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ABSTRACT 

 

In this thesis, innovative studies are made on the Available Transfer Capability (ATC) 

evaluation methods in power systems with both dynamic and static constraints. The role 

of ATC as a market signal in addition to being a technical index in the power market 

environment and the interaction between the two roles are investigated. In addition, the 

ATC enhancement measures by Flexible AC Transmission Systems (FACTS) devices 

are also studied. 

 

With the development of deregulated power markets, higher power transfer between 

interconnected systems and reduced reactive power reserves together with intensified 

competition, push the network authorities to determine ATC in short time with 

satisfactory accuracy. Thus system operation with both desirable economical benefit and 

sufficient security can be performed timely. Due to the increased transaction level 

associated with open access, the transmission systems are operating under more stressed 

conditions near the stability boundary. An optimized operation point of power system 

obtained with conventional static security constraints is possibly either transiently 

unstable or voltage unstable under certain credible contingencies. The calculation 

difficulties imposed by dynamic security considerations other than static limits lie in 

how to treat with the multi-dimensional Differential-Algebraic-Equations (DAEs) 

associated with them.  

 

In this research, ATC evaluation methods with two different types of dynamic 

constraints are investigated. Firstly a variant Primal-Dual Predictor-Corrector Interior 

Point Method (PDPCIPM) is proposed to solve ATC calculation with transient angle 



 

 ii

stability constraints. It has the advantages of fast convergence and reasonable accuracy 

as well as that its iteration speed is insensitive to the system scale and number of control 

variables. A Quasi-Steady-State (QSS) approximation method is then proposed to 

evaluate dynamic voltage constrained ATC with acceptable accuracy while the 

calculation speed is accelerated considerably. Under the new power market environment, 

economic factors should be considered on the condition of stability operation. Hence 

ATC calculation with consideration on both stability and price bidding is investigated 

by a variant PDPCIPM method and their interactions are analyzed. Through an 

innovative risk-based optimal method, ATC determination with different contingences 

associated with the system transient instability risk is also developed. In this proposed 

method, both probabilities and costs of transient instability events are considered and 

the optimal ATC is compromised between economics and security. Besides the studies 

on algorithms of ATC evaluation with a variety of constraints as well multiple 

objectives, the participants of power market also pay attention on how to increase the 

ATC between areas. The application of various FACTS devices to enhance ATC is also 

studied in this research. Case studies and analysis results are presented to show the 

efficiency and validity of the above methods for ATC calculation and their improvement 

issues. 
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CHAPTER 1  

Introduction 

 

1.1 Available Transfer Capability (ATC) of Power Networks Review 

 

The earliest transfer capability calculation of transmission system could be traced back 

to 1970’s (e.g. Landgren et al (1972) [37]), but the research did not receive researchers’ 

interest until FERC (Federal Energy Regulatory Commission) mandated the order 888 

and 889 in 1996. The mandate claimed that the public utility had to open its 

transmission grid for use by market participants and required that the ATC information 

of the transmission networks should be calculated and posted on OASIS (Open Access 

Same-time Information System). Shortly later in the same year, NERC (North American 

Electric Reliability Council) brought the industry together to establish a framework for 

ATC definition and evaluation. ATC was defined by NERC to be the transfer capability 

remaining in the physical transmission network for further commercial activity over and 

above already committed uses [50]. It is given by the relationship as:  

existingCBMTRMTTCATC −−−= ontransmissi scommitment       ---- (1.1.1) 

Mathematically it means ATC is equal to the Total Transfer Capability (TTC) less the 

Transmission Reliability Margin (TRM), less the sum of existing transmission 

commitments and the Capacity Benefit Margin (CBM). 

 

In particular, TTC is defined as the amount of electric power that can be transferred 
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over an interface or a corridor of the interconnected transmission network in a reliable 

manner while meeting a specific set of defined pre- and post-contingency system 

conditions. TRM is defined as that amount of transmission transfer capability necessary 

to ensure that the interconnected network is secure under a reasonable range of 

uncertainties in system conditions. CBM is defined as that amount of transmission 

transfer capability reserved by load serving entities to ensure access to generation from 

interconnected systems to meet generation reliability requirements. Individual systems, 

power pools, sub-regions and regions should identify their TRM and CBM procedures 

used to establish such transmission transfer capability margins as necessary.  

 

The definition of TTC between any two areas or across particular paths or interfaces is 

direction specific. TTC is the amount of electric power that can be transferred over the 

interconnected transmission network in a reliable manner based on all of the following 

conditions: 

1) For the existing or planned system configuration, and with normal (pre-contingency) 

operating procedures in effect, all facility loadings are within normal ratings and all 

voltages are within normal limits. 

