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Abstract: - This paper presents the determination of power transfer between two buses that takes into account 
the dynamic security constraint. The dynamic security constraint based transient stability has been found to be 
one of the limiting factors in determining the power transfer so-called as the available transfer capability 
(ATC). The multimachine integral square generator angle (ISGA) index is used to measure the severity of 
stable and unstable transient events during the occurrence of line outage that is considered in the ATC 
assessment. The determination of ATC considering dynamic security constraint has been performed on a case 
study of 6 bus system. 
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1   Introduction 
In the transition to a more competitive electric power 
market, transmission providers are required to 
produce commercially viable information of 
available transfer capability (ATC) so that such 
information can help power marketers, sellers, and 
buyers in planning, operation and reserving 
transmission services. A predetermined set of ATC 
values are usually accessed by electricity market 
participants and system operators through an open 
access same-time information system.  
      Available transfer capability (ATC) is the 
measure of the ability of interconnected electric 
power systems to reliably move or transfer the 
additional amount of power from one bus to another 
over all the transmission lines [1].  Mathematically, 
ATC is the total transfer capability (TTC) less the 
transmission reliability margin (TRM), less the 
capacity benefit margin (CBM) and less the base 
case power transfer [2]. By definition, TTC 
represents the maximum amount of power transfer 
that can be transferred over the transmission network 
while meeting all of a specific set of defined pre- 
and post-contingency systems condition. CBM is 
defined as the amount of transmission transfer 

capability reserved by load serving entities to meet 
the generation system reliability requirements. 
However, TRM is the amount of transmission 
capability necessary to ensure that the transmission 
network is secure under a reasonable range of 
uncertainties in systems conditions.  
      At present, there are many papers discussed on 
the determination of ATC that takes into account the 
steady-state security constraints such as the voltage 
and transmission line limits. Nevertheless, dynamic 
security constraint should be considered in the ATC 
assessment. This is due to the fact that a large 
amount of power transfer may sometime causes 
instability in a system subjected to the occurrence of 
a disturbance [3]. The dynamic security constraints 
are often referring to the assessment of voltage and 
transient stabilities. Transient stability is the ability 
of the power system to maintain synchronism when 
subjected to large disturbances [4]. On the other 
hand, voltage stability is the ability of the power 
system to maintain acceptable voltages at all buses 
in the system under normal operating conditions and 
after being subjected to disturbances [4].  
       Rossales et al. [5] uses the optimal power flow 
(OPF) solution to compute the ATC that takes into 
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account the dynamic security constraint which is 
based on the on-line transient stability assessment 
(TSA). Tuglie et al. [3] proposed an approach to 
determine the ATC that uses the optimization 
technique incorporating with the Lagrange 
multipliers. The steady-state voltage and thermal 
limits and, rotor angle stability limit are taken into 
account as the constraints of the optimization 
technique. Cui et al. [6] presents an approach using 
generation reallocation to maximize the ATC under 
dynamic security constraints. The tool for dynamic 
security assessment is a normalized transient energy 
function (TEF). The power reallocated to each 
generator is determined by the sensitivity of 
transient stability margin and linear programming. 
The TEF has also been used by Momoh et al. [7] to 
determine the amount of ATC that flows through the 
interconnected lines. Specifically, the sensitivities of 
TEF with respect to the changes in generation and 
also the generation shift distribution factor (GSDF) 
are used to estimate the change in power generation 
whilst concerning on the transient stability and 
transmission line limits, respectively. Therefore, 
reallocating the power generation may increase the 
amount of ATC which flows through the 
interconnected lines. Bettiol et al. [8] utilizes an 
approach for reallocating the power generation in 
order to alleviate the ATC via the tie-lines. The 
transient stability constraint is considered in the 
computation of ATC. The power generation is 
decreased for the critical machines that that are 
identified by a set of contingencies. This is 
performed in order to satisfy the transient stability 
constraint based rotor angle of a generator. On the 
other hand, the power generation is increased for the 
non-critical machines so that the ATC that flows 
through the tie-lines is maximized whilst complying 
with the transient stability constraint. Yuan et al. [9] 
implement the optimization methodology based on 
primal-dual Newton interior point method (IPM) for 
nonlinear programming (NLP) problems that used to 
compute the ATC. The power generation, voltage 
magnitude, transmission line, voltage stability and 
angle stability limits are considered as the constraint 
in the transfer capability computation. 
      The integral square generator angle (ISGA) 
index is considered as one of the methods that used 
to estimates the severity of stable and unstable 
transient events [10]. This paper presents a new 
approach which computes the ATC by considering 
the ISGA as the dynamic security constraint. The 
ISGA measures the total differences of generator 
angles during both transient and equilibrium 
conditions [10]. The ATC is referred to as the largest 
amount of power transfer that causes the generator to 

experience the commencement of angle instability 
which is indicated by the maximum value of ISGA. 
The repetitive AC power flow method is used to 
determine the ATC that takes into account the 
impact of transmission line outage. A 6 bus system 
is used as a case study in the determination of ATC 
which considers the dynamic security constraint of 
angle stability.  
 
