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Abstract

Congestion management is one of the most impoisanes for secure and reliable system operations in
deregulated electricity market. In most cases, prddent System Operator tries to remove congebtion
rescheduling output power of the generators. Is ffaper, transmission congestion distribution facto
based on sensitivity of line real power have bempgsed to identify the congestion clusters. Thetesy
operator can identify the generators from the meestsitive congestion clusters to reschedule their
generation optimally to manage transmission coime$iased on generator sensitivity efficiently. Thke

of thyristor controlled phase angle regulator ankyristor controlled series Capacitor have been
investigated for reducing the transmission congastost after locating it optimally in the systeasbd on
improved performance index. The effectiveness efgtoposed method has been carried out on an IEEE
118 bus system and 62 bus Indian Utility System.

Keywords: Congestion zones, Congestion Management, Transmissingestion distribution factors,
Thyristor controlled phase angle regulator, Thwristcontrolled series Capacitor, Rescheduling,
Performance Index, and Sensitivity Index.

1. Introduction

Electric power systems, around the world, have liesred to operate to almost their full capacitie to
the environmental and/or economic constraints itdmew generating plants and transmission lindgss T
will lead to transmission systems functioning clogse their operating limits and cause increased
congestion. Power flow in the lines and transfosrarould not be allowed to increase to a level wlzer
random event could cause the network collapse kecafi angular instability, voltage instability or
cascaded outages. When such a limit reaches, $tensys said to be congested.
Transmission congestion (A.Fattahi 2007) can banddfas the condition where more power is scheduled
to flows across transmission lines and transforntiess the physical limits of those lines. Transimiss
congestion may prevent the existence of new castrdead to additional outages and increase the
electricity prices in some regions of the electyicharkets. A fast relief of congestion may be gussby
removing congested lines to prevent severe dantages system. To manage transmission congestien, w
may initially establish rules for managing the mer&ondition and preventing congestion from devielpp
FACTS devices may play an important role in a del&ed environment where line flows can be
controlled to relieve congestion and real powesésscan be minimized. To manage the congestiogain r
time operations, normally, following methods areated:

» Use of available resources for congestion managesah as operation of FACTS controllers,
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rescheduling of generation based on minimum bitts, e

» Provide the timely information regarding the proligbof having a particular line congested and
economic incentives to system users to adjust themjuests and remain within the system
constraints.

System operators (SO) always try to use first optiwherever (Roberto Mendez 2004) it is possible.
Physical curtailment of loads is considered as |#s¢ option for congestion management when it is
impossible to wait for the system users to respacmbrding to economic criteria. However, the second
option should be developed for giving the systemrsisufficient information regarding the congestion
probability so that they can adjust their requéstsystem services and avoid congestion.

However, none of the methods discussed above mevile strategies to SO regarding the specific
generators to be rescheduled or the loads to bailedrfor the congestion management.

A congestion clusters based method that ident{fie¥.Yamina 2003) the groups of system users, which
have a similar effect on a transmission constraftinterest. These cluster based on congestion
distribution factors are termed as clusters of $ype2 and higher, where type 1 cluster represesess
with strongest and non-uniform effects on transimisgonstraints of interest. The proposed clusterin
based method has been used to create an effidagestion management market, where the transactions
in the most sensitive cluster can help in elimmgtcongestion (Chien 1999). However, the method is
based on dc load flow, which is based on the asSangof lossless system with unit voltage at ladl t
buses.

Flexible AC Transmission System (FACTS) controllpl@y an important role in increasing loadabilify o
the existing system and controlling the congesiiorthe network. In this paper, a sensitivity based
approach for the optimal location of thyristor aotied series capacitor (TCSC) and thyristor cdiegth
phase angle regulator (TCPAR) was proposed focoingestion management. The optimal location of the
controller has been decided based on modified pedoce index. The proposed method has been
demonstrated on an IEEE 118 Bus system and 62ndienl Utility system.

