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Abstract- This paper focuses on congestion management within an OPF framework in a deregulated electricity market scenario. The conventional OPF problem is modified to create a mechanism that enables the market players to compete and trade and simultaneously ensures that the system operation stays within security constraints. The pool and bilateral dispatch functions of an ISO are dealt with. This paper focused on the use of FACTS devices to alleviate congestion. An integrated approach that includes FACTS devices in a bilateral dispatch framework to maintain system security and to minimize deviations from contractual requirements is then proposed. The proposed algorithm has been demonstrated in the IEEE 14–‌bus test system.
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1 Introduction
The restructuring of the electric power industry has involved paradigm shifts in the real time control activities of the power grids. Managing dispatch is one of the important control activities in a power system [1]. Optimal power flow (OPF) has perhaps been the most significant technique for obtaining minimum cost generation patterns in a power system with existing transmission and operational constraints [2, 3]. The role of an Independent System Operator (ISO) in a competitive market environment would be to facilitate the complete dispatch of the power that gets contracted among the market players. With the trend of an increasing number of bilateral contracts being signed for electricity market trades, the possibility of insufficient resources leading to network congestion may be unavoidable. In this scenario, congestion management (within an OPF framework) becomes an important issue. Real-time transmission congestion can be defined as the operating condition in which there is not enough transmission capability to implement all the traded transactions simultaneously due to some unexpected contingencies. It may be alleviated by incorporating line capacity constraints in the dispatch and scheduling process. This may involve redispatch of generation or load curtailment. Other possible means for relieving congestion are operation of phase-shifters and FACTS devices [4, 5]. 
Hence, there is an interest in better utilization of available power system capacities by installing new devices such as Flexible AC Transmission Systems (FACTS). FACTS devices can be alternatives to reduce the flows in heavily loaded lines, resulting in an increased loadability, low system loss, improved stability of the network, reduced cost of production and fulfilled contractual requirement by controlling the power flows in the network [6].

Congestion in a transmission system, whether vertically organized or unbundled, cannot be permitted except for very short duration, for fear of cascade outages with uncontrolled loss of load. Some corrective measures such as outage of congested branches (lines or transformers), using FACTS devices, operation of transformer taps, re-dispatch of generation and curtailment of pool loads and/or bilateral contracts can relieve congestion. If there is no congestion, the placement of FACTS devices, from the static point of view, can be decided on the basis of reducing losses, but this approach is inadequate when congestion occurs. In this paper a method based on the real power flow performance index (PI) has been used for UPFC. Another method based on reduction of total system VAR power loss has been used for TCSC, TCPAR and SVC for this purpose due to security and stability reasons [7, 8]. Optimization has been performed with the system operating constraints. The proposed algorithm has been demonstrated in the IEEE 14 – bus test system.

2 Static Modeling of FACTS Devices
For the optimal power dispatch formulation using FACTS controllers, only the static models of these controllers have been considered here. It is assumed that the time constants in FACTS devices are very small and hence this approximation is justified.

2.1. Thyristor-controlled Series Compensator (TCSC) 
Thyristor-controlled series compensators (TCSC) are connected in series with the lines. The effect of a TCSC on the network can be seen as a controllable reactance inserted in the related transmission line that compensates for the inductive reactance of the line. This leads to an increase in the maximum power that can be transferred on that line in addition to a reduction in the effective reactive power losses [7]. Fig.1 shows a model of a transmission line with a TCSC connected between buses i and j. During the steady state, the TCSC can be considered as a static reactance
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Fig.1. Model of a TCSC
2.2 Thyristor-Controlled Phase Angle Regulator (TCPAR) 
In a thyristor-controlled phase angle regulator, the phase shifting is achieved by introducing a variable voltage component in perpendicular to the phase voltage of the line. The static model of a TCPAR having a complex tap ratio of 
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and a transmission line between bus i and bus j is shown in Fig.2 [7]. The injection model of the TCPAR is shown in Fig.3 [8, 9].
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Fig.2. Model of TCPAR
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Fig.3. Injection model of TCPAR

