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ABSTRACT

e WNE  models  strategic  generation
companies' (gencos) behavior in exercising
market power on EPG

o The fast voltage stability index adjusts EPG
parameters and identifies critical lines for
OTS

e A forceful reduction in social cost occurs
when the market is under WNE and OTS is
implemented

e Social cost for scheduling gencos under
WNE and OTS, with or without the UPFC,
remains the same

o A strategic generator dispatches more power
in the presence of UPFC compared to its
absence in the EPG
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The exercise of market power by the strategic generating companies (gencos) in
the deregulated wholesale electricity market (WEM) should be mitigated, as it
results in higher wholesale prices of electricity and a drop in competition in the
WEM. Consequently, Optimal Transmission Switching (OTS) has been proposed
as a means by which the System Operator in the WEM can use to mitigate it. It is
also imperative that the effect of the Unified Power Flow Controller (UPFC) on
reducing the cost due to the market power using OTS must be investigated.
Therefore, this study used the Fast Voltage Stability Index (FVSI) to select the
critical lines to be optimally switched and compensated. The compensation factor
was used to size the UPFC. The modified IEEE 14-bus system was utilized as the
test system. Worst Nash Equilibrium (WNE) was used to model the behavior of
the strategic gencos in exercising market power on an EPG. The OTS under
WNE was modeled and solved in the General Algebraic Modeling System
(GAMS) studio with the aid of the Network Enabled Optimization System
(NEOS) server. The results of the FVSI were used to modify the parameters of
the EPG in the GAMS studio and identify critical lines for the OTS. The
simulated results revealed that in using OTS under WNE, strategic gencos
dispatch more power in the presence of the UPFC than in its absence, reducing
the cost associated with the market power of the strategic gencos.

Keywords:

Market power, Strategic gencos, Optimal
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1. Introduction

The purpose of deregulating the electric power industry is to bring competition into the wholesale electricity markets
(WEM), improve the system’s efficiency, and lower the wholesale price of electricity. All these benefits can only be achieved
if the System Operator (SO) ensures no power abuse by any market participants (MP). But this is usually not the case in
deregulated WEM as generating companies (gencos) easily exercise and abuse their market powers [1] by withholding some of
their available generating capacity, leading to a lower level of competition in the market, poorer efficiency, higher wholesale
price of electricity, and a negative impact on the global welfare of other MP [2]. Optimal Transmission Switching (OTS),
which is the switching in and out of lines to achieve optimal power flow (OPF), has been explored in many studies. For
instance, in [3], using a deterministic and genetic algorithm, OTS was used as a control method for correcting over- and under-
voltage situations and line overloading. The authors of [4] used OTS to address the challenge of line loss and cost reduction on
the electric power grid (EPG), and the results obtained were good. In [5], the authors took their study a step further to study
how OTS affects the efficiency of the EPG; the result showed an improvement in EPG’s efficiency with OTS. In [6], the use of
OTS to address a combination of the above-stated problems was studied. Alas, none of these aforementioned studies address
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the problem of reducing the generating cost associated with the market power using OTS. In fact, only [7] and [8] have been
found to address this problem directly.

In Noriega [7], OTS was used with a Worst-Nash Equilibrium (WNE) linear optimization formulation adopting a modified
IEEE 14-bus system. A model was created to determine the generation cost due to the exercising of the market power by some
generators. The proposed Nash equilibrium formulation includes gencos that might withhold some of their capacities, called
strategic generators, and gencos that release their maximum generation capacities to the WEM, called non-strategic generators.
The results showed that the market power of the strategic generators was reduced due to the release of more amounts of their
available generation capacities when OTS was adopted compared to when OTS was not adopted. In [8], OTS was proposed to
reduce market power costs caused by some strategic gencos and eventually improve the global welfare of all the scheduling
generators in the deregulated WEM. The Cournot game theory and Nash Equilibrium were also used to model the gencos'
behavior and the market power exercise. The simulation result showed that changing the configuration of the EPG by the SO
will reduce the cost associated with the market power. Furthermore, it was discovered that the set of Nash Equilibria changes
under different network topologies. Therefore, the SO can choose the network configuration that gives the Nash equilibrium
with the least market power cost in the WEM.

With the rise in the number of actual installations of Flexible Alternating Current Transmission System (FACTS)
controllers in the EPG as listed in the work of [9]; and studies carried out on them where they have yielded positive results in
available transfer capacity (ATC) enhancement [10, 11], transmission line loss reduction [12], voltage regulation improvement
[13], optimal generation [14], reduction of severity of overloading [15], and power flow control [9] to name but a few, it is
likely that their presence in the EPG will have an effect when OTS is used in the mitigation of market power of gencos by the
SO. One study that related FACTS devices with market power is [16]; where a thyristor-controlled series capacitor (TCSC)
and a thyristor-controlled phase angle regulator (TCPAR) were used in steady-state operation. The market power was
determined using the Nodal Must Run Share index on the standard IEEE 14-bus system with and without the aforementioned
FACTS, and the results obtained were compared. With respect to market power, the study sees the use of FACTS as a threat
that gencos can use to increase their market power, and the authors indirectly emphasize the consideration of market power in
the placement of FACTS. Regrettably, the study did not show the effects of the FACTS on the EPG when OTS is used to
mitigate market power exercised by the strategic gencos. Then, the question is, what is the effect of the presence of FACTS
when OTS is used to mitigate market power, and the amount of reduction/increase of the cost, if any, associated with the
market power? There is yet to be a study that investigates this effect. This is the focus of this study. The UPFC, which has the
capability of controlling power flow by controlling the real and reactive power and which provides fast reactive compensation
[17], is chosen for this study and modeled as a combination of a Static Var Compensator (SVC) and a TCSC [15] and [21].