2. Mathematical Formulation

2.1 Line Modd with Thyristor Controlled Series Capacitor (TCSC)

Transmission lines are represented by lumpextjuivalent parameters. The series compensator TIESC
simply a (seyed 2008) static capacitor with impegaiix .. The controllable reactanca is directly used

as the control variable in the power flow equations

Figurel shows a transmission line incorporatingC&T. The Figurel.a shows a simple transmission
line represented by its lumpad equivalent parameters connected betweer hod bus-j.

Let complex voltage at bus-i and bus-j arej g, and v,09, respectively. The real and reactive
power flow from bus-i to bus-j can be written as

P, =V,.?G, -V\V |G, cos (3, )+ B, sin( 3, )1 @

ij
Q, =-V,*(B, +B,) -VV,|G, sin(3, )- B, cos(s,) @

ij -
Similarly the real and reactive power flow from gus bus-i can be written as
P. =V 2G, -VV [G, cos( 5.( - B, sin( J, )] ®3)
ji [Pl iV ij 7ij ij i
. =-V2(B, +B,)+VV,|G,sin(g,)+ B, cos@,)| @
The active and reactive power losses in the liee ar
R =R +P; =G; (Vi2 +V12) —2VV,G; cosJ; ®)
Q =Qj +Q]i =_(\/iz +ij)(3] +B§1)+2\/iVjGrj Cos?j (6)
The model of transmission line with a TCSC connettetween bus-i and bus-j is shown in Figurel.b.
During the steady state the TCSC can be consideseal static reactanee jx . . The real and reactive

power flow from bus-i to bus-j and from bus-j tosbiuof a line having series impedance and a series
reactance are
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P, =V,?G, -V\V,|G; cos(q; )+ B sin( ;)] )
Qi =-V? (B” + Bsh) i j[G i sm(dij)— Bi cos(dj)J 8)
P, =V /G, -V\V [G,cos( d;)- By sin( J;)] 9)
i, =-V72(B; +By) +VV [G sm( )+ B; cos(dij)J (10)

The active and reactive power losses in the linh WCSC are
PL=Pij+Py = Gilj (V,? +Vj2) - 2ViVjGi} cos 9; (11)
Q'L = Qlii + Qlii = _(Vi2 +Vj2)(Bilj + Bsh) + ZViVjGi} COSdij (12)

The change in the line flow due to series capacéaran be represented as a line without seriesitapee
with power injected at the receiving and sendindsesf the line as shown in Figurel.c.

The real and reactive power injections at bys-ilaumt] can be expressed as

P =V,2AG, -V,V,|AG, cos 5,,8+ AB, sin( ;)] (13)

Q =-VZ2(AB, +By) -V, IAGij sin(o, )—ABU. cos(, )] (14)
Similarly, the real and reactive power injectioh®as-j and bus-i can be expressed as

P/ =V?AG, —-V\V,[AG; cos(d;) - AB; sin(J; )] (15)

Q =V (8B, +B,) +VV,|AG, sin(g, )+ 28, cosg;)| (16)

2.2 Line Modd with Thyristor Controlled Phase Angle Regulator (TCPAR)

In a thyristor-controlled phase angle regulatog, phase shift is achieved by introducing a variabléage
component in perpendicular to the phase voltagéhefline. The static model of a TCPAR having a
complex tap ratio ol; alla and a transmission line between bus i and bushasvn in Fig.2.a

The real and reactive power flows from bis busj can be expressed as

R =a\[’G, —aVV,G, cos@ —J; +a)-aVV, B, sin@ - J, +a) 7
Q] —aﬂ/zB,J +aW,B, cos§ -4, +a)-aW,G; sin@ -4 +a) (18)
Similarly, real and reactlve power flows from buse ijS i can be written as

