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ABSTRACT 

Voltage instability has been considered as a major threat to power researchers and utilities for more than three decades. 

In competitive electricity market, a number of generating companies may use same transmission corridor to supply power to 

consumers. This may reduce Available Transfer Capability (ATC) of transmission network. ATC reduction may lead to 

shrinkage of nose curve, thus causing the danger of voltage instability. In this paper, determination of ATC has been proposed 

based on voltage stability criterion for bilateral and multilateral contracts. Placement of Unified Power Flow Controller (UPFC) 

in optimal location has been suggested for voltage stability based ATC enhancement. Optimal location of UPFC has been found 

using a sensitivity based approach. Case studies performed on IEEE 14-bus system establish the effectiveness of UPFC 

placement in voltage stability based ATC enhancement.  
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INTRODUCTION 

Due to increase in power demand, modern power system networks are being operated under highly stressed 

conditions. This causes difficulty in maintaining bus voltages within acceptable limits. Several incidences of voltage collapse 

caused by voltage instability has been observed in different parts of the world [1]. In competitive electricity market, a number of 

independent power producers may use same transmission network to transfer power to consumers.  This overloading of line 

may reduce its Available Transfer Capability (ATC) which may ultimately lead to reduction in maximum loadability, thus 

creating voltage instability problem. Available Transfer Capability (ATC) is defined as [2]: 

 ��� = ��� − ��� − �	�� + ����                                                                                                                            (1) 

where, 

TTC= Total Transfer Capability 

TRM=Transmission Reliability Margin 

=Existing Transfer Commitments 

CBM=Capacity Benefit Margin 

A method has been proposed in [3] for determining ATC between any two locations in a transmission system      

(single-area or multi-area) under a given set of system operating conditions. Many technical challenges including total transfer 

capability calculation, transient stability constraint handling, transmission capability margins and probabilistic ATC calculation 

has been proposed in [4]. A novel formulation o the ATC problem based on full AC power flow solution to incorporate the 
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effects of reactive power flows, voltage limits voltage collapse as well as the traditional line flow (thermal loading) effect has 

been considered [5]. An application of bifurcation criterion has been proposed for determination of ATC in [6]. In [7], 

determination of total transfer capability considering line flow limits, bus voltage magnitudes, generated reactive powers, 

voltage stability and line outages, has been proposed.. 

Most of the research on ATC determination has mainly concentrated on finding available power of the line for future 

transactions. Very limited effort seems to be made in determining ATC based on voltage stability criterion. In this paper, a new 

concept of voltage stability based ATC based on loading margin (distance between the base case operating point and the 

maximum lodability point) has been proposed. Voltage stability based ATC have been obtained for bilateral and multilateral 

contracts. 

The advent of Flexible AC Transmission System (FACTS) controllers [8] has created new opportunities for increasing 

power system stability margin including voltage stability margin. Unified Power Flow Controller (UPFC) seems to be most 

promising FACTS controller due to its ability to control series and shunt variables, simultaneously. However, due to its high 

cost, and for maximum benefit, it should be placed optimally in the system. In this paper, attempt has been made for optimal 

placement of UPFC to enhance voltage stability based ATC for bilateral and multilateral transactions. Sensitivity of loading 

factor with respect to reactive power flowing through lines has been used to decide optimal location for the placement of UPFC. 

Case studies have been performed on IEEE 14-bus system. 

PROPOSED METHODOLOGY FOR ATC DETERMINATION 

In this work, loading margin (distance between the base case operating point and the maximum loadability 

point) of P-V and Q-V curves have been computed, separately, for the system intact case and single line outage cases, 

for bilateral and multilateral transactions. The loading margin of P-V curve corresponding to most critical contingency 

(contingency having least loading margin) represents real power that can be safely transferred to load for future 

transactions without causing voltage instability, and therefore, has been taken as voltage stability based real power ATC. 

The loading margin of Q-V curve corresponding to most critical contingency (contingency having least loading margin) 

represents reactive power that can be safely transmitted to load for future transactions without causing voltage instability, and 

therefore, has been considered as voltage stability based reactive power ATC of the system. 

