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Abstract: Transfer capability is a key aspect to be taken care by both the power system operators and consumers. Since
the load on the power system network increases day by day, the effective utilization of power transmission network is a
major criterion to be concentrated in power system network operations. In this paper there are two aspects considered to
understand the security of network. Initially the performance of the network is analyzed under contingency condition
and later the system performance is also analyzed with the usage of the series FACTS device i.e. TCSC. The

methodology is tested in IEEE-30 bus test system.
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I.INTRODUCTION

Throughout the world the electric industry aims at creating
the competitive market for effective utilization of a power
system networks. Sufficient power flow should be
guaranteed for trading and maintain economical issues in a
power networks for both power generation companies and
consumers. These aspects have motivated to calculate the
excess available power in transmission networks to
evaluate the Available Transfer Capability (ATC).System
operators are mainly responsible in determination of ATC,
for both bi-lateral and multi lateral transactions. Many
authors have proposed the methodology to identify the
ATC considering static limits such as line thermal limit,
bus voltage limits and steady state stability limits
constraints.

Based on DC load flow optimization method has been
presented in [1].Linear sensitivity factor methods are
proposed in [2]. Practically in a open access electricity
market , when the generation schedules and load s are
continuously varying, the system is subjected to either
small or large disturbances. Since the system is dynamic in
nature, the ATC calculated with the dynamic stability
limits is proposed in [3]. Ref. [4], proposes a model to
illustrate dynamic constraints ATC, using equilibrium
equations. in Ref. [5], A hybrid energy function method
has been proposed to enhance the dynamic ATC through
optimal placement of FACTS controllers. Introduction of
FACTS devices into transmission network results in
improving the transmission capability which will be an
effective and promising alternative to conventional
methods of ATC enhancement. These devices will provide
new control possibilities , both in steady state power flow
control and dynamic stability control [6]. There are many
optimization methods have been proposed to calculate the
ATC, based on Security Constrained Optimal Power Flow
(SCOPF)[7-8], Continuous Power Flow method [9-10],
Repeated Power Flow methods [11] using FACTS
devices.

Il. OPERATING PRINCIPLE OF ATC

TCSC is one of the series compensator; it can capable to
control power flow in line, damping power oscillations.
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Basic simple TCSC model is shown in Fig.1.TCSC is
formed by connecting the capacitor in series with the
transmission line and thyristor-controlled reactor (TCR) in
parallel with capacitor. TCSC is simple construction and
less cost compared to other series FACTS devices. Power
transfer in the lines can be controlled by controlling the
net series impedance of the line.

Fig. 1 Model of TCSC

A simple transmission system represented 7 equivalent
parameters connected between bus-k and bus-m. The real
and reactive power flows from bus-k to bus-m can be
written as

Pan =VZGin —ViV, [G COS(Si )+ Bion SIN(Sy )]
1)
Qm = _Vk2 (Bkm +B,, )_Vkvm [kaSin(5km )_ Bkmcos(5km )]
@)

Where 6, =0, =0, =—0,

The real and reactive power flows from bus-m to bus-k is
P =V.2Gyn —V ;1 [GinCOS(S ) — B SIN(Si )]
®)
Qui = V2 (Byy + By ) +V V1[G SIN(Syy )+ B COS(Sy )]
(4)

A. Power Injection Model of TCSC

Fig.2 shows a 7 model of transmission line with TCSC
connected between bus-k and bus-m. Under the steady
state condition, the TCSC can be represented as a static

reactance— jX .. In the power flow equations the
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controllable reactance X is directly used as the control
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variable.