Due to the cost of UPFC and other economic considerations in utilizing them on the EPG, it is necessary to know where
the lines and buses will give the best results and their optimal sizing. FACTS placement on the EPG is usually carried out
using two major approaches. One is the evolution programming optimization algorithm approach, and the other uses the Line
Stability Indices (LSI) method. In this study, the LSI approach is adopted. In [18], the Reactive Power Reduction Index and
Real Power Flow Performance Index were used to identify lines for compensation to improve transmission congestion. If
different lines were selected, the more economical line was chosen by minimizing the total cost of installation of the FACTS.
Sensitivity analysis was adopted for optimal TCSC and Static Synchronous Compensator (STATCOM) placement for power
system security and reduction of transmission congestion [19]. In that study, the sensitivity analyses are Total System Reactive
Power Loss Sensitivity Index, Line Loss Sensitivity Index, and Total System Loss Sensitivity Index. Genetic Algorithm (GA)
was used in optimal sizing of the controllers. In [20], a comparative study of the use of the Power Stability Index (PSI) and
Fast Voltage Stability Index (FVSI) in the optimal placement of SVC on the IEEE 14-bus System for voltage profile
improvement, power loss reduction and enhancement of ATC was carried out. The indices' values were determined from the
results of load flow calculations using the Newton-Raphson method. In [21], the FVSI was used to identify the line for the
placement of the UPFC, while the Artificial Bee Colony optimization algorithm was employed in parameter sizing. In [22], a
study was carried out on improving power system voltage stability using the dynamic model of UPFC employing two L, the
FVSI, and the Voltage Collapse Point Indicator index. The results found the LSI to be accurate in locating the line to place the
UPFC. In this study, therefore, the FVSI is adopted as the LSI of choice in determining the critical line (s) for the OTS, the
placement of the UPFC, and the compensation factor for determining the parameter sizing of the UPFC.

2. Mathematical formulations

This work aims to study the effect of the UPFC on the OTS for cutting down abusive market power of the strategic gencos
and the cost that is due to it in the deregulated WEM. To achieve the study's goal effectively, it is imperative to develop the
mathematical formulation of the UPFC, OTS, market power, and associated costs. The developments of these mathematical
formulations are presented in this section of the paper.

2.1 Mathematical formulation of the UPFC

The UPFC concept was proposed by Gyugyi in 1991 [23]. The controller can selectively and simultaneously control all the
parameters affecting power flow in the transmission line (i.e., voltage, impedance, and phase angle). Furthermore, it can
independently control both the active and reactive power flow in the line [23]; therefore, it was employed in this study. To that
effect, the UPFC is modeled as a unification of an SVC at a bus and a TCSC tied to the same bus, as revealed in [23, 24].

Figure 1 shows the structure of the UPFC inserted in a 2-bus EPG, whereas Figure 2 depicts the mathematical model of the
same 2-bus EPG with the UPFC connected. In Figure 2, the TCSC is modeled as a variable reactance (Xrcsc) injected in the
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line, while SVC is modeled as a reactance source (X ) inserted at one end of the line [24]. The SVC is represented by Bgy;
which is a shunt variable susceptance connected at bus j.

Vi

l_.

Figure 1: UPFC structure inserted in 2-bus EPG

Figure 2: The model of the Figure 1[15],[21]

InFigure 1, Z;; = R;j + X;; = |Zij |40ij = X = |Xij |A900 denotes the impedance of the transmission line connecting
bus i to bus j. The C; and L, are TCSC’s capacitor and reactor, respectively, for controlling both the active and reactive power
flow in the line, whereas the C, and L, are SVC’s capacitor and reactor, respectively, for injecting or absorbing Q¢ based on
the voltage at bus j (V;). In the figure, T; and T, are thyristors for the switching activities in the TCSC based on the firing
angle, whereas, T3 and T, are thyristors for the switching activities in the SVC based on the firing angle.

As revealed in the study of [25], the reactive power Qgy is injected or absorbed by the SVC based on the V;. Thus:

v2
Qsvc = F]VC = VjZBSVC (1)

In Equation (1), Bsycomin)y < Bsvc < Bsvc(max)- The TCSC adjusts the line reactance. X;; in which it is inserted [23]
with the help of the coefficient of TCSC, k:

Xrese = £ kXij (2)
Then, the adjusted line reactance X;; becomes:

Xij = Xrcsc + Xij = Xij £ kX;; = X;;(1 £ k) 3)
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It has been revealed in [26] that upon neglecting the line resistance in the 2-bus EPG, the real and reactive power supplied
to bus j from line [, that is, the line linking bus i to j are now given respectively as:

2 Viv;

v

P =P = cosOj; — 51 4

Y l | lJ| |Zi’j| 4)