=V QJ —aWV,G, cos@ -9, +a)+aVV B sing -9, +a) (19)
Q; = —Vj B, —aV\V,B, cos(d, - d, +a)+aV\V,G; sin(d, -, +a) (20)

The real and reactive power loss in the line hadT@CPAR can be expressed as
P.=a¥,’G, +V G, —-2aV\V,G, cos(d, - J, +a) (21)
Q. =-a%’B, -V B, +aV,V,B, cos(d, - J, +a) (22)

The power injected at the receiving and sendings evfdthe line as shown in Figure2.b. The real and
reactive power injections at bus-i and bus-j caexressed as

P =-a’V’G, —avV, [G sm( ) B, cos(J; ] (23)
Q =a/’ B,J ravy, '[G” cos(a'” )+ B, sin(J, )f (24)
Similarly, the real and reactive power injectioh®as-j and bus-i can be expressed as

P, = -aV\V,[G, sin(J,) + B, cos(d;)] (25)
Q, =-avy, [Gi]. cos(a'ij )— B; sin(d’ij)i (26)
2.3 Transmission congestion distribution factors

Transmission congestion distribution factors aréneée as the change in real power flow(Ashwani 2004
in a transmission link-connected between busnd bug-due to unit change in the power injectidh) (at
busi. Mathematically, TCDF for lind&-can be written as:

TCDF * = —2P‘i (27)
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where Pijis the change in real power flow of litke-

TCDFnk denotes that how much active power flow over asmigsion line connecting bisand bus-
would change due to active power injection at bus-
The real power flowR,) in a linek connected between busnd bug-can be written as:

P, =VIV)Y, cos@, +9, - 3) -V;*Y, cosé, (28)
Using Taylor's series apprOX|mat|0n and |gnor|ngHur order terqu (Zé)can be written as:
0P, 0P, a ; oP.
AP, = —VAg + - Ad, + —-AV, + —-AV, (29)
0 5 09, avi oV

j

alAd +b, A, +c, AV, +d A (30)
The coefficients appearlng Elq (Sdﬁcan be olitaineld usiflg thé partfél der‘|vat|ves af ppwer flowEq.
(28) with respect to variableg andV as:

Eq. (29)can be rewritten as:

a; =V\V)Y; sin(g; + 9, - 9,) (31)
b, =-VV,Y, sin(g, +9, -3) (32)
c; =V,Y,; cos@, +9; _5i)_2viYij cosg (33)

d; =ViY, cos@; +9; - (34)
For determination of TCDFs the following Jacoblafatlonshlp has been used

AP _[J] AS| [J, I AJ
AQ| ™ "3, 322 AV (35)
Neglecting coupling betweexP andAV and etwee QandA g. (35)can be simplified as:

AP =[3,]ad] (36)
FromEg. (36) we get: .
A0S =[3,]"[aP]=[m]aP] 37)
Eq. (37)can be written in the form:
AJ, =Zn:m“AP, i=12,..ni#s (38)
=1

wheren is the number of buses in the system aigdslack bus. It is assumed that the impact of ghan
the voltage on real power flow is negligible, ahdrefore Eq. (30)can be written as:
AR, =2a,Ad +bAJ, (39)
Substitutingeq. (38)into Eq. (39) we get:
(40)
AP, = a; Z m, AP, + b, Z m, AR,

- (aljml + ql ]l)AP + (aumz + b mJZ)AP T + (aijmn + Qj mjn)APn (41)

Therefore, change in the real power flow can bét@nrias:
AP, =TCDFAR, + TCDF, AP, +.....+ TCDF,‘AP, (42)

where TCDF, = (a;m, +k;m, )AP, are the transmission congestion distribution factmrresponding
to busn for linek connecting bus-and bus-

3. Optimal Location of FACTS devices based on regower Performance Index
The severity of the system loading under normal esmtingency cases can be described by a real
power line flow performance index, as given below.