Bus-k Zyom=Rimt jXjem Bus-m

JBsh

Fig.2 Transmission line with TCSC

The line data will be modified by placing TCSC in series

with line. A new line reactance is given as follows
X X — X¢ (5)

Therefore new line admittance between buses k and m can
be derived as follows

kmnew —

. 1 1
Ym= — = - (6)
‘ ka ka+J(ka_xC)
. o .. R,—-i(X,-Xo)
Yin =Gy + By = A2~ Ze )
km km ] km szm +(ka —XC)Z ( )
E ©
' (Xk _xc)
B, =— u 9
« Rk2m +(ka _XC)2 ©

The modified active and reactive power flows from bus-k
to bus-m, and from bus-m to bus-k of a line having series
impedance and a series reactance are

Pk‘lr—nCSC :szGlI(m _Vkvm (Gllmcos(ﬁkm )+ Bl;mSin(é'km ))
(10)

QIes® = V2(By, + By, )-V\V, (G, Sin(S,, ) By, Cos(5,,)) (11)

V(G CoS(S e ) — By SIN(Syn )
(12)

QJ{'\ESC = _Vrr? (Bkm + Bsh )+Vkvm (Gl;mSin(é‘km )+ Bl;mcos(é‘km )
(13)

The power loss in the line with TCSC can be written as

RIS =V2Gy —V,

PLoss = ijr—r\CSC + PrIl::SC = ka (\/k2 +Vrr? )_ zkamGl‘(mcos(é‘km)
(14)
QLoss = QE[?SC + QrI\ESC = _(\/kz +Vrr? XBkm + Bsh )+ 2\/ka Bkm Cos(é‘km)
(15)

Bus-k Bus-m

Z= Ryyy +iXim

TCEC TCSEC
Sy Sm

Fig.3 Power injection model of TCSC
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Due to TCSC, the change in line flow can be represented
as a line without TCSC plus with power injected at the
sending and receiving ends of the line with device as
shown in Fig. 3. The active and reactive power injections
at bus-k and bus-m can be written as

PkTCSC — Pkm _ Pk'll;]CSC
=V2AG,, -V V, [AG,,Cos(5,, )+ AB,,Sin(S,, )]
(16)

PICSC = Py — P
=VZAG,, -V, V, [AG,,Cos(,, ) AB,, Sin(5,, )]
(17)

1% = Qu QI
= _szABkm _Vkvm [Aka Sin(é‘km )_ ABkmCOS(é‘km )]
(18)

Q% =Qu — Qi
=-V2AB,, +V,V, [AG,,Sin(5,, )+ AB,,Cos(5,, )]

(19)
Where
X R, (Xe —2X,.)
AG — C ' *km C km 20
" (Rk2m+Xk2mXRk2m+(ka_XC)2) e
ABkm: _XC(lem_lem+XCka) (21)

2 2 2 2
(ka + kakam +(ka - Xc) )
TCSC device is modelled with power injection model so
far by using the TCSC control variable. It is possible to
calculate the complex power injected S/“*“and S%¢at
bus-k and bus-m respectively.

S;CSC — PkTCSC + jQ:CSC (22)

S:{']CSC — Pr;]I'CSC + jQr';CSC (23)

Then new power flow equations can be expressed by the
following relationship

S ]
AQ Noew Loew 7

Where new mismatch vectors are

AP = pkspec 4 Pchsc _ Pkcalc (25)
AQ, = QP + Q¢ — Q" (26)

PP and QP are the classical specified real and

TCSC

reactive powers, P/“*¢ and Q/°°° are the power

injection associated to TCSC devices, P °and Q" are

computed using the power flow equations. Now modified
Jacobian matrix due to power injections of TCSC
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TCSC TCSC
Hn9W=H+aP ; MHEW=M+6P V (27)
00 oV

TCSC TCSC
N, =N +—6Q i Loew = L+—aQ V  (28)
00 oV

H, M, N and L are the classic sub-Jacobians.

I11. ACPTDF DETERMINATION

From the power transfer point of view, a transaction is a
specific amount of power that is injected into the system at
one bus by a generator and drawn at another bus by a load.
The coefficient of linear relationship between the amount
of a transaction and flow on a line is represented by PTDF.
It is also called sensitivity because it relates the amount of
one change - transaction amount - to another change - line
power flow.

PTDE is the fraction of amount of a transaction from one
bus to another that flows over a transmission line PTDF.

Im, ji
is the fraction of a transaction from bus i to bus j that flows
over a transmission line connecting buses I and m.