Qj= Q= v - sind;; — sm(e’ +8,—§;) = Sm(goﬂ) Sm(90° +6,—6;)= V—i,z—
| l]l | J| v | 1]| | | |Xij|

Jcos(5 5]-) )

=

Upon invoking linear approximation on (4) and (5), that is, making V; and V; to be 1.00 pu, and §; and §; to be small, we
have:

Pj=P = |x_1{,-|(5i = &) = [Bj;|(6: — §)) ©)
ro_ r_ 1 _ 1
Qij— Ql _|XI| |X-’|_0 (7)

The linear approximation model of the active power flow on transmission asset [ presented in (6) was employed in [7]. To
validate this study's results with that of [ 7], we also employed the model in this work.
The model for the computation of the cost of UPFC installation revealed in [24] is:

C = QOOO3QQU|—|QQD2—-02691QQU|—|QQD-—18822 $ (8)

In Equation (8), Qf ; (MVars) is the reactive power that flows through the line ij after the injection of the UPFC on it. The
settlement of this cost is taken care of by the Market Operator (MO) in the WEM through the congestion cost.

2.2 Placement and sizing of the UPFC

In this study, the approach uses an LSI, the FVSI, to identify the bus and line in which the shunt and series components of
UPFC must be placed in the EPG. It is a system of network ranking lines developed by Musirin and Abdul Rahman [27].
According to them, an FVSI less than 1.00 suggests that the grid is in a stable operating condition, whereas an FVSI greater
than 1.00 shows that the system is unstable. At the initial stage, before compensation with the UPFC, the voltages at buses i
and j are Vi=|Vil£68: and V;= |V}|£6; respectively; the apparent power at the bus j is represented by S;= Pj+ jQ; and Zij= Ry
+ jXij is the impedance of the transmission line [15]. With this information, the study in [15] has been able to show that

4zij° 0%y

[Vi|2(Rijsin(8i — 8))—Xijcos(8i - &)))

<1 9)

And when 6: = §; or if the load angle (§: — §)) is assumed to be very small, it has been established in [27] that

4|zy|*;

FVSly=yexy =

(10)

With the aid of (9) or (10), the critical line in the network can be identified.

2.2.1 Criteria for placing UPFC using FVSI

After evaluating and ranking FVSI for all lines of the EPG, the line with the largest value of FVSI is regarded as the most
critical/sensitive line and chosen for the compensation.

2.2.2 Setting of parameters of UPFC:

After selecting the best position in the network to place the UPFC, its sizing needs to be set to minimize the FVSI. In
calculating the sizing, in this case, the reactance of the controller can be found keeping in mind that:

1)  The series component of the UPFC can be controlled to work either in the capacitive or the inductive modes while
avoiding steady-state resonance.
2)  In the study of [7], which this study is building upon, the shunt susceptance was neglected, so in this study, there is
no need to size the SVC.
In this application, it will be assumed that UPFC provides variable capacitive reactance into the line. In [28], it is stated
that the percent series compensation in line should be within 25% and 70% of the line reactance, which is expressed as:

Xc

k=% (11)

XL

315



Sunday Oladejo Adetona et al. Engineering and Technology Journal 42(02) (2024) 312-326

In (11),k, X;, and X; are the compensation factor, capacitive reactance, and reactance of the transmission line,
respectively. Upon using values of k within the range of 25% to 70%, the effect of the UPFC on the EPG can be investigated

2.3 Mathematical formulation of the OTS

The OTS is basically the switching in and out of a set of lines in the EPG to achieve optimal power flow (OPF); as such, it
reduces the operating costs of the scheduling generating units. This study modeled the OTS using Direct Current OPF
(DCOPF) optimization to make the problem linear and reduce the computation time.

2.3.1 Mathematical formulation of the OTS without the presence of the UPFC

The objective function of the OTS is to minimize the total operating cost (TC) conditional on the noticeable restraints and
Kirchhoff’s laws controlling the load flow in the EPG [29-31]. If the operating cost of generating power (F;) from gt
generating unit is ¢g; then, the total operating costs (TC,) for a set of all generating units 1, in an EPG would, therefore, be:

Q
TCy= 3,2, coPy (12)

The operating limits of the g'® generating unit are P,"™ < P, < PJ"**; where P"™and P;"** are minimum and
maximum power outputs of the gt" generating unit. And, if the operating cost of transmitting power through a transmission
line [ that connects bus i to bus j is ¢;; then, the total operating costs (T'C;) for a set of all transmission lines (; in an EPG
would, therefore, be:

Q
TC, = Y2 a(1—-4) (13)
In Equation (13), ; is a binary variable which describes the status of each / in the EPG viz:

1; when l is connected
0; when l is not connected

== | (14)

The OTS problem involving the cost of switching a line without the UPFC connected in EPG is therefore formulated as a
mixed integer problem mathematically modeled [30] as:

L Q Q
minimize TC = TCy + TC, = Zgil cgPy+ X2 a1 =4) (15)
Subject to
The constraint that takes care of the generation limit of each unit:
Pgmm < Rg < Rgmax Vg € -Qg (16)
The transmission constraints:
P s Py s (PPt Vi e 17