 
2   Problem Formulation 
The multi-machine integral square generator angle 
(ISGA) index is used to verify the severity of stable 
and unstable transient events that occur in the ATC 
assessment during the incidence of transmission line 
outage. The ISGA is given by equation (1) [10].  
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The ISGA measures the total differences of 
generator angles during both of the transient and 
equilibrium conditions. The transient events that 
adversely affect on the generator angle divergence 
may yield to the largest value of ISGA.  
      During the non-occurrence of outage events in a 
power system, any changes in system topology, 
generation, load and ATC which results to a large 
steady-state angle differences will increase the value 
of ISGA. Hence, the ISGA could also be determined 
by considering each generator’s equilibrium 
condition that refers to δi(t) instead of δcoa(t) and it is 
given by equation (3). 
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      The ISGA index is normalized by T and the sum 
of generator inertias (Mtotal) which is used in this 
paper.  
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      Normalization by T causes the ISGA to be 
independent from the time interval in situations 
where the index is calculated during equilibrium 
conditions [10]. Normalization by Mtotal makes the 
index less sensitive to disconnected generators, 
unless the generators are losing synchronism [10].   
 
 
3   Methodology 
The ATC is obtained by performing the recursive 
AC power flow method under a specific set of 
operating conditions. Among the operating 
conditions that are usually considered are the 
projected customer demand, generation dispatch, 
system configurations and based scheduled transfers. 
In general, the procedure in determining the ATC 
involves the definition of a base case, determination 
of network response and finding the maximum 
transfer or ATC. The determination of ATC using 
the repetitive AC power flow method is described in 
the following procedures [11]. 
a) Establish a solved base case power flow solution. 
b) Perform line outage simulation of one of the 

specified critical lines. 
c) Specify the points of transfer. The point-to-point 

transfer considers participation of a generator in 
the specified selling bus and a load in the 
specified buying bus. 

d) Simultaneously, increase the power injection and 
extraction at both sides of the selected buses until 
the maximum ISGA is reached which gives the 
commencement of angle instability. The angle 
instability is referred to as the difference of 
generator rotor angle that exceeds the angle 
stability limit of 180o. The simulation time (T) 
considered in the ISGA calculation is 3 and 8 
seconds.  At every power injection and 
extraction, equal power increments of generation 
and demand are considered and simultaneously, 
the AC power flow solution is calculated. 

e) Calculate the ATC that is given by the difference 
between the maximum power transfer at the 
limiting case and the transfer at the base case.  

 
     The procedure of recursive AC power flow 
method that used to determine the ATC is 
summarized in terms of flowchart as shown in 
Figure 1. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1  Flowchart of ATC determination using 
recursive AC power flow method 

 
 
4   Results and Discussion 
A 6 bus system is used as a case study to 
demonstrate the determination of ATC considering 
the dynamic security constraint of ISGA. The 6 bus 
system consists of 3 generator buses, 3 load buses 
and 5 transmission lines as shown in Figure 2.  

Fig. 2   A 6 bus system 
 
      In the ATC determination, the impact of line 
outage to the rotor angle stability is analyzed by 
referring to the ISGA index estimated at T = 3 
seconds and T = 8 seconds and it is shown in Table 
1. Table 1 shows that the outage at line 4-6 causes 
severity to the rotor angle stability that refers to the 
highest ISGA of 35.3080 and 35.2981 at T = 3 
seconds and T = 8 seconds, respectively. The 
minimum ISGA value is 2.7838 and 2.7840 at T = 3 
seconds and T = 8 seconds, respectively in which it 
is obtained due to the occurrence of line outage at 1-
4. This shows that the outage of line 1-4 is less 
sensitive to initiate the violation of rotor angle 

 START 

Determine the ATC  

Solve the base case ac power flow  

Specify the points of transfer 

Increase the power injection and 
extraction at both buses until the 

maximum ISGA is reached 

Perform the line outage 
simulation 

END 
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stability. 
 
Table 1  ISGA index considering single line outage 

ISGA 
Line outage T = 3 sec T = 8 sec 

1 – 4 2.7838 2.7840 
1 – 5 4.5274 4.5207 
1 – 6 3.6523 3.6531 
5 – 6 21.6450 21.6473 
4 – 6 35.3080 35.2981 

 
      Figure 3 illustrates the differences of rotor angle 
at PV buses 2 and 3 which respect to the slack 
generator.  From the plotted graph, the differences of 
rotor angle is said to be stable since it does not 
exceeds 180o. Hence a stable system is obtained. 
Otherwise, the difference of rotor angle is said to be 
unstable when it exceeds 180o as shown in Figure 4. 
Therefore, this causes the instability of the system.  
 

