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Abstract This paper presents techniques for OPF-based electricity market enhancement with considering contingencies,
allocating the Flexible AC Transmission System (FACTS) and estimating the system-wide available transfer capability
(SATC) computations. The voltage stability constraints optimal power flow (VSC-OPF) problem formulation installs with
the FACTS and includes the loading parameter in order to ensure enhancement a proper stability margin for the market
solution. The first technique is an iterative approach and computes the SATC value based on the N — 1 contingency criterion
for an initial optimal operating condition, to then solve an OPF problem for the worst contingency case; this process is
repeated until the changes in the SATC values are below a minimum threshold. The second technique solves a reduced
number of OPF associated with contingency cases according to a ranking based on the power transfer sensitivity analysis.
Both techniques are tested on the IEEE 14-bus test system considering locational marginal prices (LMP) and nodal
congestion prices (NCP) and then compared with results obtained by means of the VSC-OPF considering N — 1
contingency criteria technique without installing the FACTS. A good system response for the allocated the FACTS devices
which indicates that the devices given a powerful response for the VSC-OPF method, the two method, with presenting the
security method and the transaction method result in improved transactions, higher security margins and lower prices.
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saddle-node bifurcations, is used to represent the stability
1. Introduction constraints in the OPF problem[3]. This technique has been
applied to solve diverse OPF market problems as
demonstrated in[1, 4].

Some studies for contingency planning and voltage
security preventive control have been presented in[5], and
the OPF computations with inclusion of voltage stability
constraints and contingencies without installing the FACTS
[1, 6] have also been discussed. However, the accounting of
system contingencies in the VSC-OPF market problem with
installing the FACTS has not arranged in the technical
publication.

Abtl . This paper uses the technique to account for system
Reliability of the FACTS devices for enhancement the security through the use of voltage-stability-based

VSC-OPF performance included N-1 contingency criteria is . oraints and the estimation of the system congestion

focus of discussion in this paper. The hybrid markets and the through the value of the SATC as proposed in[1, 7] to OPF
two methods for the contingencies and stability constraints

through the use of the VSC-OPF have been presented[1].
The OPF problem has been solved using an interior point
method (IPM) that has proven to be robust and reliable for
realistic size networks[2]. A proper representation of voltage
stability constraints and maximum loading conditions, which
may be associated with limit-induced bifurcations or

In competitive market structures, such as centralized
markets, standard auction markets, and spot-pricing or
hybrid markets, the several studies have been published
regarding the definition of a complete market model able to
account for both economic and security aspects. Furthermore,
the inclusion of the “correct” stability constraints and the
determination of fair security prices have been properly
addressed with so far so good. However, the inclusion of the
FACTS devices for improving the techniques has not been
addressed.

enhancement. In this case, voltage and power transfer limits
are not computed off-line, which is the current common
strategy, but are properly represented in on-line market
computations by means of the inclusion of a loading
parameter in the system stability constraints.
The following are some good proceedings for the FACTS
applications and stability problems without discussion about
) placement of the FACTS devices. The effect of FACTS
* Corresponding author: . devices on the security re-dispatching have been presented
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methodology to ensure transient stability that relies on an
OPF model with inclusion of transient stability constraints
(TSC) in the OPF that based on the using of the concept of
single machine equivalent (SIME) method and ensure
transient stability of the system against major disturbances,
e.g., faults and/or line outages[9]. Furthermore the
incorporating the N-1 security criterion in order to reduce the
size of the resulting OPF problem, a prior contingency
filtering is used for reducing the size of the small-signal
stability constrained OPF (SSSC-OPF) problem, where only
incorporate contingencies that threaten system stability[10].

In this paper, the basic technique initially proposed in[11]
and expanded in[1] with include contingencies, such that an
accurate evaluation of the SATC can be obtained is further
developed to include the FACTS devices, such that an
enhancement the technique in[1] can be obtained.

The paper is organized as follows. Section 2 presents the
mathematical model of the FACTS devices. Section 3
presents the basic concepts on which the methodologies are
based that cited by means in[1] and advanced by applying the
FACTS devices; the definitions of local marginal prices and
nodal congestion prices and of SATC are also discussed by
means of the literature in[1]. Furthermore in Section 3
discusses two techniques to account for contingencies in the
OPF problem, with particular emphasis on their application
to OPF-based electricity market models and then advances to
allocate the FACTS devices. The applications of the
proposed techniques are demonstrated in Section 4 for the
IEEE 14-Bus test system assuming elastic demand bidding;
for the test systems, results are compared with respect to
solutions obtained with the standard OPF-based market
technique without the FACTS and with the VSC-OPF based
market technique included N-1 contingency criteria without
the FACTS devices respectively. Finally, Section 5 resumes
the conclusions as the main contributions of this paper as
well as describes possible future research directions.

2. Mathematical Model of the FACTS
Devices

Power Injection Model of the FACTS: The power-injected
model is a good model for FACTS devices because it will
handle them well in load flow computation problem. Since,
this method will not destroy the existing impedance matrix Z;
it would be easy while implementing in load flow programs.
In fact, the injected power model is convenient and enough
for power system with FACTS devices. The Mathematical
models of the FACTS devices are developed mainly to
perform the steady-state research. The SVC and TCSC are
modeled using the power injection method[12] and UPFC
[13].

2.1. The FACTS Devices

In an interconnected power system network, power flows
obey the Kirchhoff’s laws. The resistance of the transmission
line is small compared to the reactance. Also the transverse
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conductance is close to zero. The active power transmitted
by a line between the buses i and j may be approximated
by following relationships:
=YY g
Pi' = Xij Sln(‘;ij

)

oraAp=22.p4%.py 2 p
X 14 tan ¢

where: V; and V; are voltages at buses i and j; Xj; :
reactance of the line; §;;: angle between the V; and V;.
Under the normal operating condition for high voltage line
the voltage V; and V; and §;; is small. The active power
flow coupled with &;; and reactive power flow is linked
with difference between the V; and V;. The control of X;;
acts on both active and reactive power flows. The different
types of FACTS devices have been choose and locate
optimally in order to control the power flows in the power
system network. The SVC can be used to control the reactive
power. The reactance of the line can be changed by the
TCSC. The TCPAR varies the phase angle between the two
terminal voltages. The UPFC is most power full and versatile
device, which control line reactance, terminal voltage, and
the phase angle between the buses. In this paper, three
different typical FACTS are selected: SVC, TCSC and
UPFC.

2.2. Mathematical Model of the SVC

Power Injection Model of the SVC: SVC can control bus
voltage and inject reactive power, modelled by power
injection model as example is effective to hold the voltage
fluctuation in starting and stopping action of generator.

