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Abstract   

This paper presents a simple and reliable optimization approach to optimally 

allocate the Thyristor Controlled Series Compensator (TCSC) and Unified Power 

Flow Controller (UPFC) with wind generator under deregulated power system. The 

proposed approach is based on step by step variation in control parameters of TCSC 

and UPFC devices. Results have been determined for all possible locations, 

compensation level and reactance of TCSC & UPFC, reactive power injection or 

absorption, maximization of social welfare, maximization of profit with 

minimization of objective function. The double auction bidding model has been 

incorporated in this paper. The impacts on the locational marginal pricing and system 

voltage have been also investigated in this work. The effectiveness of the proposed 

approach for optimal placement of TCSC and UPFC has been tested and analyzed on 

modified IEEE 14-bus and modified IEEE 118-bus systems. 

 

Keywords: Deregulated power system, Double auction bidding, Social welfare, 

Pool market, TCSC, UPFC. 

 
Introduction 

In recent years, due to the mounting demand for energy and increasing population of 

the world switching from non- renewable energy sources to renewable energy sources is 

not an option, it is a necessity. People choose to use wind energy for environmental, 

financial, independence, reliability and social reasons. Our energy choices have a huge 

impact on our environment. More than 50% of the electricity used in India is generated 

by burning of coal in thermal power stations. This coal is resourced by strip min- ing, 

shaft mining, pit mining and mountain top removal. All of these methods of extraction 

and the burning of coal have a deleterious effect on the water, ground and air, not to 

mention the health of workers and nearby residents. Natural gas and nuclear energy are 

other major sources of producing electricity nationally  but  the extraction of energy is 

risky as well as it causes severe damages to  the environment. Now a day, high 
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efficiency, maximum reliability and security in design and operation of power systems 

are more important. The difficulties in constructing new  transmission  lines  due  to  

limits in the rights for their paths, make it necessary to utilize the maximum  capacity  of  

transmission  lines.  Therefore, it would be difficult to provide the voltage stability even 

in normal condition. FACTS devices can be considered as viable and feasible options 

for satisfying the voltage security constraints in modern power systems due to their 

response in the urgent circumstances is fast, performance is flexible and they also 

applicable in dynamic situations. The effectiveness of the FACTS controllers mainly 

depends on their location. Many researches have been carried out in the past to introduce 

the FACTS devices in the power system network. Wind based plants are also considered 

in the past for study. References [1,2] have been shown that in European as well as a 

global perspective among the non-conventional energy sources, wind power is 

undergoing rapid development. The authors focus on the cost structures of a wind power 

plant with incorporating the lifetime of the turbine, operation and maintenance costs. It 

also analyses how the costs of wind power have developed in previous years and how 

they are expected to develop in the near future. Chang et al. [3] analyze the impacts on 

the economic operation of a power system, bus voltage and transmission losses on the 

system after installation of large numbers of WTG instead of a single WTG in the 

system. In [4], it is investigated that how independent wind power producers optimally 

offer their variable power into a competitive electricity market for energy. As wind is an 

inherently variable source of energy, the authors explore the sensitivity of optimal 

expected profit to uncertainty in the underlying wind process. Vazquez and Kirschen [5] 

present a methodology for quantifying fully the effect of wind power generation on the 

various components of the operating costs in the system. Paper [6] deals with 

optimal placement of the energy storage units within a deregulated power system to 

minimize its hourly social cost. Based on an electricity market model, the authors 

minimize the hourly social cost using POPF then use GA to maximize wind power 

utilization over a scheduling period. Shaheen et al. [7] present an approach that is 

based on the DE to optimize the placement & parameter setting of UPFC for 

amplifying power system security under single line contingencies. Authors have been 

done the work with small networks only like IEEE 14-bus and an IEEE 30-bus 

systems. References [8,9] represent the application of IA, HIA, IGA & IPSO to find 

out the optimal location of UPFC. The objective function including total active & 
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reactive production cost function of generators and installation cost of UPFC are 

considered and it has been minimized. Mondal et al. [10] present an approach to 

select the optimal location and parameters setting of SVC and TCSC using PSO to 

mitigate small signal oscillations in a multi-machine power system. 