2) The electric systems are capable of absorbing the dynamic power swings, and 

remaining stable, following a disturbance that results in the loss of any single electric 

system element, such as a transmission line, transformer, or generating unit.  

3) After the dynamic power swings subside following a disturbance that results in the 

loss of any single electric system element as described in 2 , and after the operation of 

any automatic operating systems, but before any post-contingency operator-initiated 

system adjustment is implemented, all transmission facility loadings are within 

emergency ratings and all voltages are within emergency limits. 
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4) With reference to condition 1, when pre-contingency facility loadings reach normal 

thermal ratings at a transfer level below that at which any first contingency transfer 

limits are reached, the transfer capability is defined as that transfer level at which such 

normal ratings are reached. 

5) In some cases, individual system, power pool, sub-regional, or regional planning 

criteria or guides may require consideration of specified multiple contingencies, such as 

the outage of transmission circuits using common towers or rights-of-way, in the 

determination of transfer capability limits. If the resulting transfer limits for these 

multiple contingencies are more restrictive than the single contingency considerations 

described above, the more restrictive reliability criteria or guides must be observed.  

 

Issued on 20th December 1999, Order 2000 built upon the ISO concept by encouraging 

smaller transmission entities to join together into RTOs (Regional Transmission 

Organizations). In this order, FERC stipulated “to maintain OASIS and post the 

transmission capability (the TTC & ATC)” as one of the eight minimal functions that an 

RTO must perform. Order 888, 889 and 2000 have evolved with many major milestones 

that have resulted in the creation of different kinds of market structures and business 

practices in various regions of the USA.   

 

The increase in power transfer among areas of interconnected systems and the reduction 

of reactive power reserves together with the competition in the power market, force the 

system operators and planners to look at the determination of the available transfer 

capability in a new perspective. Along with USA, European Transmission System 

Operators (ETSO) and some other countries also framed orders and regulations 

concerning issues about ATC. 
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Although there are definitions of ATC such as what NERC and ETSO established ([50] 

and [19]), the computational conditions or assessment procedures are not exactly clear. 

In the deregulated system, there has been an increase in interchange transactions among 

utilities, and the behavior of electricity trading and the resulting generation and load 

patterns are becoming more difficult to predict and analyze. Since the power system 

conditions are constantly evolving, ATC is a quantity that fluctuates with the time lapse. 

In addition, the differences between contract path and actual power flow path introduce 

additional complexity to the quantification of ATC. At this stage, many researchers 

throughout the whole world address on issues around the evaluation of ATC, and the 

key problem is on how to get the best compromise between the accuracy and calculation 

speed. 

 

Although ATC research nowadays is focused mainly on its evaluation, ATC is not only a 

technical index for the safe operation of power grid, but also a market signal that 

reflects the capability of more commercial activities between interconnected 

transmission networks in the power market. It should be viewed from a unified 

perspective of both technology and economics. 

 

1.2 Literature Reviews 

1.2.1 Methods Used for the Evaluation of ATC 

 

Since the need for ATC appears only after the electrical industry started deregulation 

and open access, not many fast ATC calculation algorithms are available nowadays. 

From the investigations which have been performed on the ATC evaluation, the adopted 
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algorithms may be mainly classified into two categories as probabilistic or deterministic 

methods. From an engineering perspective, the former can give comprehensive 

information during the operational planning stage which is off-line executed shortly 

before the real-time operation, while the latter may provide timely pertinent information 

to on-line operational performance.  

 

Table 1. 1  Comparison of the Pros and Cons among 

 Four Probabilistic Modeled Approaches for ATC Evaluation 

Approach Pros Cons 

Stochastic 

Approach  

[78] 

It can settle both discrete and 

continuous variables and account 

for most of the key uncertainties.

The calculation speed is not quite 

favourable for large system. 

Enumeration 

Method  

[76] 

It combines the system state 

enumeration and optimal 

algorithm. 

It is unsuitable for the ATC 

evaluation of large system. 

Monte-Carlo 

Simulation  

[44] 

It is easy to deal with a large 

number of uncertainties of power 

system and is suitable for large 

systems. 

It can not settle the relativity 

among the system components and 

the accuracy of this method is 

questionable under certain 

circumstances. 

Bootstrap 

Algorithm  

[65] 

It can utilize the latest market 

information sufficiently. 

