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This paper presents the share of wind power in the 

generation portfolio of power systems has significantly grown. 

However, the inherent variability of wind power and also the 

technical constraints due to long-distance power transmission 

may limit the integration of wind power production into the 

system. On the other hand, flexible AC transmission systems 

(FACTS) devices can significantly improve the operational 

flexibility and help integrating increasing amounts of wind 

power. In a power system with  

 

 

 

 

significant penetration of wind power, e.g., the system of 

Denmark with 3951 MW of wind capacity(29.1% of the 

installed capacity) and the system of Spain with 22 213 MW 

of wind capacity (21.7% of the installed capacity),  

 

transmission flexibility is very important. The fast operation of 

FACTS devices makes them appropriate tools to cope with the 

deviations of wind power production by altering the reactance 

of transmission lines and/or nodal voltages. To this end, the 

optimal setting of such devices needs to be determined per 

wind scenario, which results in reduced wind power spillage. 

Wind power spillage refers to the amount of the wind power 

production which is not used due to technical reasons, e.g., 

insufficient transmission capacity.  

This paper proposes an optimal power flow (OPF) 

model with FACTS devices based on a two-stage stochastic 

programming problem to optimally determine the setting of 

such devices. The main objective is to minimize wind power 

spillage, while the second priority is to minimize active power 

losses in the network. 

B. Decision Framework 

 The framework considered consists of two 

consecutive stages as depicted in Fig. 1: market and operation.  

I. Market: By noon of day the “day-ahead market” for day is 

cleared and preliminary values for active power productions 

and consumptions are determined. Then, about 1 hour prior to 

power delivery, the “balancing market” (also called “real-time 

market”) is cleared and “final” values for active power 

productions and consumptions are assigned to each generating 

unit and to each demand, respectively. The balancing market 

adjusts the results of the day-ahead market and compensates 

deviations. Note that this framework is consistent with most 

real-world markets.  

 
Fig. 1. Decision framework of the proposed model. 
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Abstract 

This paper proposes an optimal power flow (OPF) 

I. INTRODUCTION 

A. Motivation and Aim 

model with flexible AC transmission system (FACTS) devices 

to minimize wind power spillage. The uncertain wind power 

production is modeled through a set of scenarios. Once the 

balancing market is cleared, and the final values of active 

power productions and consumptions are assigned, the 

proposed model is used by the system operator to determine 

optimal reactive power outputs of generating units, voltage 

magnitude and angles of buses, deployed reserves, and 

optimal setting of FACTS devices. This system operator tool 

is formulated as a two-stage stochastic programming model, 

whose first-stage describes decisions prior to uncertainty 

realization, and whose second-stage represents the operating 

conditions involving wind scenarios. Numerical results from 

a case study based on the IEEE RTS demonstrate the 

usefulness of the proposed tool. 

Index Terms—FACTS devices, optimal power flow (OPF), 

stochastic programming, thyristor controlled series capacitor 

(TCSC), wind power spillage. 
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2) Operation: After clearing the balancing market, the 

proposed OPF model is used by the system operator to 

minimize wind power spillage. It is important to note that the 

OPF proposed does not represent the market stages, i.e., the 

system operator runs such an OPF after closing the last 

market, i.e., the balancing or real-time market. Thus, the time 

frame of this OPF spans from the closing of the balancing 

market to power delivery. In most real-world electricity 

markets, this time period is smaller than one hour. This model 

is cast as a two-stage stochastic programming problem in 

which the first-stage refers to the decisions “prior to 

uncertainty realization”, while the second-stage represents the 

“operating conditions involving wind scenarios”. In the first-

stage, the market operator makes “scheduling decisions” 

appropriate for any plausible wind production scenario, while 

in the second-stage, “operating decisions” corresponding to 

each individual scenario are made. The outputs of the 

proposed model are of two types, first stage and second-stage. 

Variables pertaining to the first-stage are: 

a) voltage magnitude at bus prior to uncertainty realization; 

b) voltage angle at bus prior to uncertainty realization; 

c) scheduled reactive power output of generating unit prior to 

uncertainty realization . Additionally, variables corresponding 

to the second-stage include: 

a) voltage magnitude at bus in the operating condition 

involving wind scenario ; 

b) voltage angle at bus in the operating condition involving 

wind scenario ; 

c) Reactance of the thyristor controlled series capacitor 

(TCSC) installed in transmission line in the operating 

condition involving wind scenario; 

d) deployed reserve of active power by generating unit in the 

operating condition involving wind scenario ; 

e) deployed reserve of reactive power by generating unit in the 

operating condition involving wind scenario ; 

f) wind power spillage of wind farm in the operating condition 

involving wind scenario ; 

g) involuntarily active load shedding of load in the operating 

condition involving wind scenario . 