Reference [11] proposes an approach for secured optimal power flow under normal 

condition and network contingencies with the help of optimal placement of TCSC. In 

this approach, two consecutive steps have been used by the authors. First, the optimal 

location of the TCSC in the network must be ascertained by min cut algorithm and then, 

the OPF with TCSC under normal and contingencies operating condition is solved. In 

[12,13], authors have proposed DE, GA and CI techniques to optimal placement and 

parameter setting of TCSC for minimizing the active power losses and enhancing power 

system security under single line contingency in the   power network. The authors have 

used 3-bus, 5-bus, IEEE 6–bus and IEEE-14 bus power system to validate their results. 

References [14,15] propose an investment cost recovery based optimization approach to 

the optimal allocation of TCSC in deregulated power market with the objective to 

maximize the social welfare and minimize the device investment cost by suitable 

location and rating of single TCSC in a power system. The authors have used 5-bus 

system, modified IEEE 14-bus system and 246-bus NRPG systems to validate their 

results. Reference [16] discusses various aspects of UPFC control modes, settings and 

evaluates their impacts on the power system reliability. A power injection model is used 

to represent UPFC and a comprehensive method is proposed to select the opti- mal 

UPFC control mode and settings. Paper [17] develops a model of FACTS shunt-series 

controllers for multi objective optimization and also presents an optimization 

methodology to find the optimal location of shunt-series FACTS controllers. The 

approach is implemented for the formulation of MMP which includes the FACTS 

shunt-series controllers (PST), HFC and UPFC. Simulation results are presented for the 

IEEE 14-bus system. Reference [18] presents an approach to optimal allocation of 

UPFC in a pool and bilateral market. The main objectives of the paper are to formulate 

an optimization technique to maximizing SW by suitable placement, suitable number 

and rating of the UPFC in a power system working under a deregulated environment. 

The effectiveness of the proposed technique has been tested on the 39-bus New England 

system with addition of four bilateral   transactions After the careful and comprehensive 

literature review it has been  found  that  the  following  points  still  need  to  be 
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answered: 

a. What are the effects of wind generation system on power system economics? 

b. How does wind generator location affects the total costs of a power system? 

c. What are the effects of wind generator in deregulated environment? 

d. Is it possible to get the profit after placement of wind power generator in a 

deregulated power system? 

e. How TCSC and UPFC can implement in a power system along with wind power 

generator in a deregulated environment? 

f. What is the possibility of LMP improvement after the placement of FACTS and 

wind together in competitive power   market? 

Although, many researchers have discussed different tech- niques and related issues 

for placement of either WPG or FACTS (UPFC and TCSC) separately but in best of 

author’s knowledge no one has addressed all these points together. In this work, we 

have considered the above points together and find out the answer of these questions 

which has not been reported    earlier. In this paper, an optimization approach has been 

proposed to optimally allocate the TCSC and UPFC in wind integrated deregulated 

power system. The proposed approach is based on step by step variation in control 

parameters of the TCSC and UPFC device. Results have been determined for all 

possible locations, compensation level, reactance of TCSC and UPFC, reactive power 

injection or absorption, maximization of social welfare, maximization of profit with 

minimization of objective function. The double auction bid- ding model has been used 

in this work. In this type of bidding, GENCOS participating in the pool with their cost 

function & maxi- mum generation which want to deliver to the pool and DISCOS also 

bid their price function & maximum demand which willing to take from the pool to the 

ISO. The TCSC and UPFC firstly connected in every line one by one and then find out 

the optimal performance   of system in terms of maximization of SW & minimization of 

objective function with wind power integration. 

 
Mathematical modeling 

Static model of TCSC & UPFC have been used in this work for improving the 

economic profit by optimal allocation of TCSC & UPFC with wind power generators in 

double auction competitive power market. 

 
Static model of TCSC 

A TCSC comprise of a capacitor in parallel with an inductor that is connected to a 
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couple of opposite-poled thyristors. By adjusting the firing angle of the thyristors, the 

inductor reactance is varied and it can lead to change the effective impedance of TCSC. 