Fig. 3  Differences of rotor angle for generators 2 
and 3 corresponds to generator 1. 

 

Fig. 4. Differences of rotor angle during unstable 
condition 

   

      ATC can also be used to measure the ability of 
interconnected systems to reliably move or transfer 
the power from one selling bus to the other buying 
bus. In this case study, the ATC is determined by 
considering the line outage and dynamic security 
constraint of ISGA. Tables 2 to 7 shows the results 
of ATC for different transfer case which are 
obtained by considering the line outages. The ATC 
is obtained based on the dynamic security constraint 
of maximum ISGA. In Tables 2 and 3, line outage 4-
6 gives the minimum ATC value for both transfer 
cases, respectively. The maximum ATC value is 490 
MW for the transfer case from selling bus 2 to a 
buying bus 5 with the outage of line 1-6. For the 
transfer case from selling bus 2 to a buying bus 6, 
the outage of line 5-6 gives the maximum ATC of 
839 MW.  
      Tables 4 and 5 illustrates that the outage of line 
5-6 that yields to a minimum ATC value of 512 MW 
and 496 MW for both transfer cases, respectively. 
Subsequently, the maximum ATC value of 656 MW 
is obtained for both transfer cases whilst considering 
the outage of line 1-5.  
      By referring to Table 2 until 5, the power 
transfer that exceeds the specified value of ATC may 
agitate to system collapse due to the occurrence of 
instable rotor angle. Hence, the utility should 
consider a safety measure by not to transfer the 
power that causes the violation of ISGA limit. 
 
Table 2  ATC for transfer case from selling bus 2 to 

buying bus 5 with line outage 
 

Maximum ISGA 
Line outage T=3sec T=8sec 

ATC 
(MW) 

1-6 1460.4 1465.6 490 
1-5 2050.6 2050.7 481 
5-6 2030.9 2024.1 455 
1-4 1083.0 1089.6 351 
4-6 2031.0 1784.6 331 

 
Table 3   ATC for transfer case from selling bus 2 to 

buying bus 6 with line outage 
 

Maximum ISGA Line outage
T=3sec T=8sec 

ATC 
(MW) 

5-6 473 464.8 839 
1-6 1460.4 1465.5 490 
1-5 2050.4 2050.5 481 
1-4 1083.0 1089.4 351 
4-6 2030.0 1783.0 331 
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Table 4  ATC for transfer case from selling bus 3 to 
buying bus 5 with line outage 

 
Maximum ISGA 

Line outage T=3sec T=8sec 
ATC 
(MW) 

1-5 699.9 704.6 656 
1-6 752.2 756 629 
1-4 799.9 779.6 606 
4-6 533.3 535.5 592 
5-6 944.1 943.2 512 

 
Table 5 ATC for transfer case from selling bus 3 to 

buying bus 6 with line outage 
 

Maximum ISGA Line outage 
T=3sec T=8sec 

ATC 
(MW) 

1-5 700 704.7 656 
1-6 751.9 756.2 629 
1-4 799.4 779.3 606 
4-6 533 535.6 592 
5-6 4222 3610.4 496 

 
 

5   Conclusion 
This paper has presented the assessment of ATC that 
takes into account the dynamic security constraint of 
ISGA. The ISGA is considered in the ATC 
computation in order to ensure that the machine’s 
rotor angle is stable during the occurrence of 
transient phenomena due to the line outage. On the 
other hand, power transfer that violates the ISGA 
limit may yield to a system collapse due to rotor 
angle instability. The future development for 
improving the approach is that the ATC should be 
computed based on the estimated maximum ISGA. 
Hence, this will improve the computational time in 
determining the ATC.  
 
 
References: 
[1]  H. Sawhney and B. Jeyasurya, Application of 

Unified Power Flow Controller for Available 
Transfer Capability Enhancement, 
International Journal of Electrical Power 
Systems Research, Vol. 69, 2004, pp. 155-160. 

[2] M.M. Othman, A. Mohamed and A. Hussain, 
Fast Evaluation of Available Transfer 
Capability Using Cubic-Spline Interpolation 
Technique, International Journal of Electric 
Power Systems Research, Vol. 73, 2005, pp. 
335-342. 

[3] E.D. Tuglie, M. Dicorato, M.L. Scala and P. 
Scarpellini, A Static Optimization Approach to 
Assess Dynamic Available Transfer Capability, 

Proceedings of the 21st IEEE International 
Conference of Power Industry Computer 
Applications, 1999, pp.269-277.  

[4] V. Vittal, Consequence and Impact of Electric 
Utility Industry Restructuring on Transient 
Stability and Small-Signal Stability Analysis, 
Proceedings of the IEEE, Vol. 88, No. 2, 2000, 
pp. 196-207. 