Voltage stability based real power ATC and reactive power ATC have been computed for bilateral as well as 

multilateral contracts. For obtaining P-V and Q-V curves, real power generations have been varied at seller buses (except at 

slack bus), and real and reactive power demands have been varied at buyer buses as per followings: 

( )λ+= 1ibi PGPG                                                                                                                                               (2) 

where, 

PGi = Real power generation at seller bus-i 

PGib  = Real power generation at seller bus-i at the base case operating point. 

λ = Loading factor 

( )λ+= 1ibi PDPD                                                                                                                                               (3) 
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where, 

PDi = Real power demand at buyer bus-i 

PDib = Real power demand at buyer bus-i at the base case operating point 

( )λ+= 1ibi QDQD                                                                                                                                               (4) 

where,  

QDi  =Reactive power demand at buyer bus-i 

QDib = Reactive power demand at buyer bus-i at the base case operating point 

UPFC MODEL  

In the present work, UPFC has been represented by steady-state injection model [9]. The UPFC consists of two 

switching converters operated from a common DC link, as shown in figure-1. In this figure, Converter 2 performs the main 

function of the UPFC by injecting an AC voltage with controllable magnitude and phase angle in series with the 

transmission line. The basic function of Converter 1 is to supply or absorb the active power demanded by Converter 2 at 

the common DC link. This is represented by the current, Ip. Converter 1 can also generate or absorb controllable reactive 

power and provide independent shunt reactive compensation for the line. This is represented by the current, Iq. 

The UPFC circuit arrangement has been shown in figure 2. The series converter is represented by an AC voltage 

source in series with a reactance Xs as shown in figure 2. 

The series voltage source sV is controllable in magnitude and phase i.e: 

sV  = r iV  
γje                                                                                                                                                           (5) 

where, 0 < r < rmax and 0 < γ < 2π 

The steady-state injection model of UPFC has been derived from figure 2 [9] and has been shown in figure 3. In 

figure 3, UPFC has been represented as controllable loads connected at the two ends of the line.  

 

Figure 1: UPFC Schematic Diagram 
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Figure 2: UPFC Circuit Arrangement 

 

Figure 3: UPFC Injection Model 

CRITERION FOR PLACEMENT OF UPFC  

Maximum loadability of power system may be more sensitive to reactive power flow through lines. Difficulty in 

transmission of reactive power may lead to progressive decay in load bus voltages resulting in voltage instability. 

Therefore, in the present work, sensitivity of loading factor with respect to reactive power flowing through lines have been 

computed to decide optimal location for the placement of UPFC. The sensitivity of loading factor with respect to reactive 

power flow through lines has been proposed in [10] for voltage stability margin enhancement under contingencies in 

monopolistic electricity market. In the present work, the sensitivity factors proposed in [10] have been computed for 

bilateral and multilateral transaction conditions under most critical contingency cases. The sensitivity factor derived in [10] 

is reproduced below: 

The reactive power balance equation at bus-i can be given by: 
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where, 

QGi = Reactive power generation at bus –i 

QDib = Reactive power demand at bus-i at the base case operating point 

Qik = Reactive power flowing from bus-i to bus-k  

λ = Loading factor common to all the buses 

KDi= Constant multiplier showing the rate of change of load at the ith bus 

baseS∆ =Mega Volt Ampere (MVA) base used for scaling to equivalent MVAR load increase. 
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Φi = power factor angle of the increased load at ith bus 

Vi ∠δi =  Complex voltage at bus –i 

Yij ∠��=    Gij + jB ij = ij th element of the bus admittance matrix 

n= Total number of the buses in the system 

Differentiating equation (6) with respect to ikQ provides the expression for the sensitivity factor, 

]1)1([ 11 −−=
∂
∂ −− XZY
Qik

λ
                                                                                                                              (7) 

where,   
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The sensitivity factor
ikQ∂

∂λ
, which relates changes in loading factor with respect to change in reactive power 

flowing from bus-i to bus-k, can be computed using (7) for the most critical contingency for bilateral and multilateral 

transaction cases. Each line is having two such sensitivity values (
ikQ∂

∂λ
and

kiQ∂
∂λ

). Based on maximum absolute value of 

sensitivity factors computed under most critical contingency for bilateral and multilateral transactions, priority lines for the 

placement of UPFC have been determined. Depending upon magnitude of 
ikQ∂

∂λ
and 

kiQ∂
∂λ

corresponding to priority lines, 

bus-i or bus-k can be considered as priority buses. The real power ATC (the distance between the base case operating point 

and the maximum loadability point of P-V curve under most critical contingency) and the reactive power ATC                

(the distance between the base case operating point and the maximum loadability point of Q-V curve) can be computed 

after UPFC placement at each of the priority locations. The combination of priority line and priority bus producing 

maximum enhancement in real power ATC and reactive power ATC for majority of transactions has been selected as the 

optimal site for UPFC placement. 