In this model, a total reactance bgyc is assumed and the
following differential equation holds

bsyc = (Kr (Vres + vpop — V) — bsyc)/T, (2)

The model is completed by the algebraic equation
expressing the reactive power injected at the SVC node:

Q = bgycV? 3)

The regulator has an anti-windup limiter, thus the

reactance bgyc is locked if one of its limits is reached and
the first derivative is set to zero.

2.3. Mathematical Model of the TCSC

Power Injection Model of the TCSC: The algebraic
equations of the basic TCSC structure with current control
are:

Py = ViV (Y + B)sin(6; — 6)
P; = —P;
Qy = VE(Yy + B) = ViV (¥; + B) cos(6; — 6)
o = V(Y +B) = Vi (¥ + B) cos(6, ~ ) (4
where Yj; is the admittance of the line at which the TCSC is
connected, and the indexes i and j stand for the sending and
receiving bus indices, respectively.

The TCSC differential equations are as follows:

%1 = ({xco, a0} + K, vpop — 1)/ T,
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%, = K/(Pj — Pres) (%)
_Pref) +x2

The state variables x; = {x¢g, @y} depend on the TCSC
model. The PI controller is enabled only for the constant
power flow operation mode. The output signal is the series
susceptance B of the TCSC, as:

B(xc) = —

where: {xco, ap} = KP(PU'

xc/ Xij
xy (1 = xc/xy)
During the power flow analysis the TCSC is modeled as a

constant capacitive reactance that modifies the line reactance
x;; as follows:

Xy=(1-¢)x;

where ¢, is the percentage of series compensation. The
TCSC state variables are initialized after the power flow
analysis as well as the reference power of the PI controller
P.er . At this step, a check of x, and/or a anti-windup
limits is performed. In case of limit violation a warning
message is displayed. Initialization a check for SVC limits is
performed.

2.4. Mathematical Model of the UPFC

Power Injection Model of the UPFC: A series inserted
voltage and phase angel of inserted voltage can model the
effect of UPFC on network. The inserted voltage has a
maximum magnitude of V, = 0.1V,, where the V,, is rated
voltage of the transmission line, where the UPFC is
connected. It is connected to the system through two
coupling transformers integrated into the model of the
transmission line.

The whole UPFC model for representing power flow is
depicted in Figure 1 or equation (6).

I/llel Xseij VJZH]
1
| M
B e si;Qsi st;QSj‘__

Figure 1. Complete injection model of UPFC
Py =rb ViV sin(6y; + v, );
Qsi = 7"bsViz COS(Yse) + Qinj sh
Py = —rbSVl-Vj sin(GU + yse);
Qsj = _TbsViV]" COS(@U + yse)
Qinj sh = _qui; (6)
Where: V; and Vj: bus voltages, X : equivalent series

reactance, by = 1/X,,, Py real power injection on bus-i,

P : real power injection on bus-j, Qg : reactive power
injection on bus-i, Qy;: reactive power injection on bus-j,

Qinj sn: reactive power injection by converter shunt.

3. OPF Based Market Model

In[14] the standard-OPF based market model was
presented. The OPF-based approach is typically formulated
as a nonlinear constrained optimization problem, consisting
of a scalar objective function and a set of technical limits
such as equality and inequality constraints. The “standard”
OPF-based market model can be represented using security
constrained optimization problem[1].

3.1. Voltage Stability Constrained OPF

In the following, the security constrained OPF is modified
and presented as proposed in[1], so that system security is
modelled through the using in voltage stability conditions.
Thus, as fundamentality, the VSC-OPF market model
problems are:

Min. G = —(CJPp — CIPs) — kA,

s.t. f(5,V,Q5,P5,PD)=0

f((sc'VZ'QGCJuPS' PD) =0

Critical PF equations

PF equations

Technical limits:

Aoy S A < ey Loading margin
0<P <P Supply bid blocks
0<P,<Pp Demand bid blocks

|Py (6, V)| < Py, Power transfer limit
|P}i (5’ V)| = I:;Iimax
L; (8, V) < Ljon Thermal limits

Iji (6’ V) = Ijimax
I; (6., V) < 1

Jmax
[i (0c, Vo) < Ljip
Qpin < Q6 = Qi
Qi < i, = Qg
Vinin SV < Vinax Voltage "security" limit
Vinin < Ve < Vinax (N

where Cg and Cp are vectors of supply and demand bids in
dollars per megawatt hour, respectively; Q; stand for the
generator reactive powers; V and § represent the bus
phasor voltages; P; and P; represent the power flowing
through the lines in both directions, and are used to model
system security by limiting the transmission line power
flows, together with line current I;; and I; thermal limits
and bus voltage limits; and P and P represent bounded
supply and demand power bids in megawatts. In this model,
which is typically referred to as a security constrained OPF,
P;j and P; limits are obtained by means of off-line angle
and/or voltage stability studies, based on an N —1
contingency criterion. Thus, taking out one line that
realistically creates stability problems at a time, the
maximum power transfer limits on the remaining lines are
determined through angle and/or voltage stability analyses;
the minimum of these various maximum limits for each line
is then used as the limit for the corresponding OPF constraint.
In practice[15], however, these limits are typically

Generation Q limit
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determined based mostly on power-flow-based voltage
stability studies.

As this can see in[l], along with the current system
equations f that provides the operating point, a second set
of power flow equations f, and constraints with a subscript
c are introduced to represent the system at a maximum
loading condition, which can be associated with any given
system limit or a voltage stability condition. Equations f,
are associated with a loading parameter A. (expressed in
p-u.), which ensures that the system has the required margin
of security. The loading margin A, is also included in the
objective function through a properly scaled weighting factor
k to guarantee the required maximum loading conditions
(k>0 and k <1 to avoid affecting market solutions).
This parameter is bounded within minimum and maximum
limits, respectively, to ensure a minimum security margin in
all operating conditions and to avoid “excessive” levels of
security. Observe that the higher the value of A, , the
more “congested” the solution for the system would be. An
improper choice of A, ,,;, may result in an unfeasible OPF
problem if a voltage stability limit (collapse point)
corresponding to a system singularity (saddle-node
bifurcation) or a given system controller limit like generator
reactive power limits (limit-induced bifurcation) is
encountered.