2.3 Static VAr Compensator (SVC)
Static VAr compensator (SVC) is generally used as a voltage controller in power systems. It can help maintaining the voltage magnitude at the bus which is connected to a desired value during load variations. SVC can absorb and supply reactive power at the bus which is connected to, by control of the firing angle of the thyristor elements. It is continuously controllable over the full reactive operating range as determined by the component ratings [10].
SVC can be modeled as a variable reactive power source. Fig.4 shows the schematic diagram of a SVC .
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Fig.4. Schematic diagram of SVC
2.4 Unified Power Flow Controller (UPFC)

The equivalent circuit of UPFC placed in line-k connected between bus-i and bus-j is shown in Fig.5. UPFC has three controllable parameters, namely the magnitude and the angle of inserted voltage 
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 [12]. From basic circuit theory, the injected equivalent circuit of Fig.6 can be obtained [13]. 
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Fig.5. Equivalent circuit of UPFC
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Fig.6. Injection model of UPFC
3. Problem Formulation for OPF with FACTS Devices 
The transmission dispatch in a deregulated environment may be a mix of pool and bilateral transactions. The optimal dispatch is comprised of complete delivery of all the transactions and the fulfillment of pool demand at least cost subject to no violation of any security constraint. It may be assumed that the ISO provides for all loss compensation services and dispatches the pool power to compensate for the transmission losses, including those associated with the delivery of contracted transactions. The normal dispatch problem is written here as
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where 
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 are the active powers of pool generator i with bid price 
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 are the vectors of pool power injections, pool power extractions, bilateral contracts, reactive powers, voltage magnitudes, voltage angles, and control parameter of FACTS devices placed in the line concerned. Equation (2) is a set of equality constraints comprising of the set of contracted transaction relationships and power balance equations. Equation (3) is a set of inequality constraints comprising of the system operating constraints. If only bilateral transactions are considered, the dispatch formulation may be rewritten as
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subject to the real and reactive power balance equations
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and the inequality constraints, where n is the number of buses in the power system, with the first m buses being Genco buses and the rest, Disco buses, 
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 is the willingness to pay factor to avoid curtailment of transaction, 
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 are the real and reactive powered injected at bus i, with the installation of FACTS device.
The modified OPF is different from the conventional OPF due to the FACTS related control variables. If it is desired to use the conventional linear programming based technique to solve the modified OPF problem, the solution strategy needs to be changed. One such strategy would be to separate the modified OPF problem into two subproblems, the power flow control subproblem and the normal OPF problem. The power flow of the system can be obtained from the initial operation values of the power system. Using the power flow and constraint equations, the power flow control subproblem may be solved, thereby yielding the controllable FACTS devices parameters. These parameters may then be used to solve the main OPF to obtain the conventional control variable values. Then if the solution of the power flow problem with the new control variables does not satisfy the constraint equations, this entire process is iteratively repeated until the mismatch falls below some predefined tolerance.
3.1 Outline of Solution

This OPF uses the bids and offers submitted by the participants and sets the nodal prices (that are obtained as the Lagrangian multipliers), which are in turn used to charge for the power consumption at every node. The vectors of generation and load are denoted as 
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respectively. The nodal prices applied to the generation and load controlled by players i and j are obtained as a byproduct of the OPF and are represented as 
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where G represents the set of all Gencos and D represents the set of Discos. The equality constraint may be written as:
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where L is the transmission loss function. The capacity constraint (inequality) may be given as,
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Equation (1) leads to the solution and Kuhn-Tucker conditions given as 
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where λ represents the system incremental cost (dual multiplier on the equality constraint) and µ and π represent the sets of Kuhn-Tucker dual variables on the capacity and operating constraints, respectively.
4. FACTS Devices Location [7, 8, 9]
For the placement of FACTS devices in the power system, a static viewpoint is considered. 
4.1 Reduction of Total System VAr Power Loss for TCSC, TCPAR and SVC

A method based on the sensitivity of the total system reactive power loss (
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) with respect to the control variables of the FACTS devices (TCSC, TCPAR and SVC) has selected in this case study. The sensitivity factors may be given as follows:
1. Loss sensitivity with respect to control parameter 
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2. Loss sensitivity with respect to control parameter 
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of TCPAR placed between buses i and j(
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3. Loss sensitivity with respect to control parameter 
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4.2 Reduction in the Real Power Flow Performance Index for UPFC 