Adding TCSC in series with the line reduces the transfer reactance of that line 

connected between bus ‘i’ and bus ‘j’ thereby increases the maximum power that can be 

transferred on that line in addition    to reduction in effective reactive power losses. The 

TCSC can be operated as the capacitive or inductive compensation respectively by 

directly modifying the reactance of the transmission line. The static model of TCSC is 

considered in the current work (Fig. 1).    For construct this model variable reactance 

is connected in series with transmission line. The reactance of TCSC is a function of 

the reactance of transmission line where TCSC is to be    located: 

                                                     Xline ¼ xij þ xtcsc 
 
                                        where, xTCSC ¼ kTCSC × xline 
 
The range of the compensation level of TCSC is: —0.7 6 kTCSC 6 0.2. The working 

range of reactance of TCSC has been fixed between —0.7 xline and 0.2 xline [19,20]. 

Due to the 100% compensation will raise a problem of series resonance in the system, 

normally up to 70% of line reactance is chosen for compensation [21]. 

 
 Static model of UPFC 

 

The UPFC is the most versatile FACTS devices for regulation of voltage and 

power flow in the transmission line. It has the ability to adjust the control variables – 

magnitude & phase angle of the series injected voltage and reactive current drawn by 

the shunt connected voltage source converter, simultaneously or independently. The 

UPFC can be operated as the capacitive or inductive compensation respectively by 

modifying the series reactance of the transmission line along with shunt reactive  

power injections  or extractions on the connected bus. In this proposed approach static 

model of UPFC is considered. For construct this model variable reactance is connected 

in series to modify the reactance of trans- mission line and a variable shunt reactive 

source is added at the bus connected to the same line. UPFC consists of two  back-to- 

back connected voltage source converters through a DC link. The static model of 

UPFC is shown in Fig. 2. The reactance of UPFC is   a function of the reactance of 

transmission line where UPFC is to   be located. 

where xUPFC ¼ KUPFC × xLINE The  operating  range  of  the  compensation  level  

of  UPFC   is:—0.7 6 KUPFC 6 0.2. Working range of series reactance of UPFC has 
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FACTS 

FACTS 

been fixed between 0.7 xLINE and 0.2 xLINE [19,20]. Due to 100% compensation will 

raise a problem of series resonance in system; normally up to 70% of line reactance is 

chosen for compensation [21]. The shunt converter of UPFC has two operating 

characteristics: inductive or capacitive. For inductive, it absorbs reactive power from 

the system and for capacitive operation the reactive power is injected into the system. In 

the presented model, QUPFC  is injected or extracted reactive power by shunt converter 

at the ‘from or start’ bus of the line where the UPFC is located. In this work,   the   

operating   range   of   QUPFC    (MVAr)   is   taken   as —100 6 QUPFC 6 100. 

 

Investment cost of TCSC & UPFC 

Investment cost of FACTS devices is very important in financial scenario of a 

power system. Due to the high cost of FACTS devices, it is necessary to use cost-

optimize analysis to determine whether a new TCSC or UPFC is cost effective among 

several locations when device installed. The investment cost of TCSC and UPFC are 

given as follows [14,22] and [23]: 

CostTCSC ¼ 0 · 0015 × OP2      — 0 · 713 × OPFACTS þ 153 · 75 $=kVar  

CostUPFC ¼ 0 · 0003 × OP2      — 0 · 2691 × OPFACTS þ 188 · 22   $=k 
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Fig 1.  WPG connected at bus No. 9 (modified IEEE 14 bus system). 
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Table 1 
Optimal value of objective function and profit after placement of WPG &  TCSC. 

 

Sl. 
no. 

WPG 
connect at 
bus no. 

Wind gen. 
value 
(MW) 

Gen. cost 
before TCSC 
($/hr) 

Opt. loc. of  
TCSC at line 
No. 

kTCS
C 

PQF 
(MVAr)

Gen. cost 
after TCSC 
($/hr) (a) 

Instl. cost of 
TCSC ($/hr) 
(b) 

Invst. cost of 
WPG ($/hr) 
(c) 

Obj. func. 
($/hr)           
(a + b + c) 

Profit   
(PBWF-
OF) 