The constraint that handles power flow on line [ that connects bus i to bus j [29],[31]:
P;—Biy(6i—6)< (1-4;)M Vij €Q (18)
P —Bi(6i—6)= (1-4;)M Vij €Q (19)
In Equations (18),(19), M = alarge integer [29,30,31] = max;; Bi]-(c?i — 6]-), and Zlﬂl(l - Zij) < Nj,,; where Ng,, is the

number of permissible switching actions in EPG.
The constraint that handles power balance among (F;), load demand (d;) and line flow (P;;) [29],[31]:

So Pt di= S CP =0 VieQgVieq (20)

In Equation (20), Qy = set of buses in the EPG and C; = incidence matrix
The formulation presented in (12) through (20) are applicable to find minimum TC in EPG that is not under OTS and
UPFC. To use the formulation in this situation, Ny, = 0
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2.3.2 Mathematical formulation of the OTS in the presence of the UPFC

The OTS problem involving the cost of switching a line when the UPFC is injected in an optimal location of the EPG is
formulated as a mixed integer problem mathematically modeled as:

L Q Q
minimize TC = TCy + TC, = Zgil g+ T2 a4 (1)
Subject to
The constraint that takes care of the generation limit of each unit:
Pgmm <E< Pgmax Vg el (22)
The transmission constraints:
—ZL-]-PU- @< Pl-'j < ZijPij ax Vij € (23)

The constraint that handles power flow on line [ that connects bus i to bus j:
P —Bjj(6;—-6)< (1-¢;)M  Vij e (24)

P, —Bj(6i—6/)= (1-¢;) M Vij EQ (25)
In Equations (24),(25), M' = anew large integer = max;; Bi’j(Si’ — 5]-’), and Z?l(l — (i]-) < Ng,,; where N, is the
number of permissible switching actions in EPG.
The constraint that handles power balance among (F), load demand (d;) and line flow (Pi’]-):

2251Pg+ d; = ZﬁlclP[ =0 VgeQ, VieQgVIeEY (26)

In Equation (26), Q5 = set of buses in the EPG and (; = incidence matrix.
The formulation presented in (21) through (26) are still applicable to find minimum TC in EPG that is not under OTS but
under UPFC. To use the formulation in this situation, N, = 0.

2.4 Mathematical formulation of the market power

As done by [7,8], and to validate the results that would be obtained in this study, the Cournot competition and Nash
equilibrium concepts were used to model the behaviors of the gencos in this study. The Cournot competition concept involves
a few gencos and several schemes; the schemes are the amount of power each genco generates, and the goal of the gencos is to
maximize their net surplus [7].

For a genco, Nash equilibrium is arrived at whenever its deportment (scheme) is the best reaction to the schemes
(deportments) of other gencos in the deregulated WEM. Figure 3 presents the characteristic reactions of two gencos R; and Ro.
The BRi(R>) in the figure manifests the best reactions of genco R; in agreement with the reactions of genco R; similarly for
the BRx(R1). The point of intersection of the schemes elected by the gencos (Ri* and R»*) is the Nash equilibrium reaction for
each of them.

—— BRI(R2)
—— BR2(R1)

= -

RL1" Rl

Figure 3: Nash equilibrium is found by two gencos [7]

It should be noted that at the Nash equilibrium, there is no bonus for any genco that alters its deportment (scheme) if all
activities of all other gencos are sustained. To attain the equilibrium point, all MP play their particular part according to the
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market rules. Also, there can be many Nash equilibriums for a problem [7]. Problems can converge to a bad equilibrium for
gencos based on reducing the profits or a good equilibrium for the gencos based on increasing profits.

In this study, strategic gencos would try to find the Nash equilibrium to maximize their net surplus when there is no
contingency. Market power in the WEM is modeled as the Worst-Nash Equilibrium (WNE), defined as the Nash Equilibrium
that maximizes the generation cost [7]. In this situation, non-strategic gencos will release all their capacity to the grid;
however, they can choose what amount they will offer to the WEM. Consequently, the net surplus of a strategic genco under
WNE is higher than that of the strategic genco when not under WNE for its dispatch.

The foregoing reveals that, if the set of all generating units €}, that consists of both strategic and non-strategic units that
have a variable cost of production ¢, and the amount of electricity generated under Nash equilibrium is Pg”d, then the strategic
gencos market power under the OTS problem can be formulated as:

Maximize — 211 cgPy't + YM q(1-3) Vg€ Qg V1 € (27)

Subject to

The constraint that handles the released capacity Pg”d of a set of all strategic generating units :
ld — Q
Pyt = P Yk xgewk + Wo BN Yk EQy,V g EQ (28)
In Equation (28), the binary variable x, denotes whether the unit will exercise market power or not; and it is expressed as:

1; strategic genco exercises no market power 29
K =

Xgr = . .
9 {0; strategic genco exercises market power

In (28), the variable w, represents the percentage of the Pg”d supplied to the WEM, whereas the variable w;, denotes the
percentage of the Pg”d held back from the WEM, therefore:

N W =1— w, (30)

Equation (30) reveals that when the unit is non-strategic Z?’z‘l wy, = 0; consequently, the unit offers its maximum
capacity to the WEM.
The constraint that takes care of the generation limit of each unit:

Pgmin < Pgrld < Pgmax vg c Qg (31)
The transmission constraints:

—§yP S B S QP Vi € (32)

The constraint that handles power flow on line [ that connects bus i to bus j [29],[31]:
R =By(8i—8)< (1-¢y)M  Vij € @3)
P —Bii(6i—6)= (1-3;)M Vij eq (34)

In Equation (33) and (34), M = alarge integer [29][30][31] = max;; B;; (6i - 6]-), and Z?l(l - {L-]-) < Ng; where N,
is the number of permissible switching actions in EPG.
The constraint that handles power balance among (Pg”d), load demand (d;) and line flow (P;;) [29],[31]:

SoL P di= YL G P =0 VieQgVIeqQ (35)

In Equation (35), Q5 = set of buses in the EPG and C; = incidence matrix.

The formulation presented in (27) through (35) still applies to find the maximum TC in EPG that is not under OTS and
UPFC. To use the formulation in this situation, Ny, = 0. Also, the formulation presented in (27) through (35) is still applicable
to find the maximum TC in EPG under OTS and UPFC. To use the formulation in this situation, B;;(8; — 6;) = B; i (6{ - o; ).

3. Modeling, simulated results and discussion

The mathematical formulations obtained in section 2 of this paper were implemented on a modified test system, modeled,
and simulated in the GAMS studio via the NEOS server. This section of the paper presents the test system we adopted in this
study and the modeling and simulations carried out upon applying the mathematical formulations obtained in section 2.
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3.1 Test system

The modified version of the IEEE 14-bus system, Figure 4, was adopted by [7]; and, therefore, used for the sake of
validation of the results that would be obtained in this study. Both OTS under market power conditions without and with the
presence of UPFC were applied to the test bed to investigate the effects of UPFC in cutting down the social costs associated
with the market power in the WEM. The generators, loads, and transmission lines data of the modified version of the test bed

are presented in Tables 1, 2, and 3, respectively.
h BUS 14

G6

BUS5

BUS 1

BUS 4

BUS 2

BUS 3

G3

Figure 4: IEEE 14-bus System [7]

Table 1 presents the identity, bus number, generation capacity, and marginal cost of generating 1 MWh of electricity for
each EPG bus. In Table 2, the bus identity and load demand by each bus of the test bed are depicted. Table 3 presents the line
identity and reactance of each line of the test bed. It is evident from Tables 1 and 2 that the net load demand from the test bed
is 259 MW, whereas the total generating capacity offered to the deregulated WEM by the gencos is 880 MW. This information
reveals that this WEM allows competition among the gencos in the EPG; some of the gencos would be extra-marginal
producers after the MO does what is needed. Table 1 also reveals that the prices offered by u4, uS, and u7 are highly
exorbitant; as such, some of them would be extra-marginal producers.

Table 1: Generation of data Table 2: Load data
1D Bus Unit Size Cost generation Bus Demand
MW $/MWh MW
Ul 1 30 30 2 217
3 94.2
U2 2 200 20 4 478
U3 3 150 100 5 76
U4 3 100 10000 6 112
uUs 13 100 5000 9 29.5
U6 6 100 150 10 9.0
U7 3 100 150 1 3.5
12 6.1
U8 14 100 100 13 13.5
total 880 14 14.9
259.0
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In line with [7], the modified test system is divided into three areas based on generator units. Generators ul, u2, and u3
belong to Area 1, Generators u4, u5, and u6 belong to Area 2, while Generators u7 and u8 belong to Area 3. This study
chooses a strategic generator from an area; therefore, u3, u6, and u7 are strategic generators from Areas 1, 2, and 3,
respectively.

Table 3: Line data

ID L1 L2 L3 L4 L5 L6 L7 L8 L9 L10
From Bus-To Bus 1-2 1-5 2-3 2-4 2-5 3-4 4-5 4-7 4-9 5-6
Reatance(ohms) 0.05917 0.22304 0.19797 0.17632 0.17388 0.17103  0.04211  0.209012 0.55618  0.25202

ID L11 L12 L13 L14 L15 L16 L17 L18 L19 L20
From Bus-To Bus 6-11 6-12 6-13 7-8 7-9 9-10 9-14 10-11 12-13 13-14
Reatance(ohms) 0.19890 0.25581 0.13027 0.17615 0.11001  0.08450  0.27038  0.19207  0.19988  0.34802

3.2 Modeling and simulations

An FVSI MATLAB script was developed and run in the MATLAB environment to get the FVSI of all the lines of the
modified version of the test bed, and the results obtained were used to select the line to be compensated. The FVSI results were
also employed to predict lines likely to be optimally switched in the General Algebraic Modeling System (GAMS) studio
version 43.4.1 so as not to inject UPFC into them. The incidence matrix of the modified EPG was created in the MATLAB
environment, converted into Comma-Separated Values (CSV) files, and then imported to the GAMS studio.

The DCOPF model was employed to get the optimal operating schedules of gencos, considering the transmission line
restraints. The objective function is defined as Gencos's total operating costs. The model type for finding the social cost of the
scheduling gencos under perfect competition was Linear Program (LP). At the same time, we employed a stage Mixed Integer
Linear Program (MILP) for getting the social cost of the scheduling gencos under WNE, OTS, and (or) injection of the UPFC
in an optimal location of the modified test bed. The optimization problems under WNE were obtained with the help of the
NEOS server in the GAMS studio.

