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Abstract—The deregulation of electricity markets has a Marge impact on almost all the power systems arahadworld.

Competitive markets are complex systems with maaryiggpants who buy and sell electricity. Much b&tcomplexity arises
from the limitations of the underlying transmissigystems and the fact that supply and demand neust talance at all times.
Generally the Locational marginal pricing (LMP)abtained by solving a linear programming formulatidletwork losses are
considered through the preset loss factor basddstorical operational information. This usuallyriys error in the calculated
loss under different new scenarios. In this paperew iterative LMP calculation method is proposedovercome the
aforementioned drawbacks associated with the toadit LMP calculations. At each iteration, a lingaogramming problem
for market clearing is solved first .Losses on lolas are considered as fictitious nodal demandheit terminal buses
.Secondly the AC power flow calculated accordinghte dispatch results. Loss factors and fictitiooslal demand are then

updated according to the AC power flow solutione Efffectiveness of the proposed method is illustfain PJM 5 bus.
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1. INTRODUCTION

Electricity Supply Industry throughout the worlds i
restructuring for better utilization of resourcex groviding
quality service and choice to the consumer at coithee
prices. Restructuring of the power industry abdtighthe
monopoly in the generation and trading sectorsrethe
introducing competition at various levels whereveris
possible. Electricity sector restructuring, also pylarly
known as deregulation, is expected
investment, increase efficiency, promote technigaivth and
improve customer satisfaction as different partiesnpete
with each other to win their market share and remiai
business. Competitive electricity markets are cemxpl
systems with many participants who buy and selitatsty.
Much of the complexity arises from the limitatioo$ the
underlying transmission systems and the fact thpply and
demand must be in balance at all times. When tbhdyzers
and consumers of electrical energy desire to prdad
consume in amounts that would cause the transmisggtem
to operate at or beyond one or more transfer ljrthits system
is said to be congested.

The LMP (Locational Marginal Pricing)at a locatigs
defined as the marginal cost to supply an additiotaement
of power to the location without violating any sst security
limits. This price reflects not only the marginaist of energy
production, but also its delivery. Because of tlffects of
both transmission losses and transmission systegestions,
LMP can vary significantly from one location to dimer.

The rest of this paper is organized as follows.tiSed|
discuss about the literature review. In Section Ite
proposed LMP calculation model and the detail datan

to draw privat

procedure are described. An example presentedcitingdV.
Finally, concluding remark are given in Section V.

2.LITERATURE REVIEW

G. Hamoud [1] states that in a deregulated envientnthe
number of bilateral transactions will grow rapidigd there-
fore, new methods and tools will be required tgpl®istem
operators evaluate their impacts on the operatibrthe

ystems. It states that a transaction is dividéad two types
easible and unfeasible. A methodology based onlimear
optimal power flow (OPF) model proposed in [2] toedk
down LMP into a variety of parts corresponding tffedent
factors, such as generations, transmission congestbltage
limitations and other constraints. Nevertheless, PLM
calculations are usually based on a linear progriawgm
model and DC power flows[3] for computational eitfiacy
and stability.Researsch in [4] shows that’s theultesof the
DC approximations are close to the full AC solutioi\s
such, LMP is usually decomposed into three compisnen
marginal energy price (MEP), marginal loss priceL®,
and marginal congestion price (MCP), which is aalief
analyzed in [5]. However, it is proved in [6] thatich
decomposition is not unique and there is a ratheyel level
of arbitrariness in any decomposition.

Because of the inherent nonlinearity of transmissio
losses, there is a great desire to improve theracgun loss
calculation and pricing [7].Based on the distrilosdack
power flow formulation, the LMP calculation formtitan.
and the three component decomposition are propiosgs].
The idea is widely accepted and employed in Amaermawer
markets [9], although the difference of the lossnponents
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between any node pair depends explicitly on thecsed
reference buses and participation factors.