N, W P 2n
Pl =Y —m| im
;1 24%( PLI:’Iax \J
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where Fi is the real power flow

P is the rated capacity of line-m,

n |s the exponent and
W, a real nonnegative weighting coefficient which nimyused to reflect the importance of lines.
will be small when all the lines are within theémits and reach a high value when there are ovédsloa
Thus, it provides a good measure of severity ofitteoverloads for given state of the power system
Most of the works on contingency selection alganishutilize the second order performance indices
which, in general, suffer from masking effects. lBgst of the operational standards, the system with
one huge violation is much more severe than thét many small violations. Masking effect to some
extent can be avoided using higher order perforeamdices that are n > 1. However, in this study,
the value of exponent has been taken as 2varitl

3.1 Thyristor Controlled Series Capacitor (TCSC)
The real power flow PI sensitivity factors wittspect to the parameters of TCSC can be defined as

0PI
b, = —|, .
k IXg |x(* =0 (44)
The sensitivity of Pl with respect to TCSC parameatennected between bus-i and bus-j can be
written as 4
Pl _ & o 1) aR, (45)
O IR 0%y

The real power flow in a line-m can be represeineagrms of real power injections using DC power
flow equations where s is slack bus, as

N
S..P, for m=zKk
=1
46
I:)Lm: = nee ( )
Z SmP,tP, for m=k
=1
aP aP] nzs )
The termsa— |, and v |y, can be derived as below
Xc k= 0 Xck k=0
| _ 0P LN
O O
X xZ—r? (47)
=-2(V? -V,V, 0035,1)# V,\V; sin g, %
aF)J | aP i XI]) (rij + Xij)
Xek=0 = |Xck=0
aXck - aXck
48
=-2(V;> -V, cosd;) L +VV, sing; (X“ i) (48)

Using Pl method TCSC should be placed m%llm&ﬁm?;amost negatlv& 'Perﬁm)mance index.

3.2 Thyristor Controlled Phase Angle Regulator (TCPAR)

The real power flow PI sensitivity factors with pest to the parameters of TCPAR can be defined as
0PI (49)

mbk:o

b, =
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oRP P
The terms—— |, and —-

. |, can be derived as below
k=0 a k=0
ay ay

9 I _P\ _\yy (G, sing, - B, cosd 50
aa,k -0 = a0, |ak:0_ V;(G; sing; ; COSO;) (50)
an oP; .
— | = |, =-VV.(G, sind, + B, cosd,) (51)
a ck=0 ox Xek=0 (| 1] U] ] i

XCk ck

Using PI method TCPAR should be placed in the messitive linek with a largest absolute value of the
sensitivity index.

4. Congestion zone based transmission managementderegulated market

The TCDFs obtained based on the methodology diedussve been utilized (A. Kumar 2008) for
identifying different congestion clusters (zones) & given system. The congestion zone of type thas
one having large and non-uniform TCDFs and the estign zones of type 2 and higher order have small
or similar TCDFs. Therefore, the transactions i ¢bngestion zone 1 have critical and unequal itnpac
the line flow. The congestion zones of types 2n@ higher are farther from the congested line tdrist.
Therefore, any transaction outside the most seasitone 1 will contribute very little to the linéo.
Thus, the identification of congestion zones wétluce the effort of SO in selecting the participdiot
congestion management and that will also reducedhgutation burden.

In this paper, based on the TCDFs, the SO idestifie most sensitive zones and optimally sele@s th
generators for rescheduling based on real powegrgtr Sensitivity factors (Elango 2011)in the #éres
zones for congestion management.

5. Results And Discussions

The Proposed concept of congestion zone based stimgenanagement system utilizing the TCDFs is
illustrated on an IEEE 118 Bus system and 62 bdminUtility system.