3.3 Simulation results and discussion

3.3.1 Social cost of scheduling gencos under perfect competition

The EPG was not under WNE, OTS was not used, and UPFC was not injected under conventional perfect competition.
Table 4 presents the simulated results of the optimal power dispatched (OPD) and social cost (SC) for all the scheduling
gencos under normal competition in the deregulated WEM in the GAMS studio.

Table 4: OPD and Social Cost of the scheduling gencos under perfect competition

ID Bus OPD Maeginal Social cost
MW cost $/MWh $

Ul 1 19.932 30 579.96

U2 2 51.430 20 1,028.60

U3 3 113.666 100 11,366.60

U4 3 0.000 10000 0.00

uUs 13 0.000 5000 0.00

U6 6 29.745 100 2,974.50

u7 3 0.000 150 0.00

U8 14 44227 100 4,422.70

total 259.000 20,390.36

It is evident from Table 4 that the sum of the OPD and SC of all scheduling units are 259 MW and $20,390.36,
respectively. The SC result obtained is almost the same as the SC result ($20,689.00) obtained in [7]. Therefore, the results
obtained in this study reveal that the total OPD equals the total load demand in the EPG, and the total SC equals the optimal
solution (objective function) found in the GAMS studio.

3.3.2 The SC of the scheduling gencos under imperfect competition

Under frail competition, some strategic gencos purposely hold back some percentage of their capacity in the WEM. This
premise and this study assumed that u3 held back 26.15% of its available capacity.

It is evident from Table 5 that the sum of the OPD and SC of all scheduling units are 259 MW and $62,752.54,
respectively. The SC result obtained is almost the same as the SC result ($60,811.00) obtained in [7]. The results obtained in
this work reveal that the total OPD equals the total load demand in the EPG, and the total SC equals the optimal solution
(objective function) found in the GAMS studio under imperfect competition. The result reveals that when a strategic genco
purposely holds back 26.15% of its actual capacity, there is a forceful growth in social cost from $20,390.36 to $62,752.54,
representing a 207.76% increment.
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Table 5: OPD and Social Cost of the scheduling gencos under imperfect competition

ID Bus OPD Maeginal Social cost
MW cost $/MWh $
Ul 1 30.000 30 900.00
U2 2 75.252 20 1,505.04
U3 3 5.975 100 579.50
U4 3 0.000 10000 0.00
us 13 8.571 5000 42,855.00
ue6 6 37.122 100 3,712.20
u7 3 59.496 150 8,924.40
U8 14 42.584 100 4,258.40
total 259.000 62,752.54

3.3.3 Social cost when EPG was under WNE using OTS in the absence of UPFC
Table 6 presents the OPD and SC simulated results obtained in the GAMS studio for each scheduling gencos in the WEM

under WNE using OTS without UPFC. It is evident from Table 6 that the sum of the OPD and SC of all scheduling units are
259 MW and $17,764.01, respectively. The SC result obtained is the same as the SC result obtained in [7]. The results reveal
that the total OPD equals the total load demand in the EPG; and the total SC equals the optimal solution (objective function)
found in the GAMS studio. The result reveals a forceful reduction in the SC from $20,390.36 to $17,764.01, representing a
12.88% reduction.

Table 6: OPD and Social Cost when EPG was under WNE using
OTS in the absence UPFC

ID Bus OPD Maeginal Social cost
MW cost $/MWh $

Ul 1 0.001 30 0.03

U2 2 101.699 20 2,033.98

U3 3 94.200 100 9,420.00

u4 3 0.000 10000 0.00

uUs 13 0.00 5000 0.00

ue6 16.688 100 1,668.80

u7 3 0.00 150 0.00

U8 14 46.512 100 4,641.20

total 259.000 17,764.01

3.3.4 The SC when EPG was under WNE using OTS with UPFC in an optimal location
3.3.4.1 FVSI ranking of lines

To investigate the effects of UPFC in cutting down the market power costs of the intra-marginal gencos in the deregulated
WEM, there is a need to find an optimal location for the injection of the compensator in the EPG. In this study, therefore, FVSI
was used to locate the critical lines in the EPG where the UPFC can be injected. The FVSI results of the lines are presented in
Figure 5.
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Figure S: The plot of FVSI against Lines ID
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The figure reveals that the line with the highest value of the FVSI is L9, followed by L3, L20, L19, and L10. In this study,
some of the aforementioned lines are assumed to be potential candidates that can be the optimally switched lines in the GAMS
studio; therefore, they should not be considered for the injection of the UPFC. The possible nominee for the injection of the
compensator is either L15 or L17, and the chosen line for the optimal placement of the UPFC is L17, because its reactance is
greater than that of L15.

3.3.4.2 Parameter Sizing

To get the parameter sizing, the compensator connected in series with the L17 is assumed to be injecting series capacitive
reactance X into the line. The line reactance of the L17 is 0.27038 pu; therefore, upon using the values of k that range from
0.25 through 0.65 at the step of 0.10 and Equation (9), we obtained various values of the X, that were injected into the line
L17 sequentially.