Regarding the scheduling decisions made in the first-stage of 

the proposed model, note that the first-stage variables 

constitute here-and-now decisions, i.e., scenario-independent 

decisions that are made before the realization of any scenario, 

but they are adapted to all the scenarios. On the other hand, 

the second-stage variables constitute wait-and-see decisions, 

i.e., decisions which are related to the operating conditions 

involving each wind power production scenario. Note that if 

the wind power production realizes in a scenario different that 

any of the considered ones, the closest scenario to the wind 

power realization is selected. Alternatively, an additional OPF 

can be run with the most likely wind production scenario to 

derive appropriate adjustments to the settings. 

 

 

C. Literature Review and Contributions 

Power systems with significant penetration of wind power 

need to be flexible to cope with uncertainties in wind 

generation. In [7], a network-constrained market clearing 

model for systems with a significant wind penetration is 

provided. In [8], a pricing scheme is proposed for a market 

with wind producers using a two-stage stochastic 

programming problem. Reference [9] provides a technique to 

manage energy storage systems to maximize wind power 

utilization over a scheduling period. In [10], a comprehensive 

study is carried out for the Croatian power system to analyze 

the potential of hydro-power plants to work as storage if 

significant wind production is integrated. FACTS devices are 

effective tools to improve power system flexibility. In [11], an 

OPF model is proposed to increase the available transfer 

capacity of the power network using diverse FACTS devices. 

Reference [12] uses a heuristic technique to determine optimal 

location and setting of various types of FACTS devices to 

improve the system load ability. In [1 3], an OPF based 

security-constrained re-dispatching model is proposed to 

resolve system congestion and security issues using FACTS 

devices. In the technical literature, few works are available in 

which the maximization of wind power integration is sought 

using FACTS devices. Some of those studies pertain to the 

optimal placement of FACTS devices in a power system with 

high penetration of the wind power. In this vein, [14] 

introduces a long term techno-economic method for allocating 

FACTS devices to facilitate wind power integration. In 

addition, [15] presents a methodology for optimal placement 

of FACTS devices to maximize wind power integration by 

increasing the transfer capability of a weak transmission 

system. Some other studies analyze diverse impacts of FACTS 

devices on the grid functionality in the presence of significant 

renewable energy resources. For example, [16] analyzes how 

the large-scale integration of the wind power affects the 

security indices of a power system with FACTS devices. In 

addition, [17] evaluates the capability of FACTS devices to 

prevent voltage collapse and under-voltage tripping while 

integrating wind power in a weak network. In the same vein, 

[18] proposes some design features of FACTS devices to 

maintain or even to improve the grid functionality of a power 

system with significant integration of renewable energy 

resources. The works available in the technical literature 

focusing on the optimal setting of FACTS devices in a power 

system with significant wind power integration are limited. 

Reference [19] proposes a methodology to determine the 

optimal setting of FACTS devices to fully utilize the existing 

transmission capacity in the presence of intermittent and/or 

variable energy resources, e.g., wind farms. The proposed 

approach consists of a two-stage control scheme that 

determines the optimal setting of FACTS de vices using a 

database obtained by a collection of offline simulations. 

Compared to [19], the method proposed in this paper does not 

require offline database covering all the potential variations of 
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the loads and/or the generations. On the contrary, this paper 

models the wind power production uncertainty using a set of 

plausible scenarios based on forecasted values within one hour 

of power delivery. Thus, the computational burden is reduced, 

and the results are generally more precise since the forecasted 

values are related to the current operating condition. 

Considering the literature review above, the contributions of 

this paper are threefold:  

1) To propose an OPF model with FACTS devices, 

compatible with the structure of most real-world electricity 

markets, whose objective is minimizing wind power spillage. 

This OPF model is run by the system operator once the final 

values of the active power productions and consumptions are 

assigned after market clearing.  

2) To model the uncertainty of wind power production through 

a set of plausible wind power scenarios and to formulate the 

proposed OPF model using a two-stage stochastic 

programming problem. 