CASE STUDIES 

Proposed approach of voltage stability based ATC determination and its enhancement using UPFC has been tested 
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on an IEEE 14-bus system [11]. IEEE 14-bus system has two generators (at buses 1 & 2), three synchronous condensers   

(at buses 3, 6 & 8) and 20 transmission lines (including 3 transformers). 

In order to calculate ATC of the system under bilateral and multilateral contracts, bilateral transaction was 

considered between seller bus-2 and buyer bus-13, whereas, multilateral transaction was considered between group of 

seller buses 1,2 and group of buyer buses 9,13. P-V and Q-V curves of buyer buses were plotted for the system intact case 

and all the single line outage cases under bilateral and multilateral transactions. For obtaining P-V and Q-V curves of buyer 

buses, starting from the base case operating point, loading factor (λ) was gradually increased in the steps of 0.01, until load 

flow diverged. Loading factor was increased in the steps of 0.001 near the point of divergence to get more accurate 

estimate of the loading margins. For obtaining P-V curve of buyer buses, Real power generation were varied at seller buses 

(except at the slack bus) as per (2), whereas, real power demands were varied at buyer buses as per (3), keeping all other 

generations and demands constants. For obtaining Q-V curve of buyer buses, reactive power demands were varied at buyer 

buses as per (4), reactive power generation of seller buses at each of loading factor were obtained from load flow results, 

all other loads and generations were considered constant while running load flow at different loading factors. 

Real power loading margins (the distance between the base case operating point and the maximum loadability 

point of the P-V curve) and reactive power loading margins (the distance between the base case operating point and the 

maximum loadability point of Q-V curve) were computed from P-V curves and Q-V curves, respectively, for the system 

intact case and all the single line outage cases under bilateral and multilateral transactions. Real and reactive power loading 

margins under bilateral and multilateral transactions, for the system intact case and ten critical line outage cases, have been 

shown in Table-I. It is observed from Table-I that outage of line 5-6 results in lowest value of real power loading margin 

(63.26 MW) as well as lowest value of reactive power loading margin (32.20 MVAR) for bilateral transaction between 

seller bus-2 and buyer bus-13. It is also observed from Table-I that outage of same line 5-6 results in lowest value of real 

power loading margin (66.87 MW) as well as lowest value of reactive power loading margin (36.17 MVAR) for 

multilateral transaction between group of seller buses 1,2 and group of buyer buses 9,13. Therefore, voltage stability based 

real power ATC for bilateral transaction was considered as 63.26 MW. Voltage stability based real power ATC for 

multilateral transaction was considered as 66.87 MW. Voltage stability based reactive power ATC for bilateral transaction 

was considered as 32.20 MVAR. Voltage stability based reactive power ATC for multilateral transaction was considered as 

36.17 MVAR. 

In order to find optimal location for the placement of UPFC to enhance voltage stability based ATC, sensitivity of 

loading factor with respect to reactive power flowing through lines, were calculated under outage of line 5-6, for bilateral 

and multilateral transaction cases. Absolute value of sensitivity factor for two most priority lines have been shown in Table 

2 for bilateral and multilateral transactions. It is observed from Table-II that line 8-7 (towards bus-7) and line 4-9 (towards 

bus-9) are two most sensitive lines for bilateral as well as multilateral transactions. 