3.2. Loading Parameter

The economic dispatching is to minimize the overall
generating cost C,, which is the function of plant output[24]

C=X" a+pBi+P, +v.P} (8)

Subject to the constraint that generation should equal total
demand plus losses, i.e.

n
2151 qu = PD + PLosses (9)
Satisfying the inequality constraints, expressed as follows:
qu(min)SPgiSqu(max) l:1'2’ "’ng

However, the most accepted analytical tool used to
investigate voltage collapse phenomena is the bifurcation
theory, which is a general mathematical theory able to
classify instabilities, studies the system behavior in the
neighborhood of collapse or unstable points and gives
quantitative information on remedial actions to avoid critical
conditions[25]. In the bifurcation theory, it is assumed that
system equations depend on a set of parameters together with
state variables, as follows:

0=1f(xA1) (10)

Then stability/instability properties are assessed varying
“slowly” the parameters. In this paper, the parameter used to
investigate system proximity to voltage collapse is the so
called loading parameter A(1 € R) , which modifies
generator and load powers as follows:

Ps, = (1 + ) (Pg, + Ps)
P, =@+ (P, + Pp) (11)

Powers which multiply A are called power directions.
Equations (11) differ from the model typically used in
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continuation power flow analysis, i.e.
PGZ = PGO + /‘lPS
PL2=PL0+APD (12)

where the loading parameter A affects only variable powers
PS and P, D-

Thus, for the current f and maximum loading conditions
fo of (7), the generator and load powers are defined as
follows[1]:

P; =P, + Ps

P,=P,+P

P, = (1+ 2, + k¢, )P;

P, =(1+2)P, (13)

where P;, and P, stand for generator and load powers
which are not part of the market bidding (e.g., must-run
generators, inelastic loads), and kg represents a scalar
variable used to distribute the system losses associated only
with the solution of the critical power flow equations f. in
proportion to the power injections obtained in the solution
process (i.e., a standard distributed slack bus model is used).
It is assumed that the losses corresponding to the maximum
loading level defined by 4. in equation (7) and equation (9)
(8) are distributed among all generators; other possible
mechanisms to handle increased losses could be
implemented, but they are beyond the main interest of the
present paper.

Therefore,
Z?jl Pgi = Z?jl(PGOi + APS;‘) (14)
and
Z:Zl PSL- =PD +PLosses 5 PLosses = PLO (15)
And can be written as
T4 Py =% Py (16)
Since the equation (14) becomes,
0% By = 20 (Pao, + A(Po, +Pro)))  (17)

Furthermore, the P;q can be minimized by the FACTS
devices that installed at the best location in an optimal
location), therefore will be maximizing the Ps that will
influence and increase power transfer or the power flow,
because the level of loadability or the level of critical
condition (A, represents the maximum loadability of the
network where this value viewed as the measure of the
congestion of the network[16]) will be decreased. While, in
the same manner for the demand Pj, can be arranged as

PD:PL_PL() (18)

where Pp will increase if Py, is minimized by the FACTS.

3.3. Multi-Objective VSC-OPF with FACTS

Furthermore, by modified the equation (1) as also in[16]
the formulation of problem for Multi-Objective VSC-OPF
with applying FACTS can be arranged as follows.

Objective function:
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Min. f = f;(x;)
fi(x;) = —w (CHPp — CJ Ps) — w)A,
Equality constraints:
m(i)
P+ ) Pyi(Vy,aui) + ) Peyin Veuin» Xguin)
k=1 k=1
LA ViV Y (Xs) cos(0; (Xs) — 6, +6) =0
Qn + Z;cn:(il) Qui Vyg, ayi) + ZZ(:? Qeuin Veurn» Acurn)
+Qy; + TN ViVY (Xs) sin(6(Xs) — 8; + 6;) = 0
f (VUL"an'VGUin:aGUianSi'QVi:V; 8,T,Pg, Q(;i,Pgi.PDj) =0
PF equation
f Vyir @y, Vouin Quins Xsir Quis 6cr Ves Acs
T, PGi'QGci'PSi’PDj) = 0
Technical limits:
Inequality constraints:
Ao SAe <A

n(i)

Max load PF equation

loading margin

Cmax
0<P, <P . Vie]d Supply Bid Blocks
0<Pp, <P, vjeJ Demand Bid Blocks
P . <P, <P; , V,€J Gen.P Limit
Qi ; SQ6, =0, , Vi€J Gen. Limit

Q.. . <Q, < Q...

I (8,V) < Ipy,,, V(R k) EN
Lin(6,V) < ihyay

I (66, V) < I
Lin (66, V) < I

Thermal limits

max

max

Vinin, < Vi < Vipax, VYh€E€B 'V "Security" Limit
Vinin, < Vi, < Vinax,
1Sl < S;i™ vied

Limit for the FACTS devices:
0<X5; < X% for TCSC
0V, SVi*™ ; —m<ayu <m for UPFC
0 < Voyin S VIS . —1 < agyim <7 for  GUPFC
Q" < Qy; < QI for SVC (19)

3.4. Local Marginal Prices and Nodal Congestion Prices

As presented in[1] and modified in this paper with
allocated the FACTS devices, the solution of the OPF
problem in equation (7) for without allocated the FACTS and
equation (19) for allocated the FACTS provides the optimal
operating point condition along with a set of Lagrangian
multipliers and dual variables, which have been previously
proposed as price indicators for OPF-based electricity
markets. LMPs at each node are commonly associated with
the Lagrangian multipliers of the power flow equations f.
These LMPs can be decomposed in several terms, typically
associated with bidding costs and dual variables (shadow
prices) of system constraints. From equation (7) and

equation (13), the expressions for LMPs without FACTS
obtained as.

LMPs, = ppg, = Csi TP ax ¢
~Hpg i —Peps (1 + A5+ KG,)
= Cp, — Pgy, tan(d)Di)

_'uPDmax i +#PDmini

—pepy (1422 = peg, (1 + A2) tan(¢pp,) (20)
where ¢p, represents a constant load demand power factor
angle.

The LMPs are directly related to the costs Cg and Cp, and
do not directly depend on the weighting factor w from the
definition of equation (20). These LMPs have additional
terms associated with A7 which represent the added value of
the proposed OPF technique. If a maximum value A, 4, i
imposed on the loading parameter, when the weighting
factor w reaches a value, say wg, at which A, = A 0x »
there is no need to solve other OPFs for w > w,, since the
security level cannot increase any further[16], but in this
paper as descript in equation (19), the security level can be
enhanced with allocated the FACTS devices at a good

location. Furthermore, if the FACTS are installed, the LMPs
can be defined as

LMPy, = ppy, = s, + Upg e i = HPg i —Peps (1 +A)

LMPp, = pp,, = Cp, = P, tan(¢Di) T HPp may ¢

Hapy oo~ Pepp (L + ) = pegy (L + D tan(¢p,) (21)

Where p indicates Lagrangian multipliers of the power
flow equations, p stands for the dual-variables (shadow
prices) for the corresponding bid blocks, which are assumed
to be constant values. In (20), terms that depend on the
loading parameter A, are not “standard”, and can be viewed
as costs due to voltage stability constraints included in the
power flow equations f,, while in (21), terms that depend on
the loading parameter A are steady-state, and can be viewed
as costs due to voltage stability constraints included in the
power flow equations f. By using the decomposition
formula for LMPs, equations (20) [1] and also equation (21)
can be decomposed to determine NCPs that are correlated to
transmission line limits and hence define prices associated
with the maximum loading condition (MLC) or “system”
available transfer capability (SATC).