3) To derive the optimal deployment of active and reactive 

power reserves, and to optimally identify the FACTS device 

settings corresponding to each wind scenario, which result in 

minimum wind power spillage. 

D. Paper Organization 

The rest of this paper is organized as follows. Section II 

presents the modeling features and assumptions of the  

proposed OPF model, and its formulation. Section III provides 

results from a realistic case study. Section IV provides a 

number of relevant conclusions.  

follows: 

1) A detailed ac representation of the transmission system is 

embedded within the considered OPF model. 

2) For the sake of simplicity, only wind power production 

uncertainty is taken into account. However, other uncertainties 

such as generators’ availability can be incorporated into the 

model. The uncertainty of wind power production is modeled 

through a set of plausible wind power scenarios 

based on the available forecasted data prior to running the 

proposed OPF. Note that scenario generation techniques are 

beyond of the scope of this paper. 

3) The proposed OPF model is run after clearing the last 

market (e.g., the balancing or real-time market). This implies 

that the active power productions of all generating units have 

been dispatched, and are fixed at the time of running the 

proposed OPF model. In fact, the values of active power 

productions and consumptions provided by the market 

clearing process are the inputs of the proposed OPF 

model, whose mechanisms for minimizing wind power 

spillage are 

a) optimal setting of the FACT devices, and 

b) optimal deployment of active and reactive power reserves.  

Therefore, since the decisions obtained with the 

proposed OPF model do not change the cleared quantities 

in the market, a financial analysis is not generally required. 

4) Wind power production of each farm corresponding to each 

scenario remains fixed over the time period considered. 

However, note that the proposed model can be run using a 

variety of study horizons (e.g., from one hour to several 

minutes prior to power delivery) and of time steps (e.g., from 

ten minutes to one minute). The longer the study horizon to be 

analyzed, the higher the wind uncertainty and the larger the 

number of wind scenarios to be considered. In other words, if 

the study horizon is one hour, a comparatively larger number 

of wind scenarios needs to considered, which may result in an 

array to different FACTS settings. If, on the other hand, the 

study horizon is just ten minutes, few wind scenarios need to 

be considered, which generally results in a single FACTS 

setting. 

5) The power factors of wind producers are  considered to be 

equal to one. 

6) Among the available FACTS devices, the thyristor 

controlled series capacitor (TCSC) is selected in this paper. 

However, the proposed methodology can be straightforwardly 

extended to consider any other type of FACTS devices. 

7) The injection model of the TCSC [20] and [21] is used in 

this paper since it provides an appropriate representation of 

TCSC functioning and can be easily incorporated into an OPF 

formulation. 

 

 
 

Figure 2. IEEE one-area reliability test system (RTS). 
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TABLE I: NET WORK DATA 

            Bus no           V pu    Angle Degree 

1 1.0600 0.0000 

2 1.0430 5.3543 

3 1.0196 7.5308 

4  1.0104 9.2840 

5  1.0100 14.1738 

6  1.0096 11.0581 

7  1.0020 12.8649 

8 1.0100 11.8193 

9   1.0392 14.0644 

10   1.0215 15.6706 

                           

11 

                         

1.0820 

                      -

14.0644 

                           

12 

                         

1.0496 

                      -

15.1245 

                           

13 

                         

1.0710 

                      -

15.1245 

                           

14 

                         

1.0320 

                      -

16.0018 

                           

15 

                         

1.0251 

                      -

16.0084 

                           

16 

                         

1.0304 

                      -

15.6251 

                           

17 

                         

1.0188 

                      -

15.8687  

                           

18 

                         

1.0114 

                      -

16.6067       

                           

19 

                         

1.0066 

                      -

16.7658 

                           

20 

                         

1.0095 

                      -

16.5502 

                           

21 

                         

1.0082 

                      -

16.2178 

                           

22 

                         

1.0120 

                      -

15.9811 

                           

23 

                         

1.0085 

                      -

16.2294 

                           

24 

                         

0.9991 

                      -

16.3007 

                           

25 

                         

1.0032 

                      -

16.0720 

                           

26 

                         

0.9852 

                      -

16.5038 

                           

27 

                         

1.0145 

                      -

16.6559 

                           

28 

                         

1.0078 

                      -

11.7163 

                           

29 

                         

0.9944 

                      -

16.9077 

                           