Table 7: OPD and SC of the schenduing gencos under WNE,OTS,
and UPFC when K=0.25

ID Bus OPD Maeginal Social cost
MW cost MWh  §

Ul 1 0.001 30 0.03

U2 2 101.699 20 2,033.98

U3 3 94.200 100 9,420.00

U4 3 0.000 10000 0.00

us 13 0.000 5000 0.00

U6 6 24.510 100 2,451.00

u7 3 0.000 150 0.00

Us 14 38.590 100 3,859.00

total 259.000 17,764.01

Table 8: OPD and SC of the schenduing gencos under WNE,
OTS, and UPFC when K=0.35

ID Bus OPD Maeginal Social cost
MW cost ’MWh  §

Ul 1 0.001 30 0.03

U2 2 101.699 20 2,033.98

U3 3 94.200 100 9,420.00

U4 3 0.000 10000 0.00

Us 13 0.000 5000 0.00

U6 6 23.307 100 2,330.70

u7 3 0.000 150 0.00

U8 14 39.793 100 3,979.30

total 259.000 17,764.01

Table 9: OPD and SC of the schenduing gencos under WNE,
OTS, and UPFC when K=0.45

ID Bus OPD Maeginal Social cost
MW cost ’MWh  §

Ul 1 0.001 30 0.03

U2 2 101.699 20 2,033.98

U3 3 94.200 100 9,420.00

U4 3 0.000 10000 0.00

U5 13 0.000 5000 0.00

18[¢) 6 22.103 100 2,210.30

u7 3 0.000 150 0.00

U8 14 40.997 100 4,099.70

total 259.000 17,764.01
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Table 10: OPD and SC of the schenduing gencos under WNE,
OTS, and UPFC when K=0.55

ID Bus OPD Maeginal Social cost
MW cost$MWh  §
Ul 1 0.001 30 0.03
U2 2 101.699 20 2,033.98
U3 3 94.200 100 9,420.00
U4 3 0.000 10000 0.00
U5 13 0.000 5000 0.00
U6 6 20.900 100 2,090.00
u7 3 0.000 150 0.00
Us 14 42.200 100 4,220.00
total 259.000 17,764.01
Table 11: OPD and SC of the schenduing gencos under WNE,OTS,
and UPFC when K=0.65
ID Bus OPD Maeginal Social cost
MW cost MWh  §
Ul 1 0.001 30 0.03
U2 2 101.699 20 2,033.98
U3 3 94.200 100 9,420.00
U4 3 0.000 10000 0.00
us 13 0.000 5000 0.00
U6 6 19.696 100 1.969.60
U7 3 0.000 150 0.00
U8 14 43.404 100 4,340.40
total 259.000 17,764.01

Presented in Tables 7 through 11 are the OPD and SC simulated results obtained in the GAMS studio for each of the
scheduling gencos in the WEM when the EPG was under WNE, OTS, and, with the injection of the UPFC in line L17 of the
EPG; when k varied from 0.25 to 0.65 in steps 0.10 respectively.

It is evident from Tables 7 through 11 that the sum of the OPD and SC of all scheduling units at different degrees of k are
259 MW and $17,764.01, respectively. The results reveal that the total OPD equals the total load demand in the EPG; and the
total SC equals the optimal solution (objective function) found in the GAMS studio. The results reveal that the social cost
would not be increased when strategic gencos hold back a certain percentage of their actual capacity, and OTS is used in the
presence of UPFC in an optimal location with the grid under WNE.

4. Discussion

Figure 6 summarizes the analysis of the total social cost for all the scheduling gencos in the WEM under different
situations. In the figure, states 1, 2, 3, and 4 depict the WEM under perfect competition, imperfect competition, WNE using
OTS without UPFC, and WNE using OTS with UPFC, respectively.
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Figure 6: The total social cost for all the scheduling gencos in the WEM under
different situations
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The social costs for all scheduling gencos under perfect competition and imperfect competition in the WEM without OTS
are $20,390.36 and $62,752.53, respectively. The results reveal that when some strategic gencos purposely hold back some
percentage of their available capacity in an imperfect WEM without necessary arrangement on the ground, there will be a
forceful growth in the social cost. When the market is under WNE and OTS was used for mitigation of market power, the
social cost for all scheduling gencos was $17,764.01, which reveals that there is a forceful reduction in social cost from
$20,390.36 to $17,764.01. The social cost shown in the figure still gives $17,764.01 with the injection of the UPFC in an
optimal location of the EPG when using OTS under WNE.

Table 12 summarizes the OPD of each scheduling gencos in MW under different situations in the WEM. Though the social
cost for scheduling gencos under WNE and OTS without and with UPFC is the same, the optimal generation dispatch of the
units does not remain the same, as shown in Table 12. It can be seen that the optimal generation dispatch without and with the
UPFC differs for u6 (a strategic generator) and u8 (a non-strategic generator) while meeting the total load demand of 259 MW
on the network at all times. The table shows that the generation dispatch of u6 under OTS and WNE without UPFC is 16.688
MW; under the same condition, but with UPFC in the network, the generation dispatch of the unit increased from 19.696 MW
at a compensation factor of 0.25 to 24.511 MW at a compensation factor of 0.65. The generation dispatch of u8, a non-strategic
generator, under OTS and WNE but without UPFC is 46.412 MW, but with UPFC, it reduced from 43.404 MW to 38.589 MW
over the same range of the compensation factor. For the other two strategic units, u3 maintained the same generation dispatch
0f 94.2 MW without and with the UPFC, while u7 dispatched no power with and without UPFC in the network. The generation
dispatch of all other generating units remained the same with and without UPFC compensation.