NCP = (%)_

LMPy, = pp,

anT

E(Hmax - #min)
where y are the voltage phases (§) and magnitudes (V), h
represents the inequality constraint functions (e.g.
transmission line currents), and p,,, and W, are the

shadow prices associated with the inequality constraints.

(22)

3.5. System Available Transfer Capability

By using[1] the available transfer capability (ATC)
concept is presented, as defined by NERC, is a “measure of
the transfer capability remaining in the physical transmission
network for further commercial activity over and above
already committed uses”[17]. This basic concept is typically
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associated with “area” interchange limits used, for example,
in markets for transmission rights. A “system-wide”
available transfer capability is proposed to extend the ATC
concept to a system domain[7], as follows:

SATC = STTC — SETC — STRM (23)

Thus the SATC for the VSC-OPF problem equation (7)
and (19) can be defined as.

SATC= AT — K (24)

3.6. VSC-OPF Including N-1 Contingency

The solution of the VSC-OPF problem equation (7),
equation (19) and the following equation (26) is used as the
initial condition for the two techniques presented in here to
account for a N —1 contingency criterion in electricity
markets based on this type of OPF approach. Contingencies
are included in equation (7), equation (19) and the following
equation (26) by taking out the selected lines when
formulating the “critical” power flow equations f., thus
ensuring that the current solution of the VSC-OPF problem
is feasible also for the given contingency. Although one
could solve one VSC-OPF for the outage of each line of the
system, this would result in a lengthy process for realistic
size networks. The techniques proposed in[1] address the
problem of efficiently determining the contingencies which
cause the worst effects on the system, i.e. the lowest SATC
values that also is become the topic to discuss in this paper.

3.6.1. Iterative Method with Continuation Power Flow (CPF)

Considering N-1 Contingency Criterion

The flow chart of the method for including the N — 1
contingency criterion, based on the continuation power flow
analysis, in the VSC-OPF based market solutions depicted in
in[1]. This method is basically composed of two basic steps,
while in the block set supply and demand bids Pg and P, as
generator and loading directions is inserted the FACTS
devices as dynamic component .

The VSC-OPF problem control variables, such as
generator voltages and reactive powers can be modified by
FACTS in order to minimize costs and maximize the loading
margin A, for the given contingency because the OPF-based
solution of the power flow equations f;, and its associated
SATC generally differ from the corresponding values
obtained with the CPF, hence also needs an iterative process
for the system installed FACTS.

It is necessary to consider the system effects of a line
outage, in order to avoid unfeasible conditions when
removing a line in equations f, that it is other function of
FACTS. For the given operating conditions, a line outage
may cause the original grid to separate into two or more
subsystems, i.e. islanding; where the smallest island may be
discarded, or just consider the associated contingency as
unfeasible.

3.6.2. Multi-Objective VSC-OPF with Contingency Ranking

This technique[1] starts with a basic VSC-OPF solution
that does not consider contingencies so that sensitivities of
power flows with respect to the loading parameter 4. can be
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computed. Then, based on this solution and assuming a small
variation € of the loading parameter, normalized sensitivity
factors can be approximately computed as follows:

Pij(Ac)—Pjj (Ac—€)
py =Py = Pij(/lc)%

(25)
where p;; and P; are the sensitivity factor and the power
flows of line i — j, respectively; this requires an additional
solution of f, for A, — €. The scaling is introduced for
properly evaluating the “weight” of each line in the system,
and thus considers only those lines characterized by both

“significant” power transfers and high sensitivities[18].

3.6.3. VSC-OPF Market Model Including N-1 Contingency
with FACTS Devices

The formulation of problem for VSC-OPF including N-1
contingency criteria where basically use equation (7) and
equation (19) with allocating the FACTS devices can be
arranged as follows.

Objective function:

Min f=—(w—1)(CIPy, — CIP) — wA,
Equality constraints:
Py + 20D Py Wy i) + 22 Povin Veuin» @euin)
YA ViV Y (Xs) cos(0;(Xs) — 6, +6) =0
Qn + 20 Qv Vs @) + 238 Qavin Vevkn» Xeuien)
+Qy,; + XL ViV;Y(Xs) sin(0;(Xs) — 6;+ 6;) = 0

(VUivanvVGUinraGUin:XSinVirV' 6,T, Pg, QGi:PSi'PDj) =0
PF equation

N-1
1 Vi auis Veuin, @uin Xsir Qvis 8c, Ver Ao

T, P, QGH,,PSL,,PD],) = 0 Max load (N — 1) PF equation

Technical limits:
Inequality constraints:

Aoy SAe S ey loading margin
0<Ps, <P . Vie7d Supply Bid Blocks
0< PDj < PDmaX], vjiedg Demand Bid Blocks
P; <SP, <P v,eJ Generator P Limit

min i max i

QGmin i S QGi < QGmax i Vie )
QGmin i S QGCL' S QGmax i

I, (8, V) < Ini,on V(h,k) eV
Ikn(8,V) < Ikpyy

Ihk((sc’ Vc) < Ihk
Len (66, Ve) < Iiygy

meh <V < Vmaxh Vh € B
Vminh < th < Vmaxh

Generator Q Limits

Thermal limits

max

V "Security" Limits

[Sii| < S v,€J
Limit for the FACTS devices:
0<X5; <X for TCSC
0V, SV s —m<ay <m for UPFC
0<Voyin Vit 5 —m < agyiy < for GUPFC
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Qi < Qui < Q™ for SVC

(N-1)

(26)

where f, represent power flow equations for the system
with under study with one line outage. Although one could
solve one VSC-OPF problem for the outage of each line of
the system, this would result in a lengthy process for realistic
size networks. The techniques this paper address the problem
of determining efficiently the contingencies which cause the
worst effects on the system, i.e. the lowest loading margin A,
and ALC?W~D_ The following is assumed to be defined using
loading directions in equation (3.3) and then using equation
(7.2) as presented in[19]:

ALCYD = min, {(A,, — 1)TTL,} (27)
where h indicates the line outage, Observe that (27) analogy
with equation (24), where the search for the minimum was
limited only to the loading parameters. In equation (27) the
minimum ALC is computed for the product of both A, and
the TTL since power bids P, are not fixed and the
optimization process adjusts both A, and P in order to
minimize the objective function. Finally, for a good case in
FACTS installed the lowest loading margin A, and
ALC=D will be increase.