Voltage stability based real power ATC (real power loading margin of P-V curve under outage of line 5-6) and 

voltage stability based reactive power ATC (reactive power loading margin of Q-V curve under outage of line 5-6) were 

computed for bilateral and multilateral transaction cases, after UPFC placement in each of the two priority locations (i.e. in 

line 8-7, towards bus-7, and in line 4-9, towards bus-9). Voltage stability based real and reactive power ATC without 

UPFC in the system, with UPFC placed in line 8-7 (towards bus-7) and with UPFC placed in line 4-9 (towards bus-9), 

have been shown in Table 3. It is observed from Table-III that UPFC placement in line 8-7 (towards bus-7) causes 
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maximum enhancement in voltage stability based real power as well as reactive power ATC for bilateral transaction, 

whereas, UPFC placement in line 4-9 (towards bus-9) results in maximum enhancement in voltage stability based real as 

well as reactive power ATC for multilateral transaction. However, UPFC placement in line 8-7 (towards bus-7) is also very 

effective in voltage stability based real power as well as reactive power ATC enhancement in case of multilateral 

transaction. Therefore, line 8-7 (towards bus-7) has been selected as the optimal location for the placement of UPFC in this 

work, to enhance voltage stability based ATC for the considered transactions in IEEE 14-bus system. 

Table 1: Real and Reacive Power Loading Margins under Bilateral and Multilateral  
Transactions (IEEE 14-Bus System) 

Line outage 

Bilateral Transaction Multilateral Transaction 
Real Power 

Loading 
Margin (MW) 

Reactive Power 
Loading Margin 

(MVAR) 

Real Power 
Loading 

Margin (MW) 

Reactive Power 
Loading Margin 

(MVAR) 
Intact 211.04 110.29 168.66 91.22 
5-6 63.26* 32.20**  66.87***  36.17****  

1-2 127.76 66.89 97.72 51.80 
7-9 151.99 79.04 83.32 45.06 
4-7 168.73 83.48 101.91 55.12 
2-4 172.49 90.14 160.70 52.04 
2-5 173.66 90.76 140.31 75.88 
2-3 177.89 92.96 139.12 75.24 
1-5 185.67 97.03 142.38 77.00 
4-5 211.11 110.32 159.63 86.33 
3-4 203.04 106.11 166.46 90.03 

 
* Voltage stability based real power ATC for bilateral transaction between seller bus 2 and buyer bus 13 

** Voltage stability based reactive power ATC for bilateral transaction between seller bus2 & buyer bus13 

*** Voltage stability based real power ATC for multilateral transaction between group of seller buses 1,2 and 
group of buyer buses 9,13 

**** Voltage stability based reactive power ATC for multilateral transaction between group of seller buses 1,2 
and group of buyer buses 9,13  

Table 2: Absolute Value of 
��

����
 for Two Most Sensitive Lines for Bilateral and Multilateral Transactions under 

Outage of Line 5-6 (IEEE 14-Bus System) 

Transaction Line (towards bus) 
��

����
 Line (towards bus) 

��

����
 

Bilateral 8-7 (7) 294.63 4-9 (9) 179.78 
Multilateral 8-7 (7) 483.61 4-9 (9) 188.57 

 
Table 3: Voltage Stability Based Real and Reactive Power ATC with and without UPFC, for Bilateral and 

Multilateral Transactions (IEEE 14-Bus System) 

 

Voltage Stability Based 
Real Power ATC 

Voltage Stability Based 
Reactive Power ATC 

Bilateral 
Transaction 

Multilateral 
Transaction 

Bilateral 
Transaction 

Multilateral 
Transaction 

Without UPFC 63.26 66.87 32.20 36.17 

With UPFC in line 8-7 
(towards bus-7) 

79.20 108.87 41.39 60.70 

With UPFC in line 4-9 
(towards bus-9) 

96.69 104.46 50.53 56.50 
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CONCLUSIONS 

An approach for determination of ATC based on voltage stability criterion has been suggested in this paper. The 

real power loading margin computed from P-V curve under most critical contingency has been taken as voltage stability 

based real power ATC. The reactive power loading margin computed from Q-V curve under most critical contingency has 

been taken as voltage stability based reactive power ATC. Voltage stability based real and reactive power ATC have been 

computed for bilateral and multilateral transactions. A sensitivity based approach has been proposed for optimal placement 

of UPFC to enhance voltage stability based real and reactive power ATC under bilateral and multilateral transactions. Case 

studies performed on IEEE 14-bus system show that proposed approach of optimal placement of UPFC is quite effective in 

voltage stability based ATC enhancement in competitive electricity market. 
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