The severity of the system loading under normal and contingency cases can be described by a real power line flow performance index, as given below:
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where 
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 is the real power flow , 
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 is the total number of lines in the network. In this study, the value of exponent has been taken as 2 and
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=1. Real power flow performance index gives good measure of the system congestion during the normal operating condition. The real power flow in a line m in terms of real power injections is described as,
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where s is slack bus number, and 
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 element of matrix which relates line flow to power injections at the buses without UPFC and 
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   is the number of buses in the system. The real power flow PI sensitivity factors with respect to the control parameters of UPFC can be defined as
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4.3 Selection of Optimal Placement of FACTS Devices

Using the loss sensitivities as computed in the previous section, the criteria for deciding device location might be stated as follows:
1. TCSC must be placed in the line having the most positive loss sensitivity index
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2. TCPAR and UPFC must be placed in the line having the highest absolute value of sensitivity index
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5 Test Cases
5.1 Simulation Results for TCSC, TCPAR and SVC
An optimal transmission dispatch problem in a deregulated market having transaction-based groups is studied. The IEEE 14-bus system is considered here (Fig.7).Some slight modifications are made. Bus 4 is renumbered as bus 1 and it is assumed that this bus is contracted by ISO to provide for the transmission losses; i.e., bus 1 is the system slack bus. This bus, in addition to bus 5, is usually shown connected to a synchronous condenser. But in this problem, bus 1 is treated as a generator bus owned by a Genco. Similarly, bus 5 is treated as a PV-bus in the problem. Table 1 provides the generation bus data. The voltages at the Genco buses are specified since they are P-V buses, whereas at the Disco buses, the allowable upper and lower limits of voltage are specified. We now assume that there are two groups in this power system: Group 1 consists of buses 2 and 3 and makes transfers to Disco buses 7, 9, 11, and 14. Group 2 consists of the single Genco bus 4 and makes transfers to Disco buses 8, 10, 12, and 13.  Here, we solve the OPF for three different cases. In each case, one of the three FACTS controllers, TCSC, TCPAR, and SVC, is included in the problem formulation.
Table 1: Generation bus Data

	Bus
	Generation Capacity (MW)
	Bid price 

($/hour)
	V

(p.u.)

	1
	-
	-
	1.01

	2
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	1.06
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	1.09


Table2: OPF results with FACTS devices
	Group#
	Bus#
	Base Case

 MW
	OPF with FACTS devices

	
	
	
	TCSC
	TCPAR
	SVC
	UPFC

	
	
	
	
	
	
	line-8
	line-13

	1
	2(Genco)
	138.4
	136.08
	135.73
	136.54
	135.93
	135.2

	
	3(Genco)
	92.60
	90.29
	91.36
	90.60
	90.12
	89.85

	
	7
	54.30
	53.76
	53.81
	53.46
	53.31
	53.08

	
	9
	91.50
	89.93
	90.67
	90.31
	89.4
	89.32

	
	11
	56.60
	55.31
	55.20
	55.25
	55.37
	55.17

	
	14
	28.60
	27.37
	27.40
	28.12
	27.97
	27.48

	2
	4(Genco)
	213.5
	208.31
	210.81
	210.52
	208.83
	208.12

	
	8
	155.4
	155.26
	155.3
	155.25
	154.48
	154.14

	
	10
	16.80
	13.36
	14.97
	15.36
	14.61
	14.57

	
	12
	13.10
	11.87
	12.71
	12.07
	12.01
	11.96

	
	13
	28.20
	27.81
	27.83
	27.82
	27.73
	27.45

	Loss compensator
	1 (Genco)
	38.10
	36.85
	37.32
	36.22
	36.08
	35.76


Table3: Sensitivities of IEEE 14-bus system

	Line-k
	Sensitivity
	Line-k
	Sensitivity

	Line#
	i- j
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	Line#
	i- j
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	1
	8-3
	0.601
	-1.343
	11
	2-9
	-0.684
	-0.398