It cannot favourably settle the 

uncertainty of some grid parameter 

(e.g. the stochastic fault of the 

transmission line). 
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For off-line calculation, substantive uncertainty factors which may influence the 

resultant accuracy of ATC should be involved, and the power systems’ behaviour 

arising from random equipment outages and load variations are of stochastic nature. The 

challenges of ATC computation lie in the need to consider all likely base cases, all 

likely contingencies, and systematically compute the maximum transfer capability. To 

make the ATC useful in an acceptable scope and at the same time reduce the calculation 

burden and save evaluating time, probabilistic-based method is generally utilized for the 

determination of ATC. At this stage, the probabilistic model is mainly settled by four 

approaches, the comparison of their advantages and disadvantages is listed in Table 1.1. 

 

Since various uncertainties of contingency may be involved in the probabilistic 

approaches, these methods may evidently yield much full-scale information as 

forecasted. From their result, the most harmful uncertainties may be detected during the 

operational planning stage, and certain pertinent countermeasures may be raised in early 

time to prevent more serious or wide-spread faults. What’s more, the off-line calculation 

results may assist the selection of most critical contingencies for on-line evaluation. 

Although they have the above merits, compared with on-line calculations, besides the 

calculation speed is comparatively slow, results by off-line calculations are mostly 

approximate values. As far as the operational planning stage is concerned, they can 

meet the requirement, for the error produced by the approximation can be neglected in 

comparison with system uncertainties effect on ATC. 

   

For on-line calculation, i.e. in an operations environment where ATC values are posted 

on a shot-term (usually one to several hours or even shorter) basis, calculation of ATC 

may be performed for most limiting constraints. One reason is that the time for 
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calculation is limited and ATC value must be updated rapidly. The other reason is that 

the calculation is based on relatively more certain operation condition. For a given 

system, under certain operation conditions, base system conditions are identified and 

represented for the period being analyzed, including forecasted customer demands, 

generation dispatch, system configuration, specific transaction and base scheduled 

transfers. It is not difficult to find the most critical contingencies by contingency filter 

scheme. In this case, there may be no need to consider constraints which will never be 

enforced. It is also assumed that critical paths or interfaces and where to calculate ATC, 

are also preconditions known from off-line studies. 

 

The methods of on-line ATC calculation are based on deterministic model, and they 

may be solved by several methods, such as Direct Method, Extended Distribution 

Factor Methods (e.g. Load Open Distribution Factor (LODF), Power Transfer 

Distribution Factor (PTDF), Generation Shifting Factor (GSF)), Sensitivity Method, 

CPF (Continuation Power Flow) and OPF (Optimal Power Flow). The comparison of 

their performance is listed in Table 1.2.  

 

Table 1.2  Comparison of the Pros and Cons among  

Five Deterministic Modeled Approaches for ATC Evaluation 

Approach Pros Cons 

Direct Method  

[25] 

Evaluation is fast and easy. 1. If the starting point is very 

far from the result, no 

convergence may be 

encountered. 

2. It cannot include nonlinear 



Chapter 1 Introduction 

 8

constraints such as VAR limits 

and transient stability constraints.

Extended 

Distribution 

Factor 

Methods 

(LODF, PTDF, 

GSF, etc) 

[18, 27, 58] 

1. There is no need for any 

iteration and calculation speed is 

fast. 

2. It may include ‘N-1’ static 

security constraints and branch 

overflow limits conveniently. 

The voltage constraints and 

reactive power factors cannot be 

directly taken into account; thus 

calculation error may be 

considerable for untight systems 

with insufficient reactive power 

support. 

Sensitivity 

Method 

[26] 

Based on certain ATC data under 

certain system conditions, fast 

calculation of the new ATC after 

some parameters are changed can 

be performed. 

1. This is not an independent 

method which must be combined 

with other ATC calculation 

methods. 

2. When large change occurs in 

system operation, calculation 

speed may be slowed and 

accuracy cannot be guaranteed 

CPF 

[17, 21, 28] 

1. It is able to incorporate the 

effects of reactive power flows, 

static voltage limitations, voltage 

collapse as well as the traditional 

thermal loading effects. 

2. Divergency can be avoided 

around the voltage limit point. 

1. Calculation speed is not very 

satisfied. 

2. Since it adopts a common 

factor, a conservative result may 

be conduced when calculating a 

special transfer limitation without 

the optimization of generation and 

load distribution. 
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OPF  

[12, 15, 38, 59] 

1. It can incorporate various 

complex constraints and different 

objectives in the mathematical 

model. 

2. It can adopt the new 

optimization methodology easily. 

The optimization methods for 

different objectives and 

constraints are still in deep 

research. 