In order to consider network losses in the DC pofiey
model, [10] proposed a fictitious nodal demand(FiDjlel
to offset the effect of active power losses .Howelie major
drawback with the approach is that the LMP resaits
dependent on the choice of reference bus.[11] pted& new
model to balance the consumed losses in the DC Isxbge
introducing loss distribution factors.However,tlosd factors
and loss distribution factors in[11] must be preaet the
results of LMP and its components are heavily ddpaton
these preset values.

3. PROBLEM FORMULATION

A. Proposed LMP Model
In real power market security checks are perforafest the
market clearing and LMP calculations. In the sagureck
Step, reactive power may also be considered .Thaeirce
of reactive power can be taking into account if thik AC
instead of DC power flow constraints is considenedhe
procedure of LMP calculations. Non linear programgni
model is not employed because of the problem intsol
robustness algorithm and the difficulties in theftware
development for practical implementation.

The following model is proposed for the itera LMP
calculations

Min CTP;
. e (PG PL) PLoss (1)
Pross= (LFAC) (Pg- PL)"'OffSGtAC (2)
T ((PG Pp- -DA¢ PLoss)S Tax (3)
PGmin = PG = PGmax (4)

Where LF4¢ , of fset4C,andD4¢ are not preset before
solving this model. Instead they are obtained frtime
solution of the full AC power flow.

B.Loss and Loss Sensitivity Vector

At first,of fset4¢ and all elements afF4¢, DA¢ can be
set equal to 0.Solving the proposed model givesreigtor

dispatch P;.Then the full AC power flow can be solved.

Choosing power injection into the system as theitipes
direction of power, the active power flow of a brhrcan be
calculated by

P;j=k;;Gi; VP - ViV (G;j c0SB;;+B;; sing;;) (5)
The total system loss is an accumulatlon olakses of all
branches

Pioss=2iz1(Pij +Py) (6)
Ggj (t;VE+t; V7P -2VV; cosb;; )

Where nodéand j are the ends of bran¢h
Now, it is not difficult to build the folleing equation,
representing the sensitivity of the system totasido the
nodal power injections:

()

Aplzggs—[ 9Pfoss aPloss] S[ ]
Si1 Slz] “ ]
522

521
Sensitivity matrixSis the inverse of the jacobian matrix of
the AC power flow equations. For the proposed mothed
sensitivities of active power injections to thetsys loss are
desired, which is given by the following equation:

AC
:[ aPloss aPloss

a0

LFAC — aPloss S +aPloss S (8)
a v .
Then the loss offset can be easily obtained by

OffSQtAC— loss (LFAC)TPG P, ) (9)
C.Nodal Fictitious Demands and Loss Distribution Factors
By analogy with the approximation idea of the DGvpo
flow model, the following approximate formula care b
derived:
Pl]:Gl.] -(G’-] COSG +B S|rﬂu)

G_'l] (l' COSQU) _Bij S|r€l’j)

~0.5G;; 67-B;; 6;; (10)

For DC power flow,P equals B 0 .S00.5G; 02 can
be considered as the apprOX|mate actlve powerabsme
terminal of a branch. The approximate loss at theero
terminal also equal®.5G;; 02 .The total loss of a branch
equalsr;; I7. If the loss0. SG 92 is represented as a fictitious
nodal demand at each end of a branch, branch loessebe
approximately considered

For the proposed method, the full AC power flow is
solved. Accurate branch flows and branch losses lman
obtained. According to the above discussion, tiss taf each
branch can be divided into two equal halves arach#d to
the two nodes of the branch. The fictitious nodaindnd is
then defined as follows:

Prna,i=0.5%jei( Pij + Pj;) (11)
Where Je i means node and| are the two ends of a

branch. Now, each element B can bedetermined as the
ratio of the corresponding fictitious nodal demanalsP/2S,
and calculated as

D{‘lC:and,i/Plggs
D. Calculation Procedure and Convergence

The basic procedure of the proposed LMP utation

method is shown in the Fig. 2.The criterion for alieg
convergence is given as follows.