[5] R.A. Rosales, D.R. Vega, D. Ernst, M. Pavella 
and J. Giri, On-Line Transient Stability 
Constrained ATC Calculations, IEEE Power 
Engineering Society Summer Meeting, Vol. 2, 
2000, pp. 1291-1296. 

[6] K. Cui, D.Z. Fang and C.Y. Chung, Analysis of 
Power Transfer Limit Under Dynamic Security 
Constraints, International Conference on 
Power System Technology, Vol. 1, 2004, pp. 
496-501. 

[7] J.A. Momoh and C.B. Effiong, Generation 
Rescheduling for Dynamic Security 
Enhancement for Multi-Area Power System, 
Vol. 4, 1997, pp. 3437- 3442. 

[8] A.L. Bettiol, L. Wehenkel and M. Pavella, 
Transient Stability-Constrained Maximum 
Allowable Transfer, IEEE Transactions on 
Power Systems, Vol. 14, No. 2, 1999, pp. 654-
659. 

[9] Y. Yuan, J. Kubokawa, T. Nagata and H. 
Sasaki, A Solution of Dynamic Available 
Transfer Capability by means of Stability 
Constrained Optimal Power Flow, IEEE 
Bologna Power Tech Conference, Vol. 2, 2003. 

[10] G. Li and S.M. Rovnyak, Integral Square 
Generator Angle Index for Stability Ranking 
and Conttrol, IEEE Transactions on Power 
Systems, Vol. 20, No. 2, 2005, pp. 926-934. 

[11] M.M. Othman, A. Mohamed and A. Hussain, 
Available Transfer Capability Assessment 
Using Evolutionary Programming Based 
Capacity Benefit Margin, International Journal 
of Electrical Power and Energy Systems, Vol. 
28, 2006, pp. 166-176. 

 
 
Norizan Mat received his B.Eng. (Hons) of Electrical 
Engineering from Universiti Teknologi MARA in 2007. He is 
currently working in a prestigious private company that is the 
Tenaga Nasional Berhad, Malaysia. His research interest is in 
the area of power system. 
 
Muhammad Murtadha bin Othman received his B.Eng. 
(Hons) from Staffordshire University, England in 1998; M.Sc. 
from Universiti Putra Malaysia in 2000 and Ph.D. from 
Universiti Kebangsaan Malaysia in 2006. He received the award 
of best Ph.D. thesis 2005/2006 conferred by the Universiti 
Kebangsaan Malaysia. He currently lectures at the Universiti 
Teknologi MARA, Malaysia. His area of research interests are 

6th WSEAS Int. Conference on Computational Intelligence, Man-Machine Systems and Cybernetics, Tenerife, Spain, December 14-16, 2007     218



artificial intelligence, transfer capability assessment and 
reliability studies in a deregulated power system. 
 
Ismail bin Musirin obtained his Diploma of Electrical Power 
Engineering in 1987, Bachelor of Electrical Engineering (Hons) 
in 1990; both from Universiti Teknologi Malaysia, MSc in 
Pulsed Power Technology in 1992 from University of 
Strathclyde, United Kingdom and PhD in Electrical Engineering 
from Universiti Teknologi MARA, Malaysia in 2005. He is 
currently The Head of Programme, Diploma in Electrical Power 
Engineering, Faculty of Electrical Engineering, Universiti 
Teknologi MARA, Shah Alam, Selangor. His area of research 
interests are artificial intelligence, voltage stability studies, and 
application of microgrid and distributed generation in power 
system. 
 
Azah Mohamed obtained her B.Sc. (Eng.) degree from 
University of London in 1978. She joined Universiti 
Kebangsaan Malaysia in 1985 and obtained her M.Sc. and PhD. 
degrees from University of Malaya, Malaysia in 1988 and 1995, 
respectively. She is currently a professor at the Universiti 
Kebangsaan Malaysia. At present, she is the Deputy Dean of the 
Faculty of Engineering at the Universiti Kebangsaan Malaysia. 
Her research interests are in the areas related to transmission 
pricing, power quality and power system security.  
 
Aini Hussain obtained her B.Sc. Electrical Engineering degree 
form Louisiana University, USA; M.Sc. degree in System and 
Control from UMIST, England and PhD. degree from Universiti 
Kebangsaan Malaysia. She is currently a professor at the 
Universiti Kebangsaan Malaysia.  At present, she is the Head of 
Department of Electrical, Electronics and Systems Engineering 
at the Universiti Kebangsaan Malaysia. Her area of research 
interests includes signal processing and application of artificial 
intelligence in power system. She is also a member of  Tau Beta 
Pi. 
 

6th WSEAS Int. Conference on Computational Intelligence, Man-Machine Systems and Cybernetics, Tenerife, Spain, December 14-16, 2007     219