 

In theory, both the system steady-state and dynamic constraints should be considered in 

the ATC calculation. However, few methodologies are available to evaluate this quantity 

with full representation of the power system dynamic behavior at this stage. Since the 

dynamic constraints involve differential equations, they are often ignored or simplified 

in most research. Such simplification may render the result accuracy to calculation 

speed. Under certain conditions, the system which satisfies the steady-state constraints 

is restricted by undesirable dynamic behavior after large disturbance. An iterative 

approach for calculating ATC with dynamic constraints was first proposed by Hiskens 

et al (1998) [30]. The method uses the concept of trajectory sensitivities and is prone to 

full representation of the power system modeled as a set of 

differential-algebraic-discrete equations. The application of the method is limited, 

however, to the evaluation of a single free parameter that can be used to yield 

marginally stable trajectories. The computational complexity for applications to large 

system has not been fully assessed. 

 

Later a pilot literature including dynamic constraints in the ATC calculation was 

published by De Tuglie et al (2000) [14]. The main feature of the approach is the 

capability to treat static and dynamic security constraints in a unique integrated piece of 
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software. The software structure is simple and compatible with existing EMS. However, 

the authors experienced some difficulties of oscillatory convergence around the 

solution.  

 

In the recent years, more work has been performed in the ATC evaluation with transient 

angle stability considerations. Among them, several DAE (Differential Algebraic 

Equation) optimization methodologies have been applied to treat problem efficiently, 

e.g. Zhang et al (2004) [83] has used Dot Product as a criterion for rotor angle stability, 

and an algorithm based on Control Variable Parameterization (CVP) is implemented to 

solve the formulated transient angle stability constrained optimization problem. 

 

1.2.2 OPF Technique Relative with ATC Evaluation 

 

The application of optimization techniques to power system planning and operation 

problems has been an area of active research recently. Optimal Power Flow (OPF) is a 

generic term that describes a broad class of problems, in which a specific objective 

function is optimized with satisfying certain constraints. Generally, OPF can reliably 

find a steady-state operating point (e.g. generation dispatch, voltage profile, and 

transformer tap settings), which minimizes certain criteria while enforcing a variety of 

operational constraints dictated by operational and physical particulars of the electric 

network. Its general mathematical description is as follows: 

Objective function: min f = f(x)        ---- (1.2.1) 

Subject To:  g(x) = 0          ---- (1.2.2) 

   ( ) hxhh ≤≤           ---- (1.2.3) 
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   xxx ≤≤           ---- (1.2.4) 

 

Conventional OPF formulations usually aim to minimize the system real power losses 

or the operating cost with subjecting to satisfy constraints represented by bus active and 

reactive power balances in term of voltages magnitudes and phase angles [32]. 

 

After 1990s, great changes have occurred in many countries on the administrative 

mechanism and market structure of electrical industry. The relationship of the reliability, 

economic property and power quality in the system operation correspondingly 

transferred from the traditional “safety stands the unconditional first priority” to a 

harmonious and accordant balance. Thus tremendous development of OPF in the power 

system under electricity market has been observed on the complication of objective 

function together with constraints and enlargement of application field. Understanding 

on the economic merit of OPF is improved gradually. For certain objective function 

and/or constraints of voltage, current, power, etc., OPF can be utilized to integrate them 

under the same valuation standard and on the basic requirement of the system operation 

(on both economics and safety). It can also depress the discrepancy between the 

operation cost and electricity price, settle the conflict among IPPs, power grids and 

customers. Under the electricity market, OPF foots the pivotal status in EMS and can be 

broadly applied in many aspects of power system under market environment, such as 

optimal dispatch, optimal ancillary control, bidding strategy and demand side 

management. 

  

The development of research on OPF is mainly in two parts. The first is on perfecting 

the algorithm model, i.e., expressing the actual constraints rigorously by appropriate 
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mathematical formulae. The second is on upgrading the calculation method, i.e., finding 

optimal technologies to get the result of OPF problem rapidly and efficiently.  

 

A wide variety of optimization technologies has been applied to solve the OPF problems. 

The techniques can be classified into two categories, the traditional algorithm and the 

modern ones. The former includes linear programming (LP), quadratic programming 

(QP), nonlinear programming (NLP), Newton-based method, hybrid versions of linear 

programming and integer programming and Interior Point Methods. The latter is 

investigated enthusiastically in recent years, such as tabu search, simulated annealing, 

genetic algorithms, artificial neural networks, stochastic optimization, fuzzy sets, 

Lagrange relaxation algorithm, etc. Each of them has its particular advantages and is 

appropriate to solve certain special problems. In recent years, some traditional algorithm 

has also experienced gradual development with the changes and new requirements of 

electrical industry. 

 

As an off-line analysis tool, OPF has been utilized widely and achieved good results. 

However, as an on-line optimal control instrument, deep research on the algorithm is 

still in progress.  