Compare the clearing results for each genenattir the
results of the previous iteration. If the differerino the output
of each generator is smaller than a predefinedantz, then
stop the iteration. Otherwise, continue the iterati

(12)
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If P;converges after the{1)th iteration, the solutions of
AC power flow obtained at thi¢h and thei¢ 1)th iteration are
almost the same. Thig4¢ , DA€and Py, all converge.

Although LFA¢,offset4¢,andD4¢ are not preset in the
proposed model, it can be proved that the primalytion
and the result of each LMP and its congestion carapbare
independent of the selection of reference bus

The initial outputs for all generat@fs) are set to 0.The
proposed method converges after three iterations.
B.Dicussions on Convergence of the Proposed Method

For the zero initial values aF4¢, of fset4¢,andD4¢ the
generator dispatch results are the same at theitération
for any choice of slack bus. At the second itergtithe
clearing results fdiP;) are slightly different for different
slack bus. At convergences, the clearing resultéPfdare

Initialize almost the same becaus@,, ., is almost equal to the power
IncludingLFAC of fsetAC DAC lossPAS, obtained by the AC power flow.
( gL ’ ff ’ ) loss
— Node E Node D
L 4
Solve the model, Obtain marke @7 @
clearing resuli ] >
i 300MW
Calculate AC power flow
.UpdattLFA¢ of fsetA¢ ,DAC
_No_
YES @ Node C
Calculate LMP Component?
4. AN EXAMPLE : Node A Node B v
It has been applied to several test system. If not PIM five-bus di;’?gmw 300MW
particularly pointed out, the initial values 9
AC AC
of LF4¢ P,,ssandD“¢ are all zeros. Table |
a. PJM Five-Bus System Line Impedance and Power Flow Limits
The diagram of the slightly modified PIM five-bystem is
shown in Fig.3.Table | lists the line impedance guaver Bﬁirt A-B AD |AE |BC |CD D-E
if:‘]OVTVaIlI)Tgtﬁ. Generator bids and upper power limare given R 0281 10307 10061 010 1029 (029"
The voltage magnitude of reference bus and &éd are )L(imit 3983 SS?CA 8963 égOCE Sggc' gfc'
all set equal to 1.0.p.u.Reactive power demantisiseés B,C = = = = =
and D are all 100MVar.The convergence criterionthie Table Il
jS)gfe”]siw/e F?tz\;\:;etiror?su}sllj(gw%rrr?r:aﬁfo %"1 ltjllr\lll\js between two Bid Prices and Economic Maximum of Generators
i. Results of the Proposed Method: The results obtained by Unit Al | Park | Solitu | Sundanc Brighton
the proposed method with reference at bus A, CndE& ta | City de
are listed in_ Tabl_e lll-respectively. Taking the [gc A A C D E
convergence criterion into account, one can see tha
(a)the geperaﬂpn dlspatch results are the same ioudl Pemae(MW) | 11 | 10C 52C 20C 600
tables(the tiny difference is relate to the coneeag 0
critertion) Bid 4 15 | ac 35 10
(b)for different reference buses fictitiousdab demands Price($/MW) -
are the same in spite of different loss factors.

(C)LMPE"eray + MPLoss andLMPCongestion | MP at each
bus are the same for all four cases.