1 9 2.5 540.12 3 0.20 0.7589 535.92 1.0651 9.375 546.365 3.702 

2 9 3.5 536.16 3 0.20 0.7567 532.01 1.0620 13.125 546.197 3.869 

3 9 4.5 532.21 3 0.20 0.7544 528.10 1.0587 16.875 546.040 4.027 

4 11 2.5 540.24 3 0.20 0.7613 536.01 1.0684 9.375 546.455 3.612 

5 11 3.5 536.33 3 0.20 0.7601 532.13 1.0667 13.125 546.327 3.740 

6 12 2.5 540.25 3 0.20 0.7628 536.00 1.0706 9.375 546.447 3.619 

7 12 3.5 536.35 3 0.20 0.7623 532.12 1.0698 13.125 546.322 3.745 

8 12 4.5 532.47 3 0.20 0.7617 528.26 1.0690 16.875 546.211 3.856 

9 13 2.5 540.21 3 0.20 0.7624 535.97 1.0700 9.375 546.415 3.651 

10 13 3.5 536.30 3 0.20 0.7617 532.07 1.0690 13.125 546.271 3.795 

11 13 4.5 532.39 3 0.20 0.7610 528.19 1.0679 16.875 546.138 3.928 

Bold values represent the total profit achieved. 
 

Algorithm for TCSC placement 

In this algorithm, a TCSC is placed in every line of the system respectively and 

find out the objective function for every case. Finally TCSC is placed at the lines, for 

which objective function is minimum. The flow chart of the presented approach has  been 

given in Fig. 1 where ‘NTCSC’ is the number of TCSC, ‘WGC’ is wind generation 

cost, ‘DkTCSC’ is increment in ‘kTCSC’, and ‘I’ is a variable which increases by 1 for 

every ‘DkTCSC’ increase in TCSC compensation level. 

 

Algorithm for UPFC placement 

In this algorithm, a UPFC is placed in every lines of the system respectively and 

find out the objective function for every case. Finally UPFC is placed at the lines, for 

which objective function is minimum. 
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Fig no.3 Objective function value (modified IEEE-14 bus   system). 
Application of proposed approach 

To investigate the effectiveness of the proposed approach, presented work has been done in 

modified IEEE 14-bus & modified IEEE 118-bus test system. MATPOWER has been used in 

this paper to solve the optimal power flow problem. 

TCSC & WPG installation in modified IEEE 14 bus  system 

This system with 5 generators, 14 buses, 20 transmission lines and 10 loads has been used to 

test the effectiveness of the pro- posed approach. The test system data can be found in 

[25,26]. Sys- tem data and results are based on 100 MVA and bus 1 is the reference bus. For 

verify the proposed approach and illustrate the impacts of WPG & TCSC, three cases for test 

systems were investigated: 
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                   Case 1. System Performance without WPG and TCSC 

                   Case 2. System Performance with WPG but without TCSC.   

                   Case 3. System Performance with WPG and optimal location of TCSC. 

Case 1. In this case optimal power flow has been done without placement of WPG and TCSC 

in the modified IEEE 14-bus sys- tem and corresponding total generation cost (PBWF) has 

been found as 550.0674 $/hr. 

Case 2. Three capacities of wind power generator   (2.5 MW, 3.5 MW & 4.5 MW) are 

connected at bus No. 9, 11, 12 and 13 simultaneously. Single line diagram of this system with 

located WPG at bus No. 9 is shown in the Fig. 2. We select the bus num- ber randomly in 

which WPG is connected. The optimal objec- tive function value before and after installation 

of WPG and TCSC can be seen in the Table 1. All the values have been taken in $/hr.  From  

the  reference  [1,2]  it  has  been  found  that  the investment cost of wind power generator 

(for 1 MW capacity) is 3.75 $/hr (approx.).  

Case 3. In this case TCSC has been also considered for optimal placement in the system. 

From Table 1 it can be seen that after installation of TCSC, total generation cost 

(including investment cost of WPG & TCSC) has been reduced and total generation cost 

is reduced more in every cases when high capacity of wind power generator (here 4.5 

MW) is connected in a bus. So, more profit has been obtained after installation of the 

high capacity of WPG in spite of investment cost is high (shown in Table 1). 

Table 2 
Optimal value of objective function and profit after placement of WPG &  UPFC. 

 

Sl. 
no. 

WPG 
connect 
at bus no. 

Wind 
gen. 
value 
(MW) 

Gen. cost 
before 
UPFC 
($/hr) 

Opt. loc. 
Of UPFC 
at line no. 

Opt. loc. 
Of Qinj 
at bus no.