 

In the following, a brief review will be made on several optimal technologies which are 

appropriate to be used in power system. 

 

I. Linear Programming (LP) 

 

In 1968, Wells [73] developed a linear programming approach to determine an 
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economical schedule that is consistent with network security requirements for loading 

plants in a power system. The cost objective and its constraints were linearized and 

solved using the simplex method.  

 

In 1970, Shen and Laughton [60] presented a dual linear programming technique. Both 

primal and dual problems were obtained using the revised simplex method. 

 

Later，Stott and Hobson (1978) [63], Irving and Sterling (1983) [35], Housos and Irisarri 

(1983) [31], Mota-Palomino and Quintana (1984) [47] presented a series of papers 

applying modified linear programming to solve active power systems problems, among 

them, some exploration on economic dispatch has also been executed. 

 

Some researchers also tried to use this method to solve reactive power optimization 

problems. In 1986, Mota-Palomino and Quintana [48] presented a penalty-function 

linear-programming-based algorithm to solve reactive power dispatch problems. In 

1987, Santos-Nieto and Quintana [56] presented a linear programming technique used 

for solving linear reactive power flow problems. A penalty function linear programming 

algorithm was implemented along with a scheme for handling infeasibility. However, 

the calculation speed and result accuracy of LP in solving optimization problems with 

reactive power constraints are not very satisfied. 

 

In summary, Linear Programming treats problems with constraints and objective 

function formulated in linear forms with non-negative variables. The objective functions 

(voltage, loss, economic dispatch and VAR) are linearized to enable LP solution. When 

dealing with the optimal calculation on the active power problems of large systems, LP 
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appears rapid on speed, reliable on iteration and it is convenient to manage bulk 

constraints. However, it is unsuitable for optimization problems with high requirement 

on reactive power, which has strong non-linear characteristics.     

  

II. Newton-based Method and Quadratic Programming (QP) 

 

In the Newton-based method, the necessary conditions of optimality commonly referred 

to as the Kuhn-Tucker conditions are obtained. In general, these are nonlinear equations 

requiring iterative methods of solution. The Newton method is favored for its quadratic 

convergence properties and it can employ the sparsity of power system. However, the 

diagnostic factors corresponding to the control variables are prone to be very minimal 

value even zero, thus cause the matrix singularity; and initial value of the induced 

Lagrange multiplier may influence the stability of the iteration evidently. Further, since 

the second order partial derivative of Lagrange function should be calculated in the 

iteration progress, the speed of this method is not very satisfactory for real-time use.  

 

Quadratic Programming is a special form of nonlinear programming whose objective 

function is quadratic with linear constraints. It has been widely used in settling the OPF 

problems with reactive constraints. 

 

Newton-based method and Quadratic Programming are all second order method, and 

they are all good at convergence accuracy. But since the latter may be transferred to 

linear problem via Taylor expansion, it may simplify the calculation and demonstrate 

advantages of run time and the robustness.  
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III. Mixture of Linear Programming and Quadratic Programming Category 

 

In 1973, Nabona and Ferris [49] presented a method which involved quadratic and 

linear programming for optimizing the economic dispatch objective. The on-line 

operation of this approach seems feasible and avoids the difficulties associated with the 

gradient optimization approach. 

 

In 1986, Contaxis et al [11] presented a method to solve the optimal power problem by 

decomposing it into two sub-problems: the real and reactive sub-problems. This method 

employed both linear and quadratic programming. A quadratic programming approach 

was used to solve the two sub-problems at each iteration, and a linear programming 

approach was used if the valve point loading was to be considered. 

 

With the increasing urge of planning and operation to consider active and reactive 

control simultaneously and try to get the result rapidly, more researchers have 

contributed much on this problem. PQ decomposition is used as the basic principle in 

most research, because of the weak physical coupling characteristic of the power system, 

i.e., P is more relative with θ (the angle of V), Q is more relative with the magnitude of 

V, P & Q can be optimized separately by decomposition, thus the disadvantages of long 

calculation duration, vast calculation burden can be overcome. In the sub-problems of 

reactive power, Quadratic Programming is usually employed.  

 

However, with the development of electrical engineering, more new and complex 

devices appear. In the systems equipped with FACTS devices, the power flow of certain 

lines is relative to both P and Q, and they cannot be separated thoroughly. Modification 
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must be made on the mathematical formula and calculation method. Ge and Chung 

(1998) [23] have proposed an innovative hybrid decoupled OPF method to include the 

effects of four typical FACTS devices and the specified needs for power flow controls. 

In this method, the variables related with both active and reactive power can be 

optimized in both APOPF (active power OPF) and RPOPF (reactive power OPF) by 

introducing the active and reactive power flow equations of FACTS branches into 

RPOPF and APOPF respectively.  