30 

                         

0.9828 

                      -

17.8067 
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TABLE:II BUS DATA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.0000 1.0000 1.0600 0        0       0        0        0      0       0 

 2.0000 2.0000 1.0430 0 40.0000 50.0000 21.7000 12.7000 40.0000 50.0000 

 3.0000 3.0000 1.0000 0        0       0  2.4000 1.2000       0       0 

 4.0000 3.0000 1.0000 0        0       0  7.6000 1.6000       0       0 

 5.0000 2.0000 1.0100 0        0 37.0000 94.2000 19.0000 -40.0000 40.0000 

 6.0000 3.0000 1.0000 0        0       0      0      0       0       0 

 7.0000 3.0000 1.0000 0        0       0 22.8000 10.9000       0       0 

 8.0000 2.0000 1.0100 0        0 37.3000 30.0000 30.0000 -10.0000 40.0000 

 9.0000 3.0000 1.0000 0        0      0      0      0       0       0 

10.0000 3.0000 1.0000 0        0      0    5.8000 2.0000       0       0 

11.0000 2.0000 1.0820 0        0 16.2000     0      0 -6.0000 24.0000 

12.0000 3.0000 1.0000 0        0      0 11.2000 7.5000       0        0 

13.0000 2.0000 1.0710 0        0 10.6000      0     0 -6.0000 24.0000 

14.0000 3.0000 1.0000 0        0       0 6.2000 1.6000      0         0 

15.0000 3.0000 1.0000 0        0       0   8.2000 2.5000      0          0 

16.0000 3.0000 1.0000 0        0       0 3.5000 1.8000      0          0 

17.0000 3.0000 1.0000 0        0       0 9.0000 5.8000      0         0 

18.0000 3.0000 1.0000 0        0       0 3.2000 0.9000      0         0 

19.0000 3.0000 1.0000 0        0       0 9.5000 3.4000       0         0 

20.0000 3.0000 1.0000 0        0       0 2.2000 0.7000       0         0 

21.0000 3.0000 1.0000 0        0       0 17.5000 11.2000       0         0 

22.0000 3.0000 1.0000 0        0       0      0     0       0         0 

23.0000 3.0000 1.0000 0        0       0 3.2000 1.6000       0         0 

24.0000 3.0000 1.0000 0        0       0 8.7000 6.7000        0         0 

25.0000 3.0000 1.0000 0        0       0      0     0        0         0 

26.0000 3.0000 1.0000 0        0       0 3.5000 2.3000        0         0 

27.0000 3.0000 1.0000 0        0       0      0      0        0         0 

28.0000 3.0000 1.0000 0        0       0      0      0        0         0 

29.0000 3.0000 1.0000 0        0       0 2.4000 0.9000        0         0 

30.0000 3.0000 1.0000 0        0       0 10.6000 1.9000        0         0 
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TABLE IV: NUMERICAL RESULTS FOR CASES 

CONSIDERED 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. Data 

The network data such as reported in except the ones given in 

Table I. In addition, data for generating units and loads are 

given in Tables II and III, respectively. Two wind farms ( and 

) are considered and located at buses 3 and 14. The power 

production of wind farmes as dispatched in the market ( for , 

and ) are equal to 2.6 p.u. and 2.0 p.u., respectively. Their 

production uncertainty is modeled through the 25 scenarios  

The probabilities of all the scenarios are identical and equal to 

0.04. Moreover, since the power factors of the wind plants are 

considered to be equal to one, two shunt admittances of j2 p.u. 

and j0.25 p.u. are  connected to buses 1 and 14, respectively, 

for improving the voltage profile. The lower and upper limits 

of bus voltage magnitude are 0.9 p.u. and 1.1 p.u., 

respectively, for all buses. Finally, the values for weighting 

factors , and in the objective function (1) are considered 100, 

1000 and 1, respectively. Note that these factors are chosen to 

weight in a different manner each term included in the 

objective function. This way the degree of importance of each 

term is properly represented. This value selection implies that 

the optimization priorities are 1) avoiding load shedding, 2) 

minimizing wind power spillage, and 3) minimizing active 

power losses in the network. 

B. Cases Considered 

In this study three different cases are analyzed: 

Case A) No FACTS device is installed in the system (no series 

compensation). 