4. Example

The VSC-OPF problem in equations (8) and (17) and the
techniques to account for contingencies are applied to the
IEEE 14-Bus test system modified. All the results discussed
here were obtained in Matlab[21] using the nonlinear
predictor-corrector primal-dual interior-point method based
on the Mehrotra’s predictor-corrector technique[20] where
coded in the Power System Analysis Toolbox (PSAT)[22]
and modified by the means of implementation of the
VSC-OPF with N-1 contingency criteria installed the
FACTS devices techniques. The results of the optimization
technique in equation (7) are also discussed to observe the
effect of the method on LMPs, NCPs and system security,
which is represented here through the SATC. The power
flow limits needed in equation (7) were obtained off-line, by
means of a continuation power flow technique similar to the
presented in[1]. For the test system, bid load and generator
powers were used as the direction needed to obtain a
maximum loading point and the associated power flows in
the lines.

By using the same manner as the VSC-OPF with N-1
contingency criteria without installed the FACTS devices
techniques[1], for the test case, the limits of the loading
parameter were assumed to be A; i, = 0.1 and A, 0y =
0.8, i.e. it is assumed that the system can be securely loaded
to an SATC between 10 and 80% of the total transaction
level of the given solution. The weighting factor & in the
objective function G of equation (8) and equation (17), used
for maximizing the loading parameter, was set to k = 107%,
as this was determined to be a value that does not
significantly affect the market solution. Furthermore, where
had been found for the fixed value K used to represents the
STRM is neglected (K = 0), as this does not really affect

results obtained with the equation (7) techniques[1] and the
proposed techniques (equation (24)), since all computed
values of SATC would be reduced by the same amount.

4.1. The 14-Bus Test Case

The IEEE 14-Bus test case, which is extracted from
http://www.ee.washington.edu/research/pstca/ and then
modified in this paper representing five generation
companies (GENCOs) and eleven energy supply companies
(ESCOs) that provide supply and demand bids, respectively.

In the Table 1 and Table 2, C is proportional cost active
power, PP is maximum power bid, P, is load active
power, Q@ isload reactive power, P is generator active
power, Qg i, 1s generator maximum and minimum reactive
power, S,,,, is line maximum apparent power limit, B,
is line maximum active power limit, I,,,, is line maximum
current limit.

Table 1. GENCO and ESCO Bids Data for the 14-Bus
Bus c P#ll;gc Py, QL Pg, QGi]'m
$/MWh MW MW MVar MW MVar
1 15 75 0 0 2324 | £ 330
2 12 35 0 0 40 + 100
3 10 35 0 0 40 + 100
6 12 25 0 0 60 + 100
8 10.8 50 0 0 40 + 100
2 29 25 21.7 12.7 0 0
3 29 85 94.2 19 0 0
4 19 48 47.8 4 0 0
5 29 28 7.6 1.6 0 0
6 28 15 11.2 7.5 0 0
9 19 25 29.5 16.6 0 0
10 19 8 9 5.8 0 0
11 18 4 3.5 1.8 0 0
12 18 6 6.1 1.6 0 0
13 18 13.5 5.8 0 0
14 18 14 14.9 5 0 0
Table 2. Line Data for the 14-System

Line Snax Prax @nax
i—j [MW] [MW] [A]

2-5 120 60 80
6-12 100 30 40
12-13 100 30 40
6-13 100 30 45
6-11 100 30 55
11-10 100 30 40
9-10 100 40 40
9-14 100 30 40
14-13 100 30 40

7-9 110 40 75

1-2 150 160 280

3-2 120 60 145

3-4 100 60 80

1-5 100 60 145

5-4 100 60 140

2-4 120 60 150

5-6 100 30 80

4-9 100 30 50

4-7 100 30 55

8-7 110 30 90
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This section depicts the data set for the IEEE 14-bus test
system. Table 1 shows supply and demand bids and the bus
data for the market participants, whereas Table 2 shows the
line data only for S5, Pnax and L., . Maximum active
power flow limits were computed off-line using a
continuation power flow with generation and load directions
based on the corresponding power bids, whereas thermal
limits were assumed to be twice the values of the line
currents at base load conditions for a variation kV voltage
rating. In Table 2, it is assumed that [j; mex = [ max = Imax
and Py max = P max = Pnax - Maximum and minimum
voltage limits are considered to be 1.1 and 0.9 p.u, so that the
results discussed here may also be readily reproduced as
presented in[1].

4.2. Results and Discussion

In the following A, = 0.79999[p.u.] for without and with
installing the FACTS devices in Table 3, Table 4, Table 7,
Table 8, Table 9, Table 10, Table 11 and Table 12, V is
voltage at each bus, p is the LMP, Pg;p is supply and
demand maximum power bid, P, is generator and load
active power including Pg, and P, , Pay is pay for
supply and demand. The other definition is the OPF-based
approach which represents the maximum load-ability of the
network. Furthermore, this value can be viewed as a measure
of the congestion of the network, which is represented here
using the following maximum loading condition (MLC)
definition[19] in case before FACTS installed.

301

Table 4. VSC-OPF with Off-Line Power Flow Limit with UPFC on

Line-11
Bus 4 p Pgip P, Pay
p.u $/MWh MW MW $/h
1 1.1000 17.7226 | 75.000 | 232.4 | -2776.5839
2 1.1000 17.7947 | 35.000 40 -1334.6021
3 1.0633 19.1190 | 35.000 40 -1433.9265
6 1.1000 17.9396 | 50.000 60 -1973.3595
8 1.1000 18.6413 | 35.000 40 -1398.0949
2 1.1000 17.7947 | 25.000 | 21.7 831.0122
3 1.0633 19.1190 | 85.000 | 94.2 | 3426.1284
4 1.0564 18.5236 | 48.000 | 47.8 1774.5585
5 1.0603 18.2416 | 28.000 7.6 649.4023
6 1.1000 17.9396 | 15.000 | 11.2 470.0184
7 1.0632 18.6648 0 0 0
9 1.0376 18.7793 | 20.616 | 29.5 941.1352
10 1.0390 18.7708 1.200 9 191.4618
11 1.0638 18.4382 0.800 3.5 79.2843
12 1.0811 18.2570 0.800 6.1 125.9734
13 1.0722 18.4188 0.500 13.5 257.8638
14 1.0338 19.0284 0.300 14.9 289.2323
ToTALs | TTL=484215MW Pay’”’”_: 1195012 $
Losses = 7.454 MW MLC = 593.360 MW
SATC =109.144 MW