    

IV. Interior Point Methods (IPM) 

 

Interior Point Method is an optimal method that starts the process from an interior point 

of feasible space and constructs a path that reaches the optimal solution after a few 

iterations, and every interim point gained after each iteration step is always within the 

feasible space [3].  

 

It was presented in previous research that IPM enables fast speed and reasonable 

accuracy, suitable for optimal problems in large system. Its iteration times are not 

influenced by the system scale and/or the number of control variables. Interior point 

features good starting point and fast convergence. Besides its robustness, it also 

demonstrates well on settling the inequality constraints. It can be used in both linear and 

nonlinear problems. Numerical experiences of IPM to power system optimization 

reported that this method are very effective and has great potential for such a large scale 

system with more and more complex nonlinear characteristics. 

 

Even though the Interior Point Method was devised as early as 1947 and sparked by 
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Karmarkar’s breakthrough in 1984, its application to power system optimization 

problems just began in the last two decades [53]. In 1991, Clements et al [10] presented 

one of the first interior point technique for solving power system state estimation 

problems, which facilitates detection and identification of bad data. Ponnambalam et al 

(1992) [52] presented a newly developed dual affine (DA) algorithm implemented to 

solve the hydro-scheduling problem. Momoh et al (1994) [45] presented an 

implementation of a Quadratic Interior Point (QIP) method for optimal power flow 

problems. This method is an extension of the dual affine algorithm and solves power 

system optimization problems such as economic dispatch and VAR planning problems. 

The method is capable of accommodating the nonlinearity in objectives and constraints. 

Granville (1994) [24] presented an IPM for solving the VAR planning objective 

function of installation cost and losses. The primal-dual logarithmic barrier method 

employed in this paper has shown superior computational performance when applied to 

linear and quadratic programming problems. However, proper weights must be 

specified in order for the algorithm to reach a solution satisfactory for both loss 

minimization and reactive injection costs.  

 

In recent years, IPM is further developed and employed on solving various OPF 

problems in the power system. Some newly modified algorithm appears, and now there 

are mainly three kinds of IPM in this field: 

1) Karmarkar’s projective scaling method. Since standard form need to be obtained via 

complex transformation in the real calculation, it is rarely used in practice case; 

2) Affine scaling method. As a mature method, Primal-Dual Affine Scaling method is 

widely used for linear programming (LP), quadratic programming (QP) and nonlinear 

programming (NLP) in State Estimation (Wei et al (1998) [72]), Reactive Power 
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Optimization (Granville (1994) [24]), Economic Dispatching (Yan and Quintana (1997) 

[81], Irisarri et al (1998) [33]), Optimal Power Flow (Wu et al (1994) [75], Wei et al 

(1998) [72]), Power Flow Insolvability (Granville (1996) [24]), Maximum Loadability 

(Irisarri et al (1997) [34], Wang et al (1998) [71]), Simultaneous Transfer Capacity 

(Mello et al (1996) [44]), Hydro-Thermal Co-ordination (Medina et al (1998) [42]) and 

Spot Pricing (Xie et al in 1998), etc. Among them, the method of predictor-corrector 

extension has performed impressively in the recent years. 

3) Path following method. With the characteristics of rapid convergence, strong 

robustness and not sensitive to the initial value, it is the most potential IPM.  

 

From the above investigation addressed by forerunners, OPF-based algorithms in 

evaluating power system problems are conceptually rather nice. Implementation on 

some test systems or networks have been reported and the performance was found 

satisfactory. Its deeper and wider application in the real-time scope is desired. Different 

optimal methods have specific characteristics and are suitable for certain problems, 

researchers are continuously devoting to find better methods to solve various optimal 

problems in the power system. 

 

1.2.3 The Application of FACTS on Improving the System Performance 

 

Since the early 1980’s, advances in Flexible AC Transmission Systems (FACTS) 

controllers in power systems have led to their application in improving stability of 

power networks [29, 61]. Several studies analyzing the application of FACTS 

controllers for voltage and angle stability have been reported in the literatures (e.g. [4, 
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6]). In such research, the effect of the FACTS controller on the economic operation and 

voltage stability of the network is the principle motivation behind incorporating the 

FACTS into various OPF formulations. The main idea behind FACTS is to use network 

parameters as controls to direct flow, thus eliminating problems caused by unwanted 

loop or parallel flows.  

 

Since FACTS controllers provide reactive-power compensation and benefit to increase 

the active power transfer between areas, their applications for various purposes are 

developed under the electricity market. In the research field of ATC, FACTS may be 

applied to enhance the ATC value. Exploration has been carried on this topic, e.g. Xiao 

et al (2003) [79] proposed a methodology for improving ATC by UPFC via stochastic 

approach. 