Case B) A single fixed series capacitor (FSC) is installed in 

transmission line (14,16), whose reactance is capacitive and 

equal to 80% of the original reactance of the line, i.e., 

0.32 p.u. 

Case C) A single TCSC is installed in transmission line 

(14,16). The limitation of the effective reactance of the TCSC 

is set to 80% capacitive (0.32 p.u.) and 50% inductive, ( 0.20 

p.u.) of the original reactance of the line where the TCSC is 

placed. Note that the reactance of the TCSC is flexible and can 

be optimally set for each plausible wind scenario (Case C). On 

the contrary, Case B is a specific setting of Case C, imposing a 

fixed series compensation instead of an optimal one for each 

scenario. The corresponding numerical results are given in the 

next subsection. 

1.0000 2.0000 0.0192 0.0575 0.0264  1.0000 

1.0000 3.0000 0.0452 0.1652 0.0204 1.0000 

2.0000 4.0000 0.0570 0.1737 0.0184 1.0000 

3.0000 4.0000 0.0132 0.0379 0.0042 1.0000 

2.0000 5.0000 0.0472 0.1983 0.0209 1.0000 

2.0000 6.0000 0.0581 0.1763 0.0187 1.0000 

4.0000 6.0000 0.0119 0.0414 0.0045 1.0000 

5.0000 7.0000 0.0460 0.1160 0.0102 1.0000 

6.0000 7.0000 0.0267 0.0820 0.0085 1.0000 

6.0000 8.0000 0.0120 0.0420 0.0045 1.0000 

6.0000 9.0000 0 0.2080 0 0.9780 

6.0000 10.0000 0 0.5560 0 0.9690 

9.0000 11.0000 0 0.2080 0 1.0000 

9.0000 10.0000 0 0.1100 0 1.0000 

4.0000 12.0000 0 0.2560 0 0.9320 

12.0000 13.0000 0 0.1400 0 1.0000 

12.0000 14.0000 0.1231 0.2559 0 1.0000 

12.0000 15.0000 0.0662 0.1304 0 1.0000 

12.0000 16.0000 0.0945 0.1987 0 1.0000 

14.0000 15.0000 0.2210 0.1997 0 1.0000 

16.0000 17.0000 0.0824 0.1923 0 1.0000 

15.0000 18.0000 0.1073 0.2185 0 1.0000 

18.0000 19.0000 0.0639 0.1292 0 1.0000 

19.0000 20.0000 0.0340 0.0680 0 1.0000 

10.0000 20.0000 0.0936 0.2090 0 1.0000 

10.0000 17.0000 0.0324 0.0845 0 1.0000 

10.0000 21.0000 0.0348 0.0749 0 1.0000 

10.0000 22.0000 0.0727 0.1499 0 1.0000 

21.0000 23.0000 0.0116 0.0236 0 1.0000 

15.0000 23.0000 0.1000 0.2020 0 1.0000 

22.0000 24.0000 0.1150 0.1790 0 1.0000 

23.0000 24.0000 0.1320 0.2700 0 1.0000 

24.0000 25.0000 0.1885 0.3292 0 1.0000 

25.0000 26.0000 0.2544 0.3800 0 1.0000 

25.0000 27.0000 0.1093 0.2087 0 1.0000 

28.0000 27.0000 0 0.3960 0 0.9680 

27.0000 29.0000 0.2198 0.4153 0 1.0000 

27.0000 30.0000 0.3202 0.6027 0 1.0000 

29.0000 30.0000 0.2399 0.4533 0 1.0000 

8.0000 28.0000 0.0636 0.2000 0.0241 1.0000 

6.0000 28.0000 0.0169 0.0599 0.0650 1.0000 

              

STATCOM 

                   

BUS 

                   

Vsh            

pu 

                  

Thst  

               

Degree 

               

Qsh 

                

pu 

                    

26 

                

1.0014 

             -

16.7872 

           -

0.0137 

                    

30 

                

1.0020 

             -

18.0321 

           -

0.0202 
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C. Numerical Results 

The numerical results for the three cases considered are given 

in Table IV. Rows 2, 3, and 4 refer to Cases A, B, and C, 

respectively. In addition, column 2 provides the value of 

objective function (1). Expected value of unserved load as 

expressed by (21), is given in the third column of Table IV. 