It is possible that the AC power flow fails tonverge
with a dispatch results obtained from the propdseshr
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programming model. But this is not a problem thénds Table-V
only with the proposed method. (Clearing results of the proposed method with efee at
All DC power flow based LMP solvers have thensa D):
problem because AC power flows should be run ireordBus | Bus | Loss | LMP | LMP | LMP Total
to check the feasibility and network security ofe tl Gen | Factor | Energ | Loss | Conges| LMP
dispatch results. The following measures can imprie (P. y tion
convergence and stability of the proposed method. U)
A 2.1C | -0.018: | 22.364( | -0.412¢ | -6.576¢ | 15.374
Table-lll . _ _
(Clearing results of the proposed method with exfee at | B | O -0.0148 | 22.364( | -0.323¢ | 10.8481 | 32.588
A): C 0 -0.005: | 22.364( | -0.128t | 7.303¢ 29.539(
Bus | Loss | LMP | LMP | LMP Total - -
D 1112 ] 0 22.364( | 0 -1.6197 | 20.745(
Gen | Facto | Energ | Loss | Conge | LMP 7
P. |r y stion
) E 5.78t | -0.002¢ | 22.364( | -0.056¢ | -5.698( | 16.609
21C [0 22137 | 0 -6.578” | 15.559!
5
0 -0.018: | 22.137 | -0.408: | 10.546¢ | 32.276: Table-VI
5 . .
5 o T o300 T 305 T35 1500 (Clearing results of the proE;).sed method with exferat
5 :
ése -0.005: 32.13'. -0.1277 | -1.620: | 20.390: Bus | Bus [ Loss TLMP _TLMP TLMP Total
Gen(| Facto| Energ | Loss | Congestio| | pmp
5.7¢ | -0.002¢ | 22.137 | -0.056( | -5.699. | 16.382 PU) |r y n
> > A [21C |- 22.041¢ | - -6.577( 15.0583
0.0184 0.4066
B |0 - 22.041¢ | - 10.848C
. Table-Iv . 0.0145 0.3186 32.2112
(Clearing results of the proposed method with efee at
C): c|o - 22.041¢ | - 7.303¢ 29.2186
Bus |Loss |[LMP |LMP |[LMP | Total 0.0057 0.1266
Gen( | Fact | Energ | Loss | Conge | LMP D | 1.11¢ |- 22.041¢ | - -1.619: 20.3669
P.U) | or y stion 42 0.0025 0.0557
2.1C -0.018¢ | 5,11 | -0.408( | -6.576¢ | 15.133( E 578 | O 22.041¢ | O -5.698: 16.3438
84
0 -0.014f | 22.11¢ | -0.3197 | 10.%481 | 32.346! o
4 (1)Set good initial values offfset4“and>4¢ from
0 0 2211¢ | O 7303 | 29.422( historic data and offline analysis
4 (2)Set good initial values a#4¢ from historic data and
1.1207 | -0.005: | 22.11¢ | -0.1277 | -1.619( | 20.372: offline analysis.
4 (3)Use distributed references buses. Duttiegiterative
78t | -0.002f | 22.11¢ | -0.055¢ | 5.697¢ | 16.364( process, there is some mismatch between the sum of
4 dispatched generation powers and the sum of poemadd

and losses. Comparing to single slack bus, the amoiu
power that each distributed reference bus is resplenfor
balance is smaller. This will generally reduce plossibility
of AC power flow divergence if the participationcfars of
reference buses are chosen according to the sygteration
conditions (not chosen randomly).

5. CONCLUSION
In this paper, a new method to calculate LMP iteedy is
presented to tackle the main drawbacks with thepd®er
flow based LMP calculations that would lead to maacies
in loss calculations and dependency on the choite o
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reference bus. For easy implementation and consigt&ith
the widely used LMP model, a linear programmingbeo
is formulated and solved at each iteration.

It is proved that the market clearing resulire
independent of the selection of reference bus,
importantly, the congestion component of LMP isoals
reference bus independent .This is a desirableepnpor
providing consistent and accuracy congestion inftiom
for market participant, which is crucial for effeet
congestion management.

Test on a PJM five bus system shows thaptbposed
method can obtain reference bus independent cdoogest
component of LMP without presetting the loss factoss
offset, and loss distribution factor. The improvemand
contribution of the proposed method are demonstrate
through comparing the resulting LMP and their congous.

The calculations of the proposed method cajevafter 3
~ 4 iterations. Test results also indicate thatrempate
initial values for loss factor, loss offset, anddab loss
distribution factor would further improve the congent
speed.
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