Table 5. Sensitivity Coefficients p;; and SATC Determined Applying an

Table 3. OPF with Off-Line Power Flow Limit without FACTS N-1 Contingeney Criterion without FACTS (4, = 0.1)
Bus 174 p P P Pay Line
BIb 0 Py SATC[MW]
pu. $MWh | MW | MW $/h i—j [p-u]
1 1.1000 | 17.2997 | 75.000 | 232.4 | -2720.4677 2-5 0.16978 0.11806 589.5613
2 1.0858 | 17.9112 | 35.000 | 40 -1343.3405 6-12 0.10484 0.09745 545.4521
3 1.0516 | 19.2082 | 35.000 | 40 | -1440.6142 12-13 0.03057 0.02739 545.4431
6 11000 | 17.9304 | 50000 | 60 | -1972.3493 6-13 0.25557 023648 539.9573
6-11 0.16954 0.17963 539.9445
8 1.1000 | 18.6447 | 35.000 | 40 | -1398.3514
11-10 0.12522 0.13373 595.0705
2 1.0858 | 17.9112 | 25.000 | 21.7 | 836.4533
9-10 0.01613 0.03034 600.5852
3 1.0516 | 19.2082 | 85.000 | 942 | 3442.1076 ola 006097 003428 005786
4 1.0484 | 18.5365 | 48.000 | 47.8 | 1775.7970 13 012033 012021 5950762
6 1.1000 17.9304 | 15.000 11.2 469.7777 1-2 0.67093 0.63663 519.4839
7 1.0601 | 18.6680 0 0 0 32 0.44111 0.59097 369.419
9 1.0352 | 18.7765 | 19.302 | 29.5 916.3357 3-4 0.21946 0.43255 589.8926
10 1.0371 | 18.7666 | 1.2000 9 191.4192 1-5 0.30954 0.25386 589.8037
1 1.0628 | 184309 | 0.8000 | 3.5 79.2527 -4 0.44196 034172 3344736
12 1.0809 | 18.2487 | 0.8000 | 6.1 125.9163 24 0.27398 0.1999 5840365
5.6 0.05565 0.32445 4242022
13 1.0718 | 18.4102 | 0.5000 | 13.5 | 257.7432
49 0.0312 0.06502 534.404
14 1.0323 | 19.0239 | 03000 | 149 | 289.1638
47 0.11232 0.37598 479.1704
ToraLs | TTL-482.902MwW Payiyo=157.2665 $/h 87 0.48 0.75 259
Losses = 9.353 MW MLC =531.192 MW
SATC = 48.2902 MW MLC = (1+ )X Pp, (28)
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Table 3 depicts the solution of equation (7), showing a low
total transaction level (TTL) and the lowest SATC with
respect to the maximum power limits of all bids, while as in
case[1] the heterogeneous LMPs and NCPs also indicating
that system constraints and in particular active power flow
limits negatively affect the market solution, however can be
corrected by applying FACTS. The SATC value, which was
computed off-line with the continuation power flow, seems
to be consistent with the chosen power flow limits. Table 3
depicts also the total losses and the payment given to the
independent market operator, which is computed as the
difference between demand and supply payments[1] as
follows:

Payino = X Cs,Pg, — 2i Cp, Py, (29)
Table 4 depicts the results were be improved with
allocated the UPFC in Line-11. The TTL, maximum loading

condition (MLC), SATC, LMPs and voltages enhanced,
while the total losses and Payyyo given an enhancement.
Table 6.

Sensitivity Coefficients p; Determined Applying an N-1

Contingency Criterion with UPFC (Acmm = 0.1)
Line |P,-]~
Pij
i—j [p.u.]

2-5 0.09076 0.11566
6-12 0.13715 0.0974
12-13 0 0.23619
6-13 0.27853 0.23619
6-11 0.17572 0.17904
11-10 0 0.13314
9-10 0 0.02976
9-14 0 0.03461
14-13 0 0.11987

7-9 0 0.37462

1-2 0 0.58167

3-2 0.04982 0.55236

3-4 0.02299 0.39916

1-5 0.06982 0.23064

5-4 0 0.31719

2-4 0.08947 0.19164

5-6 0 0.32537

4-9 0 0.06472

4-7 0 0.37538

8-7 0 0.75

Table 5 shows the coefficients p;; used for the sensitivity
analysis and the SATCs computed by means of the
continuation power flows technique for the two steps
required by the iterative method described in Section 3.6.1
when applying the N —1 contingency criterion without
installing the FACTS. Observe that both methods lead to
similar conclusions, i.e. the sensitivity analysis indicates that
the line 1-2 (Line-11) has the highest impact in the system
power flows, therefore Line-11 becomes the best location of
the FACTS devices, furthermore the N — 1 contingency
criteria show that the outage of line 1-2 leads to low SATC

values. The line 3-2 has generation at the two ends and the
line 7-9 has transformer with lower SATC value than the line
1-2, while the line 8-7 with lower SATC than those above,
therefore leads to the lowest SATC values but do not use as
the best location of the FACTS devices because also has
transformer as described in[23].

Table 7. VSC-OPF with Contingency on Line 1-5 without FACTS

(Ae,,,, =0.1)

Bus 4 p Pgip P, Pay

p.u. $/MWh MW MW $/h
1 1.1000 | 19.3507 | 15.298 | 232.4 | -3187.9934
2 1.0847 | 20.0823 | 35.000 40 -1219.4604
3 1.0507 | 21.5595 | 35.000 40 -1309.1585
6 1.1000 | 20.1463 | 50.000 60 -1784.6535
8 1.1000 | 20.7562 | 20.394 40 -957.2065
2 1.0847 | 20.0823 | 25.000 | 21.7 937.8457
3 1.0507 | 21.5595 | 77.689 | 94.2 | 3705.8381
4 1.0547 | 20.6525 | 7.0000 | 47.8 1131.7583
5 1.0571 | 20.3704 | 23.728 7.6 638.1653
6 1.1000 | 20.1463 | 15.000 11.2 527.8341

7 1.0732 | 20.7671 0 0 0
9 1.0560 | 20.8459 | 1.000 | 29.5 635.8000
10 1.0547 | 20.8690 | 1.200 9 212.8634
11 1.0722 | 20.5971 | 0.800 3.5 88.5676
12 1.0824 | 20.4947 | 0.800 6.1 141.4137
13 1.0752 | 20.6435 | 0.500 13.5 289.0089
14 1.0460 | 21.1968 | 0.300 14.9 322.1914

TTL=412.016MW Payiyo=172.8117 S/

Losses=8.879 MW
TOTALS ALC=329.609 MLC =741.626 MW
MW SATC=82.4032MW
Table 8. VSC-OPF with Contingency on Line 2-4 without FACTS

(Ae,,,, =0.1)