	2
	9-6
	-1.305
	4.705
	12
	6-7
	-1.567
	-11.02

	3
	9-7
	1.002
	-3.410
	13
	7-10
	-1.912
	-39.08

	4
	4-8
	1.499
	4.765
	14
	3-11
	1.315
	-8.871

	5
	2-8
	-0.678
	-0.502
	15
	3-12
	0.942
	-6.612

	6
	9-1
	0.192
	-1.615
	16
	3-13
	-1.392
	-9.012

	7
	8-9
	-0.132
	-3.005
	17
	7-14
	-0.179
	-11.19

	8
	4-2
	-1.301
	37.002
	18
	10-11
	1.675
	-14.01

	9
	2-1
	-0.201
	-0.654
	19
	12-13
	2.003
	-5.998

	10
	6-5
	0.002
	-10.91
	20
	13-14
	-0.283
	-8.015
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Fig.7.IEEE fourteen bus system
The static models of these devices, as developed in section II, are considered, i.e., a TCSC is represented as static impedance, a TCPAR as a transformer with a complex tap ratio, and an SVC as a reactive power source with limits. The optimal locations for placing each of these devices can be determined by sensitivity analysis. In this problem we consider these three cases:

1. A TCSC placed between buses 3 and 11, operated with an inductive reactance of 59.3% of the line reactance
2. A TCPAR placed between buses 3 and 11, operated with a phase shift of –0.039 radians and unity tap ratio.

3. An SVC connected at bus 10, operating as a reactive power source of 0.13 p.u. within limits of ±3.5 p.u., at a voltage of 1.05 p.u.
Table 2 shows the results of the OPF with TCSC, TCPAR, and SVC.
5.2 Simulation Results for UPFC

The proposed method has been tested on modified IEEE 14-bus system consisting of three real power generator buses and one voltage-regulating bus with UPFC. The sensitivities were calculated for each control parameters of UPFC placed in every line one at a time. The sensitivities of real power flow performance index with respect to UPFC control parameters are presented in Table 3. The highest negative sensitivities 
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sensitivity which will be zero as 
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, has very small effect on power flow.

It can be seen from Table 3 that for the congestion management, the UPFC will be suitable either in line 12-3 if we consider controlling the inserted voltage magnitude of UPFC that is positive sensitivity. Since 
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can be negative, line 7-10 will be suitable for this control. Line 7-10 is suitable for control of UPFC phase angle. The congestion control with 
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 will not be as effective as the range of control is limited. The phase angle control of UPFC can be utilized for congestion management. Line 4-2 will be the next choice after line 7-10, but the phase angle will be negative as the flow of power in this line should be reduced which can be also seen that sensitivity is positive. The proposed method does not suggest the interaction of several UPFC devices placed in the system as it requires an optimization tool for getting optimal control parameters of the device. However this method is suitable for suggesting the candidate lines for UPFCs. Based on sensitivities their placement can be ascertained in few areas. To see the interaction of different UPFC, an iterative procedure can be adopted. In this approach, first one UPFC should be placed according to the sensitivity and thereafter sensitivity should be calculated and next UPFC should be placed. But the control parameter of UPFC should be determined using an optimization technique for required objective before calculating the sensitivity for next UPFC placement.  UPFC in line-13 and in line-8, taken one at a time, was obtained and presented in Table 2. Table 2 also shows the optimal dispatch without UPFC devices (Base case).  However, the optimal value of phase angle of UPFC placement in lines 13 and 8 were 3.88 and -58.31 degree respectively. The placement of UPFC in line-13 gives less pool generation price compared to other cases. The variation of optimal pool real power generation with each UPFC device is very small.
6 Conclusions
In this paper, a sensitivity-based approach has been developed for determining the optimal placement of FACTS devices in an electricity market having pool and contractual dispatches. In a system, first, the few locations of FACTS devices can be decided based on the sensitivity factors as defined in the paper and then optimal dispatch problem is solved to pose congestion of lines. Test results obtained on test system show that new sensitivity factors along with parameters of FACTS devices could be effectively used for optimal location of FACTS devices. These simulations show that UPFC has better results than other types of FACTS devices which implements in these studies.  

Future work in this field may focus on quantifying the economic risk faced by market players due to differences in their willingness to pay to avoid curtailment.
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