_AR,

PTDF,

Im,ji =

ji
Available Transfer Capability (ATC) is determined by

recognizing the new flow on the line from node I to node
m, due to a transaction from node | to node j. The new flow

. - 0
on the line is the sum of original flow P,

P, =P>+PTDF, P,

im,ij T ij

Where, P,r% is the base case flow on the line and F’ji is the

magnitude of proposed transfer. If the limit on line Im, the
maximum power that can be transferred without

. . . max
overloading line Im, is P, , then,

Pe — P

PTDF,

Im,ij

max __
ijim =

i

ij,Im
node j constrained by the line from node | to node m. ATC
is the minimum of the maximum allowable transactions
over all lines. Using the above equation, any proposed
transaction for a specific hour may be checked by
calculating ATC. If it is greater than the amount of the
proposed transaction, the transaction is allowed. If not, the
transaction must be rejected or limited to the ATC.

ATC, =min(P">)

ij,Im

is the maximum allowable transaction from node | to

Using the above equation, any proposed transaction for a
specific hour may be checked by calculating ATC. If it is
greater than the amount of the proposed transaction, the
transaction is allowed. If not, the transaction must be
rejected or limited to the ATC. The detailed analysis
regarding the calculations of ATC values for any power
system network has been given in [12].
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If a change in the transmission line quantity is A Pj; for a
transaction of P,,, among the seller and buyer bus with
FACTS, the ACPTDF can be calculated as

A P;ACTS

Pmn
For PTDF calculations with FACTS, the power flow
sensitivity and N-R load flow Jacobian matrix can be

calculated. The change in power flow at any bus i can be
formulated in terms of Jacobian as:

ACPTDFnLl]n JFACTS —

[AP _ [Jiracts AS
AQ 3,FACTS AV

Based on these equations the change in the angle and
voltage magnitudes can be determined. Based on the
ACPTDF values, the best possible location of FACTS has
been identified to evaluate the ATC values for possible
transactions. To identify the sensitive generator in
contingency analysis, based on the literature, a
methodology named as voltage sensitivity indexes are
calculated to identify the most critical generator. Based on
this approach, the generator number eight is identified as a
most critical generator. Hence the evaluation of ATC is
being done based on this methodology only.

Joracts ]
Jaracts

IVV. RESULT AND DISCUSSION

The proposed ATC evaluation procedure is implemented
on IEEE 30 Bus System by using TCSC at suitable
locations. This test system is having six generators and
forty one transmission lines. However out of thirty buses,
the loads are connected to twenty one buses only. Since
out of these one bus is taken as a slack bus (bus - 1),
therefore the possible bi-lateral transactions with generator
at bus -2 under contingency are listed in Table 1 and also
variation of ATC values for possible bi-lateral transactions
with generator at bus-2 is shown in Fig.5.It is observed
that, when the system is under contingency, the ATC
values are marginally reduced in all the cases in both the
conditions( i.e with and without device).

Similarly ATC values for possible bi-lateral transactions
with generator at bus-5, 8, 11&13 are shown in Table.2, 3,
4&5 respectively. The corresponding variations of ATC
with FACTS devices are represented in Fig.5, 6, 7 & 8.
Hence it is evident that, the series FACTS devices will be
useful in enhancing the power flow in any power
transmission networks.

Table.1. ATC evaluation for possible bi-lateral
transactions with generator at bus-2

Transaction
Details ATC
S. Gener Load Without With
N | ator 030 | witho | TCSC i TCSC
bus With
0. bus numb ut under TCSC under
numbe or TCSC continge continge
r ncy ncy
121.02 121.50
1 3 26 55.40677 22 55.53212
104.29 104.34
2 2 4 24 70.36753 77 70.51053
123.01 123.87
3 5 27 122.4224 74 122.6395
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< Details
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[0]
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o numb ber contingen contingenc
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Fig. 7.Variation of ATC values for possible bi-lateral
transactions with generator at bus-2
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deregulated power system market. In this paper, the
proposed technique tested on IEEE 30 bus system. From
the above results, it is clear that the proposed method
improves the available transfer capability.
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