Bus |4 p Pgip P, Pay
pu | $MWh | MW [ MW $/h
1 1.1000 | 16.4585 | 20.731 | 232.4 | -2800.9322
2 10843 | 17.0995 | 35.000 [ 40 | -1038.3351
3 1.0498 | 183760 [ 35.000 | 40 [ -1115.8437
6 1.1000 | 17.1736 | 50.000 [ 60 | -1521.3106
8 1.1000 | 17.6902 | 20518 [ 40 | -818.0085
2 10843 | 17.0995 [ 25.000 | 21.7 | 798.5484
3 1.0498 | 183760 | 78.618 | 94.2 | 3175.6978
4 1.0534 | 17.6021 | 7.0000 | 47.8 | 964.5947
5 1.0553 | 173652 | 28.000 | 7.6 | 618.2000
6 1.1000 | 171736 | 15.000 | 112 | 449.9471
7 10726 | 17.6997 | 0 0 0
9 1.0555 | 177673 | 1.0000 [ 29.5 | 541.9012
10 10542 | 177874 | 1200 | 9 | 1814314
11 1.0720 | 175566 | 0.800 | 3.5 | 754935
12 1.0823 | 17.4704 | 0.800 | 6.1 | 120.5461
13 10751 | 175970 | 0.500 | 13.5 | 246.3578
14 10456 | 18.0677 | 0300 | 149 | 274.6283
TTL = 417.218MW Pay;yo= 1529141 $h
TOTALS | Losses=9.235 MW MLC = 750.988 MW
ALC=333.770 MW SATC=83.4436MW
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Table 6 shows the coefficients p;; used for the sensitivity
analysis when applying the N —1 contingency criterion

which becomes decrease after installing the UPFC in line
1-2.

Table 9. VSC-OPF with Contingency on Line 3-2 without FACTS

(Aey =0.1)
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Table 7, Table 8 and Table 9 as the following depict the
VSC-OPF results for the critical line 1-5, line 2-4 and line
3-2 outage. This solution presents practically the same total
transaction level as provided by the solution without
contingencies in Table 3, but with different demand side
bidding, and a higher SATC, as expected, since the system is
now optimized for the given critical contingency. The
rescheduling of demand bids results in slightly lower LMPs

Bus v ? Po P, Pay and NCPS, as a consequence of including more precise
security constraints, which is also better results after
pu SMWh | MW _| MW Sh installing the FACTS devices as seen in Table 10, Table 11
! 1.1000_| 14.6021 | 1.0000 | 2324 | -2196.8922 and Table 12 as the following, which in turn results in a
2 1.0850 | 15.0599 | 35.000 ] 40 914.4822 lower Paypyo value with respect to the one obtained with
3 10640 | 15.6424 | 35.000 | 40 -949.8521 the standard OPF problem equation (7) in Table 3 (the higher
6 1.1000 | 152648 | 47.157 | 60 | -1308.8292 losses are due the transaction level being higher).
8 1.1000 | 15.7266 | 18926 | 40 ~702.1736 Furthermore Table 13 gives NCPs values about the topics
2 1.0850 | 15.0599 | 25.000 | 21.7 | 7032973 that given in Table 3 until Table 12.
3 1.0640 15.6424 | 9.4634 | 94.2 1621.5427
4 1.0497 | 15.6500 | 48.000 | 47.8 | 1499.2734 Table 11. VSC-OPF with Contingency on Line 2-4 with UPFC on Line-11
5 1.0526 15.4264 | 28.000 7.6 549.1785 (Ac _ 0.1)
6 1.1000 15.2648 | 15.000 11.2 399.9378 m
7 10696 | 157353 | 0 0 0 Bus v o Pon | Po Pay
9 1.0510 | 15.7950 | 1.0000 | 29.5 | 481.7471 ou swh | mw | vw h
10 10469 158536 | 4.7276 2 217.6598 1 1.1000 16.8163 19.624 | 232.4 | -2824.8439
1 10654 15.6680 | 4.0000 3.5 117.5098 2 1.1000 16.8916 | 35.000 40 -1022.5321
12 10820 15.5294 0.800 6.1 107.1529 3 1.0626 18.1941 | 35.000 40 -1101.3777
13 10745 15.6417 0.500 135 2189832 6 1.1000 17.0957 | 50.000 60 -1509.5885
14 1.0428 16.0632 0.300 14.9 244.1600 3 1.1000 175796 | 22.169 40 8386151
TTL =395.79IMW Payno=88.2113 $/h 2 1.1000 | 16.8916 | 25.000 | 21.7 | 788.8378
TOTALS | Losses=6.496 MW MLC = 712.419 MW 3 1.0626 | 18.1941 | 79.594 | 942 | 3162.0218
ALCT316.628 MW SATC=79.1582MW 4 1.0626 | 17.4875 | 7.0000 | 47.8 | 958.3169
5 1.0634 17.2969 | 28.000 7.6 615.7689
Table 10. VSC-OPF with Contingency on Line 1-5 with UPFC on Line-11 6 1.1000 17.0957 | 15.000 11.2 447.9064
(}erm = ()_1) 7 1.0767 17.5893 0 0 0
9 1.0595 17.6595 1.0000 | 29.5 538.6144
Bus v p Psp | Po Pay 10 1.0576 | 17.6836 | 1.200 9 180.3730
pu | SMWh | MW | MW $/h 11 1.0737 | 17.4655 | 0.800 | 3.5 75.1017
1 1.1000 | 19.6810 | 16.723 | 232.4 | -3248.9585 12 1.0826 | 17.3894 | 0800 | 6.1 | 119.9869
2 1.1000 19.7693 35.000 40 -1196.7306 13 1.0757 17.5128 0.500 13.5 245.1798
3 1.0625 21.3140 | 35.000 40 -1290.2397 14 1.0482 17.9662 0.300 14.9 273.0856
6 1.1000 19.9826 | 50.000 60 -1764.5117 TTL =418.194MW Payyo= 108.2365 $/h
8 1.1000 | 20.5513 | 22.922 | 40 | -995.8421 TOTALS | Losses = 6.865SMW MLC = 752.745 MW
2 1.1000 | 19.7693 | 25.000 | 21.7 | 923.2241 ALC=334.55IMW SATC=83.6388MW
i 1823 2(1)431411:(7) izo(l)gg jjz ﬁ;ii;g Figure 2 shows the system quiet stable after installing the
S L0651 | 202144 | 33257 | 76 6237460 UPFC on the Line-11 and gives the improvement for some
p 11000 | 199826 | 15.000 | 112 | 5235441 parameter of the electricity base market.
7 L0772 | 205627 0 0 0 The SATC in Table 7, Table 8 and Table 9 corresponds to
5 L0600 | 206436 | 1.0000 | 293 29,6097 a /1.5 min = 0.1, gives 20% ofthe total transa.ct.ion level TTL,
o 10530 | 206712 1 1200 5 310.8478 1ndlca.1t1ng that the current solution has the minimum required
11 10739 | 204157 | 0.800 | 3.5 | 87.7874 security level (Ac = Acpn =0.1) with w =1 . As
= o827 | 203261 | 0.800 1 1702501 e)'cplameq gnd expectgd w1thoqt and with the FACTS, the
3 0758 | 204704 | 0500 | 155 | 286.5860 hlgher minimum security margin leads to a lower TTL and,
with respect to results reported in Table 7, Table 8 and Table
14 1.0485 | 21.0010 | 0.300 | 14.9 | 319.2147 9, also LMPs and NCPs are generally lower, which is due to
TTL = 416.030MW Payno=128.192 $/h the lower level of congestion of the current solution. Observe
TOTALS k]‘iscsis ;g'zg 11\\44\3/” MLC :_748-850 MW that a more secure solution leads to lower costs, becausg the
SATC=83.2060MW demand model is assumed to be elastic; hence, higher
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stability margins lead to less congested, i.e. lower, and
“cheaper” optimal solutions. For the sake of comparison,
Table 10, Table 11 and Table 12 depict the final solution
obtained with allocating the UPFC in Line-11. In this case
the whole results given satisfactory an enhancement or