The fourth column of Table IV gives the expected value of 

wind power spillage in percentage as defined by (22). Finally, 

the expected value of total active power losses in the network 

is given in the fifth column of Table IV based on (23): 

𝐿 𝑆𝐻 =  𝜌𝑠

𝑑𝑠

𝐿𝑑𝑠
𝑆𝐻  

𝑊 𝑆𝑃 =  𝜌𝑠

𝑘𝑠

𝑊𝑘𝑠
𝑆𝑃

𝑊𝑘𝑠

 

 

𝑃 𝐿 =  
1

2
𝜌𝑠𝑃𝑛𝑚𝑠

𝐿  𝑉,𝜃,𝑋𝑡𝑐𝑠𝑐  

𝑛(𝑚∈Ω𝑛 )𝑠

 

 

According to Table IV, the following observations are in 

order: 

 

 

 
 

Fig. 3. Wind power scenarios. 

 

1) The value of the objective function for Case C is 

comparatively smaller than that of Case B, and the value of 

these two cases are lower than the value for Case A. This 

implies that a series capacitive compensation (Cases B and C) 

is effective with respect to a case without compensation (Case 

A). Additionally, it is observed that a TCSC (Case 

C) leads to a better result than an FSC (Case B) due to its 

higher capability in controlling power flows. 

2) For all cases, no load is curtailed due to the comparatively 

high value of the weighting factor . 

3) In Case A without series compensation, the expected value 

of wind power spillage is 16.4%. However, in Cases B and C 

with series compensation, such value is decreased to 13.2% 

and 11.4%, respectively. This implies that a flexible series 

compensation (TCSC) is more effective than a fixed series 

compensation in reducing wind power spillage. 

4) Fig. 4 depicts the amount of wind power spillage per 

scenario and for each case. Accordingly, the amount of wind 

power spillage of Case C is comparatively lower than that of 

the two other cases in all scenarios. 

5) Based on Fig. 4, the optimal series compensation (Case C) 

always decreases the wind power spillage with respect to the 

case without compensation (Case A). However, there 

is no guarantee to reduce wind power spillage using fixed 

series compensation (Case B). For instance, the amount of 

wind power spillage of Case B is worse than that of Case A in 

scenarios 5, 10 and 15. 

6) According to the fifth column of Table IV, the expected 

value of active power losses in the network is minimum in 

Case C with optimal setting of TCSC. If a TCSC is used to 

reduce wind power spillage, its optimal reactance needs to be 

determined. Table V illustrates the optimal reactance  setting 

of the TCSC for each scenario as obtained solving problem. 

D. Computational Issues 

This paper provides a methodology to minimize wind 

power spillage using an OPF with FACTS devices. In 

addition, total active power losses is minimized and load 

shedding is avoided as well. Among FACTS devices, FSC and 

TCSC are selected for this study. The uncertainty of wind 

power production is modeled through a number of plausible 

scenarios. The conclusions drawn from this work are listed as 

follows: 
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Optimization problem is solved using CONOPT 

under GAMS on a Sun Fire X4600M2 with 8 Quad-Core 

processors clocking at 2.9 GHz and 256 GB of RAM. Since 

the model is continuous, but non-convex, suitable initial points 

need to be used. Among different initial points checked, 

starting points , and show the best performance in finding the 

optimal solution. The initial point that achieves in the best 

performance is the one that provides the smallest value for the 

objective function with the lowest computational time. The 

computational times required for solving the proposed model 

are provided in the last column of Table IV. Among the cases 

considered, the time to solve Case C is comparatively higher. 

Note that these times are small enough and appropriate for the 

considered problem. However, the proposed OPF model may 

become computationally intractable if applied to a large scale 

power system considering many scenarios. In that case, the 

use of parallelization and/or decomposition techniques may 

significantly reduce the computational time. 

IV. CONCLUSION 
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1) A series compensation may reduce the wind power spillage, 

un served  load, and total active power losses of the network. 

2) Prior to uncertainty realization, the system is prepositioned 

to optimally cope with the wind production realizations. 

3) For each scenario, the optimal utilization of the TCSC 

(optimal reactance setting) is effective to decrease wind power 

spillage; however, an FSC is not necessarily effective. 

4) Optimal reactance setting of the TCSC needs to be 

determined for each wind scenario. 

5) Optimal setting of the TCSC reactance across all scenarios 

is not constant, and it does not necessarily equal its upper or 

lower bound. Such optimal setting depends on the inputs from 

the market and the system constraints. 
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