KUP
FC 

QUP
FC 

PQF 
(MVAr)

Gen. cost 
after TCSC 
($/hr)            
(a)

Instl. cost 
of TCSC 
($/hr)      
(b)

Invst. cost 
of WPG 
($/hr)      
(c) 

Obj. func. 
($/hr)       
(a + b + c)

Profit   
(PBWF-
OF)   
($/hr)

1 9 2.5 540.12 6 3 —
0.40 

2.0
0 

1.1564 535.22 1.990 9.375 546.586 3.481 

2 9 3.5 536.16 6 3 —
0.40

2.0
0

1.1630 531.32 2.001 13.125 546.452 3.615 

3 9 4.5 532.21 6 3 —
0.40

2.0
0

1.0912 527.44 1.878 16.875 546.193 3.874 

4 11 2.5 540.24 6 3 —
0.40

2.0
0

1.1548 535.29 1.987 9.375 546.655 3.412 

5 11 3.5 536.33 6 3 —
0.40

2.0
0

1.1608 531.42 1.998 13.125 546.551 3.516 

6 12 2.5 540.25 6 3 —
0.40

2.0
0

1.1535 535.27 1.985 9.375 546.634 3.433 

7 12 3.5 536.35 6 3 —
0.40

2.0
0

1.1590 531.40 1.994 13.125 546.527 3.54 

8 12 4.5 532.47 6 3 —
0.40

2.0
0

1.1645 527.55 2.004 16.875 546.435 3.632 

9 13 2.5 540.21 6 3 —
0.40

2.0
0

1.1537 535.24 1.985 9.375 546.605 3.462 

10 13 3.5 536.30 6 3 —
0.40

2.0
0

1.1593 531.36 1.995 13.125 546.481 3.586 

11 13 4.5 532.39 6 3 —
0.40 

2.0
0 

1.1648 527.48 2.005 16.875 546.368 3.699 

Bold values represent the total profit achieved. 
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Fig no.4. LMP improvement after placement of WPG &  UPFC. 

 

 

                                                                            
Fig no.5. LMP improvement after placement buses &  UPFC. 

 

TCSC & WPG in modified IEEE 118 bus system 

This system consists of 54 generators, 118 buses, 186 transmission lines and 99 loads 

have been used to test the effectiveness of the presented approach. The bus data, line 

data, generator data and cost co-efficient has been taken from [26]. System data and 

results are based on a 100 MVA and bus 69 is the reference bus. Like modified IEEE-

14 bus case, in order to verify the presented approach and illustrate the impacts of 

TCSC in the hybrid system, three cases for test systems were investigated: (1) System 

Performance with- out WPG and TCSC, (2) System Performance with WPG but without 

TCSC & (3) System Performance with WPG and Optimal location of TCSC. At first 

OPF has been done without WPG and TCSC, and get corresponding total generation 

cost (PBWF) as 16537.3954 $/hr. WPG of 2.5 MW, 3.5 MW, 4.5 MW capacities has 
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been connected   at bus No. 20, 33, 50, 53, 86, 115 simultaneously like previous case 

study. The optimal function value before & after installation of WPG & TCSC has been 

seen in the Table 2. Like previous case study it has been shown from Table 2 that when 

high capacity of wind power generator (here 4.5 MW) are connected in a bus then the  

total cost is decreased more in every case. So it has been decided from this two case 

studies that more profit has been obtained after installation of the high capacity of 

WPG. When we has been calculated the LMP for modified IEEE-118 bus, we seen that 

LMP improvement of system is very less, because only one TCSC is used which do not 

affected in large network. If large numbers of TCSC are used then LMP may be 

improved in whole   network. 

 

Conclusion 
This paper proposed an optimization technique for determining the optimal location 

and parameter setting of TCSC & UPFC in deregulated power market while considering 

wind power generators in the system. Proposed approach has been applied to the 

modified IEEE-14 bus & modified IEEE-118 bus test systems. The test results proving 

the effectiveness of the proposed approach In this work, social welfare (SW) 

maximization, profit maximization & objective function minimization have been 

achieved with the cost model of TCSC & UPFC and wind power generator. It is 

observed that: 

(a) TCSC & UPFC has been used for overcoming the problem after installing wind 

generator in the   system. 

(b) SW improves with installation of TCSC & UPFC in pool model. 

(c) Locational marginal pricing of the system has been considerably reduced by 

placing TCSC or UPFC with WPG. 

(d) Voltage has been also improved in UPFC operation with WPG. 

This proposed approach is a generalized approach which can be applied to any small 

and large integrated as well as deregulated power system. 
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