.64 2.66 1.92 3.9993 7.679 9.79
4 | 22(A3) | 23.77 25.55 1.77 1.75 3.9713 6.950 5.27
5 | 23(A3) | 17.51 16.43| -1.08 1.75 3.8755 6.782 -3.14
6 | 27(A2) | 35.95 40.42 4.47 1.92 3.8496 7.391 15.83
7 6(A1) 2.0 2.2 0.2 1.68 3.9712 6.672 0.54
8 | 25(A3) 10 11 1.0 1.75 3.8116 6.670 2.86
Inadvertent Interchange Revenue paid to Gen.sbuss3.38(%$/h)

Net Inadvertent Interchange Amount paid to all gatee buses
of area 1, area 2 and area 3 of the Pool and taosa=

53.38($/h). Net Profit to ISO due to implementatiaf

Inadvertent Interchange in deregulated system=%/435.

5. OBSERVATIONS

The following observations have been made by theulsition
with the proposed technique. In the deregulatedahof the
deregulated power system consisting of pool bigter
transactions, prevailing frequencies of area 1n@ & become
49.86 Hz, 49.82 Hz and of 49.85 Hz respectively doe
overdrawal of power by defaulters loads. Theseddw/e been
heavily penalized as per inadvertent interchangécepr
determined by equation (2) dependent on the cufrequency
of the region. Generator who are providing extravgrointo the
system for the compensation of the inadvertent ,|dzalve
received extra huge amount of money as profit degenon
frequency, as the frequency of the system becoesssthan the
nominal frequency. Finally evaluate the profit/lés4SO in the
pool, bilateral and multilateral transaction due
implementation of inadvertent interchange pricisg. i35 $/h.

to

This paper presents an approach for
inadvertent interchange revenue at various gerneeatd load
buses in the competitive electricity market modmisisting of
pool, bilateral and multilateral transactions. Hhist paper a
double auction competitive electricity market motiels been
analyzed with modified IEEE-30 bus test system.qkemcy
has been assumed in each region by trend of thivéntznt
interchange of power in pool, bilateral and mulétal
transactions. Frequency linked tariff has been iagplfor
inadvertent variation of power in pool, bilateraldamultilateral
transactions. Impact of inadvertent interchangpafer based
upon the frequency variation has been analyzedha dus
system. In this method, those defaulters
participants have paid huge amount who are divgrfrom
their schedule entittement in the market and ongatihe
disturbance in the system by varying the frequen€ythe
system as well as those generator participanteesrarded who
maintains the frequency of the system in the nohiaage by
providing extra power in the competitive market esttthan
their committed entitlements.
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