 

1.2.4 Research on Transient Angle Stability by OPF 

 

Since its first proposal, OPF has been an area of active research. Many successful 

techniques have been developed in the past decades for power system applications. In 

the conventional OPF formulation, static security constraints are considered and 

transient stability constraints are usually excluded. However, the systems operated at the 

point suggested by the OPF may fail to maintain transient stability when subject to a 

credible contingency. It should be noted that, as the power industry moves into a 

competitive environment, increasingly more transmission systems have been pushed to 

the stability limitation bounder. For these systems, transient angle stability should be 

one of the main concerns in the operation [7, 54]. As it is pointed out at the IEEE 1995 
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Winter Power Meeting by Panel Session on Challenges to OPF, ‘How will the future 

OPF provide local or global control measures to support the impact of critical 

contingencies, which threaten system voltage and angle stability’ has become one of the 

main challenges in OPF and is under deep research during the recent years. 

 

Mathematically, Transient Stability Constrained OPF (TSCOPF) is nonlinear 

semi-infinite extended OPF problem with additional equality and inequality constraints. 

The additional equality constraints are a set of differential-algebraic equations (DAEs), 

in which, the ordinary differential equations are defined by the dynamics of the 

generators and the loads as well as their controllers, while algebraic equalities are 

described by the current balance equations of the transmission network (corresponding 

to the Kirchoff’s laws at each bus or node) and internal static behaviors of passive 

devices (e.g., shunt capacitors and static loads). The additional inequality constraints 

consist of angle stability constraints, and also some practical requirements of system 

dynamic behavior, such as limits on the transient voltage sag/rise etc. There are two 

major difficulties in TSCOPF. The first one is how to deal with multi-dimensional 

variables constrained by multi algebraic inequalities and equalities. The second one is 

how to satisfy the differential equations, which control the trajectories of all event 

disturbances. 

 

In the past, several different approaches have been developed for this challenging 

problem. In some investigations, the problem is formulated as a static optimization 

problem by certain discretizing scheme, and any standard nonlinear programming 

technique can be applied to the problem. However, converting differential equations 

into algebraic equations by discretizing scheme may not only produce inaccuracy of 
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computation because of the approximation but also cause convergence difficulties due 

to the introduction of a large number of variables and equations at each time step to the 

original OPF. In particular this is true for large scale power systems with a large number 

of the credible contingencies. At the same time, various different research methods have 

also under development to overcome this problem. For example, in 2004, Zhang et al 

[83] proposes a method which adopts equilibrium equations to describe steady-state 

constraints of pre- and post-disturbance conditions and uses dot product as a criterion 

for rotor angle stability. An algorithm based on control variable parameterization (CVP) 

is implemented to solve the formulated problem. Also in 2004, Xia [77] et al introduced 

a concept of ‘most effective section of transient stability constraints’ to reduce the 

massive calculation of the Jacobian and Hessian matrices of the stability constraints. 

 

1.2.5 Research on Voltage Stability 

 

Power transmission has traditionally been limited by either rotor angle (synchronous) 

stability or by thermal loading capabilities. Voltage stability, however, is now a new 

major concern in both planning and real-time operating power systems [8]. With the 

open access of power systems, more and more electric utilities are facing voltage 

stability limits. Voltage instability and collapse have resulted in several major system 

blackouts such as what occurred in Japan, France, USA etc. in recent years. 

 

Compared with transient angle stability, voltage stability is still a fresh subject. It will 

remain a challenge for the foreseeable future and, indeed, is likely to increase in 

importance. In the last two decades, and especially in the recent years, with the 
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evolution of open-access that prevails in an increasing number of power systems, more 

utility engineers, consultants, and university researchers have been addressing in the 

intense study of voltage stability.  

 

At this stage, bifurcation theory is the primary tool to tackle voltage stability or voltage 

collapse issues [64, 68]. It can interpret the mechanism of voltage collapse evolution 

clearly, and many investigations have shown that generally voltage collapse is related 

with either Saddle Node Bifurcation (SNB) or Limit Induced Bifurcation (LIB). 

However, since OPF methods perform well for problems with various constraints and 

thus are suitable for disposing collapse by limits, OPF theories have been applied in the 

analysis of voltage stability limits. Including voltage stability in the OPF means adding 

such items to the constraints of the mathematical model. Similar to transient stability, 

these stability constraints themselves are algebraic or differential equations [62]. To 

obtain the results of the objective problem with these constraints, massive calculation is 

needed and methods to accelerate the evaluation process are required. 