5.1 IEEE 118 Bus System

For this system the congestion clusters/zones basdtle proposed method for a line of interest &&
shown in Fig. 3. The congestion zones are decidethe basis of TCDFs and accordingly the SO selects
most sensitive congestion zones for managing coioges’he most sensitive zone 1 is based on TCDFs,
which are highly non-uniform and large in magnitudde congestion zones of order 2 and higher
comprise TCDFs of smaller magnitude with almostami variation.

The TCDFs for the congested line 8-5 correspontbngach bus are given in Table 1 for the four déife
zones. The zone 1 is the most sensitive zone waitiet magnitude and strongest non-uniform distidiout

of TCDFs. The magnitudes of TCDFs in zone 4 arddrighan zone 2 and zone 3 but due to uniform
distribution of TCDFs, the zone 4 is least sensidone.

It is assumed that the generators G12 and G25 froost sensitive zones participate for congestion
management based on the generator sensitivitieSCTi€ located optimally at two locations on line®D
and line 100-101 with 70% and 20% of line reactamspectively from the sensitivity based approdtte
performance index for this line is found to be nmaxxim. TCPAR is located optimally on congested litie 1
12 from the sensitivity based approach.

The congestion costs with and without FACTS aresgm&ed in Table 2 and Fig. 4. Fig.5 gives the
comparison of re-scheduled generation for all gaioes without and with FACTS. From Fig. 4, it is
observed that TCSC located optimally in the sysigrhighly effective in reducing the congestion cost
From Fig.5, it is found that the generators argexibd to lower magnitude of rescheduling in thespnce

of TCSC.

5.2 62 bus Indian Utility System
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For this system the congestion clusters/zones bas¢lde proposed method for a line of interest 4&we
shown in Fig. 6.

The TCDFs for the congested line 48-47 correspandineach bus are given in Table 3 for the three
different zones. The zone 1 is the most sensitoree zwith larger magnitude and strongest non-uniform
distribution of TCDFs. The magnitudes of TCDFs one 3 are higher than zone 2 but due to uniform
distribution of TCDFs, the zone 3 is least sensidone.

It is assumed that the generators G49 and G50 frost sensitive zones participate for congestion
management based on the generator sensitivitieSCTi€ located optimally at two locations on line3m
and line 12-13 with 70% and 20% of line reactarespectively from the sensitivity based approacte Th
performance index for this line is found to be nmaxim. TCPAR is located optimally on congested liBe 4
50 from the sensitivity based approach.

The congestion costs with and without FACTS aresgm&ed in Table 4 and Fig. 7. Fig.8 gives the
comparison of re-scheduled generation for all gmioes without and with FACTS. From Fig. 7, it is
observed that TCSC located optimally in the sysigrhighly effective in reducing the congestion cost
From Fig.8, it is found that the generators argexibd to lower magnitude of rescheduling in thespnce

of TCSC.

6. Conclusions

This paper proposes a simple and efficient congestnanagement method based on congestion
zones/clusters obtained with new set of transmissangestion distribution factors. The optimal lioa

of TCSC and TCPAR have been determined based omuag performance index and its impact on
congestion cost reduction has also been studie8CTi@duces considerably the generation re-dispateh,
the congestion cost compared to TCPAR. The mardketrastrator can post the information of congested
zones/clusters so that the market participantsb@@nd adjust their outputs for congestion managgm
accordingly. The optimal deployment of phase stéftan help to manage congestion effectively.
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Fig.3 Congestion Zones for 118 Bus System
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Fig.4 Congestion Cost for 118 Bus System without\&ith FACTS
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Fig.5 Change in P-Generation for 118 Bus Systerhawitand with FACTS
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Fig.6 Congestion Zones for 62 Bus System
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Fig.8 Change in P-Generation for 62 Bus Systemawitiand with FACTS