Table 14. Nodal Congestion Prices Value ($/MWh) for System with UPFC

improvement.

Table 12. VSC-OPF with Contingency on Line 3-2 with UPFC on Line-11

(A, =0.1)
Bus |4 p Pgip P, Pay
p-u $/MWh MW MW $/h
1 1.1000 | 14.2787 | 1.0000 | 232.4 | -2132.6322
2 1.0986 | 14.3227 | 34.147 40 -854.8044
3 1.0753 | 14.9099 | 35.000 40 -902.5723
6 1.1000 | 14.5975 | 48.884 60 -1272.7039
8 1.1000 | 15.0354 | 20.030 40 -685.0779
2 1.0986 | 14.3227 | 25.000 | 21.7 668.8714
3 1.0753 | 14.9099 | 9.5459 | 94.2 1546.8445
4 1.0575 | 14.9538 | 48.000 | 47.8 1432.5731
5 1.0596 | 14.7687 | 28.000 7.6 525.7674
6 1.1000 | 14.5975 | 15.000 | 11.2 382.4538
7 1.0725 | 15.0440 0 0 0
9 1.0531 15.1065 | 1.0000 | 29.5 460.7492
10 1.0474 | 15.1767 | 6.2787 9 231.8790
11 1.0656 | 14.9908 | 4.0000 3.5 112.4312
12 1.0822 | 14.8500 | 0.800 6.1 102.4648
13 1.0748 | 14.9584 | 0.500 13.5 209.4170
14 1.0441 15.3617 | 0.300 14.9 233.4984
TTL = 397.424MW Pay;yo=59.1594 $/h
TOTALS | Losses =4.901MW MLC = 715.360 MW
ALC=317.935MW SATC=79.4848MW

Table 13. Nodal Congestion Prices Value ($/MWh)

Bus Table Table Table Table Table
111 v Vil VIII 1X

Without With Without | Without | Without
FACTS FACTS FACTS FACTS FACTS

1 0.0000 0.0000 0.0000 0.0000 0.0000
2 0.2565 0.2086 0.3352 0.3000 0.1807
3 0.8422 0.7098 1.0651 0.9448 0.4376
6 0.1786 0.1409 0.3774 0.3462 0.2878
8 -0.1831 -0.1673 0.1345 0.1337 0.1306
2 0.2565 0.2086 0.3352 0.3000 0.1807
3 0.8422 0.7098 1.0651 0.9448 0.4376
4 0.5475 0.4581 0.6408 0.5746 0.4144
5 0.4300 0.3583 0.5241 0.4747 0.3423
6 0.1786 0.1409 0.3774 0.3462 0.2878
7 0.2991 0.2489 0.4961 0.4484 0.3476
9 0.5139 0.4381 0.6697 0.5997 0.4660
10 0.4921 0.4182 0.6642 0.5951 0.4772
11 0.3510 0.2933 0.5424 0.4894 0.4070
12 0.2864 0.2350 0.5023 0.4547 0.3672
13 0.3168 0.2619 0.5322 0.4807 0.3855
14 0.5408 0.4592 0.7452 0.6658 0.5177

on Line-11
Bus Table Table Table
X XI XII

1 0.0000 0.0000 0.0000

2 0.2651 0.2291 0.1402

3 0.8812 0.7483 0.3447

6 0.2900 0.2586 0.2164

8 0.0659 0.0739 0.0911

2 0.2651 0.2291 0.1402

3 0.8812 0.7483 0.3447

4 0.5125 0.4455 0.3230

5 0.4167 0.3667 0.2657

6 0.2900 0.2586 0.2164

7 0.3818 0.3382 0.2690

9 0.5304 0.4641 0.3670

10 0.5263 0.4605 0.3782

11 0.4264 0.3751 0.3171

12 0.3934 0.3467 0.2808

13 0.4183 0.3680 0.2962

14 0.5937 0.5178 0.4061

30
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Figure 2. Eigenvalue the IEEE 14-bus system with UPFC on line-11.
Statistics of Eigenvalue: Positive eigs: 0; Negative eigs: 27; Complex pairs:
6; Zero eigs: 0; Dynamic order: 27

Finally, the found of a good system response for the
allocated the FACTS devices indicates that the FACTS
devices given a good response for the VSC-OPF method
with presenting the security method (i.e., V "security" limits)
and transaction method (i.e., power transfer limits) in
equations (7), (19) and (26) which have the relationship to
equation (1) and equation UPFC in Figure 2 for especially
voltage, reactance and phase angle between the two terminal
voltages.

5. Conclusions

The VSC-OPF based market enhancement are modified
and tested on the IEEE 14-Bus test system. The results
obtained with VSC-OPF based market including
contingencies with installing the FACTS devices techniques
and those obtained by means of the VSC-OPF based market
including contingencies model only indicate that a proper
representation of system security and a proper inclusion of
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contingencies with installing the FACTS devices, by using
an allocation method, for the two result in improved
transactions, higher security margins and lower prices.

The first method gave definition of the worst-case
contingency by determining the lowest SATC with the
off-line power flow limit without the FACTS as shown in
Table 3 that can be improved with the FACTS as shown in
Table 4, while the second approach computes sensitivity
factors as indicated in Table 5 and Table 6 whose magnitude
indicate which line outages and controlling of the FACTS
devices maximally affect the system security and total
transaction level as indicated in Table 7 until Table 12.

In the relationship with voltage, reactance and phase angle
between the two terminal voltages on a transmission line,
that is found a good system response for the allocated the
FACTS devices which indicates that the FACTS devices
given a powerful response for the VSC-OPF method with
presenting the security method (i.e., voltage V "security"
limits) and the transaction method (i.e., power transfer
limits).

Further research work will concentrate in enhancement the
OPF techniques performance with modifying of the model
and control and then select the best variety and location of
the FACTS devices.
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