Table 12: The summary of the OPD of each schenduling gencos in the WEM under different situations

Unit Maeginal OPD under OPD under frail OPD under = OPD under WNE,OTS&UPFC instented in an optinal
cost traditional competition WNE&OTS _location of the EPG (MWh)
$/MWh  competition (MW) (MW) only (MW)  K=0.25 K=0.35 K=0.45 K=0.55 0.65
Ul 30 19.932 30.000 0.001 0.001 0.001 0.001 0.001 0.001
U2 20 51.430 75.252 101.699 101.699 101.699 101.699 101.699 101.699
U3 100 113.666 5.975 94.200 94.200 94.200 94.200 94.200 94.200
U4 10000 0.000 0.000 0.00 0.000 0.000 0.000 0.000 0.000
us 5000 0.000 8.571 0.00 0.000 0.000 0.000 0.000 0.000
U6 100 29.745 37.122 16.688 19.696 20.900 22103 23.307 24.511
u7 150 0.000 59.496 0.00 0.000 0.000 0.000 0.000 0.000
U8 100 44.237 42.584 46.412 43.404 42.200 40.997 39.793 38.589
Total 259.000 259.000 259.000 259.000  259.000  259.000  259.000  259.000

For power balancing, as strategic unit u6 increases its generations dispatch, non-strategic unit u8 decreases its generations
dispatch. The results also show that no strategic generator dispatched less in the presence of UPFC than in the absence of
UPFC. It can be deduced that the presence of UPFC on the network when using OTS to mitigate the market power of gencos
will cause strategic generators to dispatch more than they would in the absence of UPFC, and those that do not increase their
dispatch will maintain the amount of their generation dispatch as at without UPFC. Table 13 displays the amount of capacity
offered to the WEM by each unit without and with UPFC at different compensation levels from k = 0.25 to k = 0.65. It can be
seen that all non-strategic units offered their total capacity, and u3 (strategic) offered 94.20 MW under Optimal Transmission
Switching with and without the presence of UPFC.

Table 13: The summary of the amount of capacity offered to the WEM by all participating gencos in the WEM under different situations

Unit Maeginal MW offerd under MW offerd MW under Offerd MW under WNE,OTS & UPFC instented in an

cost traditional under frail WNE&OTS  optinal location of the EPG (MWh)

$/MWh competition competition only K=0.25 K=0.35 K=0.45 K=0.55 0.65
Ul 30 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000
U2 20 200.000 200.000 200.000 200.000  200.000  200.000  200.000  200.000
U3 100 150.000 7.000 94.200 94.200 94.200 94.200 94.200 94.200
U4 10000 100.000 100.000 100.00 100.000 100.000 100.000 100.000 100.000
us 5000 100.000 100.000 100.00 100.000 100.000 100.000 100.000 100.000
18[) 100 100.000 100.000 52.894 41.891 54.352 56.250 50.993 47.014
u7 150 100.000 100.000 56.250 6.250 6.250 6.250 6.250 50.477
U8 100 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Total 880.000 737.000 733.344 672.341 684.802 686.700 681.443 721.691

The table shows that the total capacity offered to the WEM without UPFC ranges from 733.344 MW to 880.000 MW. In
contrast, the total capacity offered to the WEM in the presence of UPFC ranges from 672.341 MW to 721.691 MW at the
different compensation factor values. This reveals that energy would be efficiently utilized when UPFC is injected in an
optimal location under optimal transmission switching.

5. Conclusion

In this study, the Fast Voltage Stability Index was adopted to identify the most critical line in the modified IEEE 14-bus
system for the placement of the UPFC. The compensation factor was adopted in determining the sizing/amount of reactive
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capacitance to be injected into the identified line and the bounds/limits of varying the reactance. Optimal Transmission
Switching under the Worst Nash Equilibrium was formulated in GAMS, and an investigation into the effect of the presence of
UPFC when OTS is used in reducing the social cost under market power was carried out. The results of this study showed that
with the presence of UPFC in the network, though the total amount of generation capacity offered to the market by the
generators will be lesser than in the absence of UPFC:

1) There would be a forceful reduction in social costs when the market is under WNE, and OTS is carried out. Though
the social cost for scheduling gencos under WNE and OTS without and with the UPFC is the same, the optimal
generation dispatch of the units remains unchanged.

2) A strategic generator will likely dispatch more in the presence of UPFC than in the absence of UPFC in the network.

3) A strategic generator that did not dispatch more in the presence of UPFC will not dispatch less than it did in the
absence of UPFC. If there is no increase in generation dispatch with the UPFC, the strategic generator will dispatch
the same amount as it did without UPFC.

4) For generation not to exceed load demand, a non-strategic generator may dispatch less in the presence of UPFC than
in the absence of UPFC.
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