Table 1. TCDFs and Zones for 118 Bus System fogested line 8-5

52



Innovative Systems Design and Engineering www.iiste.org
ISSN 2222-1727 (Paper) ISSN 2222-2871 (Online) par
Vol 3, No 1, 2012 IS’
Zone 1 Zone 2 Zone 3 Zone 4
1,-0.5 21,-0.06 22,-0.043 115,-0.07 44,-0.005 ©90. | 83,0.0003 103, 0.0003
2,-0.5 27,-0.02 23,-0.01 45,-0.003 66,0.0007 83003 104, 0.0004
3,-0.5 28,-0.03 24,-0.01 46,-0.001 67,0.0008 8303 105, 0.0004
4,-0.6 29,-0.03 25,0.004 47,-0.001 68,0.001 gE)@3 106, 0.0004
5,-0.6 113,-0.06 | 26,0.01 48,-0.001  69,0.00 87M@B0 | 107, 0.0004
6,-0.5 117,-0.5 30,0.05 49,-0.0009 70,-0.003 tat:8()¢] 108, 0.0004
7,-0.5 31,-0.04 50,-0.000Ff 71,-0.0083 89, 0.0003 09, D.0004
8,0.2 32,-0.03 51,-0.0004 72,-0.008 90, 0.0003 0, 010004
9,0.2 33,-0.07 52,-0.0004 73,-0.003 91, 0.0003 1, 10004
10,0.2 34,-0.01 53,-0.000p 74,-0.00L 92, 0.000312, 0.0004
11,-0.5 35,-0.01 54,0.00 75,-0.001 93, 0.0003
12,-0.5 36,-0.01 55,0.0001 76,-0.00p7 94, 0.0003
13,-0.4 37,-0.01 57,-0.0008 77,0.0001 95, 0.00p3
14,-0.4 38,0.01 58,-0.000p 78,0.0002 96, 0.00p3
15,-0.1 39,-0.01 59,0.0008 79,0.0002 97, 0.0003
16,-0.3 40,-0.01 60,0.001 80,0.0004 98, 0.0003
17,-0.06 41,-0.009 61,0.001 81,0.0008 99, 0.0003
18,-0.08 42,-0.006 62,0.001 82,0.0002 100, 0.0p03
19,-0.09 43,-0.01 63,0.001 116,0.001 101, 0.0p03
20,-0.07 114,-0.02 64,0.001 118,0.001 102, 0.0p03

Table 2. Congestion cost for 118 bus system withwithout FACTS

Without FACTS

With TCSC

With TCPAR

Congestion Cost
($/hr)

7910.174

7890.168

7908.817
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Table 3. TCDFs and Zones for 62 Bus System for estegl line 48-47

Zone 1 Zone 2 Zone 3

47,0.0004 11,0.0002 39, 0.0003 1,0.0001 19, 0.0001
48,0.0006 12, 0.0002 40, 0.0002 2,0.0001 20, @.qoo

49,0.6 22,0.00 41, 0.0002 3, 0.0001 21, 0.0001
50,-0.11 23,0.00 42, 0.0002 4, 0.0001 27,0.0p01
51,0.0004 24, 0.0002 43, 0.0002 5, 0.0001 28, @.Q00

53,0.0004 25,0.00 44, 0.0002 6, 0.0001 29, 0.0001
54,0.0005 26,0.00 45, 0.0002 7, 0.0001 62, 0.0001
55,0.0003 30, 0.0002 46, 0.0003 8, 0.0001

31, 0.0002 52, 0.0003 9, 0.0001
32,0.0003 56, 0.0002 10, 0.000
33, 0.0003 57, 0.0002 13, 0.000
34, 0.0003 58, 0.0002 14, 0.000
35, 0.0003 59, 0.0002 15, 0.000
36, 0.0003 60, 0.0002 16, 0.000
37, 0.0003 61, 0.0002 17, 0.000
38, 0.0003 18, 0.0001

TR

Table 4. Congestion cost for 62 bus system withwaitisdout FACTS
Without FACTS With TCSC With TCPAR

Congestion Cost 1010.198 975.4203 1010.087
($/hr)
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