 

Several publications have dealt with optimization techniques for preventive control of 

voltage stability. The various formulations aim at either maximizing a load power 

margin (e.g. Dobson et al (1998) [16], Canizares (1998) [5], Wang and Lasseter (2000) 

[70] and Rosehart et al (1999) [55])or minimizing an objective function with voltage 

security constraints (e.g. Rosehart et al (1999) [55], Wang et al (1998) [71], Feng et al 

(2000) [20] and Vaahedi et al (2001) [66]). In the latter, margins can be determined 

through more accurate, dynamic simulations, and many researchers are quite interested 

in it. 
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1.3 Research Scope 

 
The main contributions of this research work are summarized in the following, which 

show the highlights of this thesis. 

 
1) Some previous investigations have proposed efficient methods of evaluating ATC 

with static constraints and some special considerations. However, since dynamic system 

operation conditions were usually simplified or omitted in these methods, an 

optimization point obtained by them may be transiently unstable or voltage unstable 

under credible contingencies.  

 

In this research, the ATC calculation is considered with both static and dynamic 

constraints during the real-time stage, which may provide more helpful information for 

the operators during on-line dispatching in a stable and reliable way. In the dynamic 

constrained ATC evaluation, not only transient angle stability but also voltage stability 

influences are investigated. A variant PDPCIPM is proposed in the former and a QSS 

method is presented in the latter problem. Case studies show the validity of the 

proposed methods. The correspondingly different operation conditions and contingency 

types for these two kinds of dynamic constrained ATC are also analyzed and compared.  

 

2) ATC is originally established to be both a technical indicator for secure operation 

and a commercial signal in power market. Following the research of ATC evaluation as 

a security index, its role as a commercial signal in the power market is also investigated. 

An innovative multi-purpose objective function with consideration of both stability 

control and economical dispatch is proposed and solved by a variant OPF method, 

where the first purpose is to maximize the ATC value, and the second one is to minimize 
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the investment and operation costs on enhancing ATC and solving congestion. In this 

way, the market influence on ATC can be reflected together with the stability 

constraints.  

 

3) In this thesis, a new risk-based approach for assessment of optimal ATC with 

transient stability constraints is also attempted and proposed. In this approach, 

probabilities and costs of contingencies are simultaneously considered in building up 

the ATC model, expectation rule is adopted for the TTC decision-making process, and 

the ATC solution is optimized between the economics and security of system operation.  

 

4) To meet the requirement of higher power transaction between interconnected areas, 

measures should be taken to improve the transfer performance. In this research, 

application of FACTS devices to enhance the available transfer capability is 

investigated. The objective problem is established in an OPF formulation with security 

and control constraints, which includes those of FACTS control parameters. A variant 

PDPCIPM method is employed as the solution methodology. Test is implemented to 

show the effect of FACTS devices on the enhancement of ATC. 

 

1.4 Publications 

 

Arising from this research work, one paper has already been published in journal, one 

paper is submitted and is under review, eight international conference papers have been 

presented or accepted. These papers are listed below: 
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Refereed Journal Papers Published: 

Cheng Y., Chung T.S., Chung C.Y., Yu C.W., “ATC Evaluation of Inter-Connected 

Power System with the Incorporation of Dynamic Voltage Stability Constraints,” 

Automation of Electric Power Systems, vol. 28, No. 6, pp. 30 - 34, 2004 

 

Paper under review: 

Cheng Y., Chung T.S., Chung C.Y., Yu C.W., “The ATC Determination of Power System 

with Incorporation of Dynamic Voltage Stability Constraints,” submitted to 

International Journal of Electrical Power & Energy Systems 

 

International conference papers: 

1. Cheng Y., Chung T.S., Chung C.Y., Yu C.W., “Incorporation of Dynamic Voltage 

Stability Constraints in the ATC Determination of Power System,” Proceedings, IEE 

APSCOM 2003 Conference, Hong Kong, vol. 2, pp. 619 - 623, Nov. 2003 
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CHAPTER 2   

ATC Calculation with Transient Angle Stability Constraints 

by a Variant Interior Point Method 

 

2.1  Introduction 

 

The evaluation of Available Transfer Capability (ATC) should take into consideration all 

the system security constraints, such as the thermal limits, steady-state stability limits 

(e.g. generator output active and reactive power limit, bus voltage upper and lower limit, 

etc.), transient angle stability limits as well as dynamic voltage stability limits [1, 74]. In 

the early years after this research topic was launched, a wide variety of mathematical 

and computational techniques, either conventional or new, were adopted to obtain the 

result with static system operation optimization (mainly “N-1” criteria) and some 

special considerations, such as multi-contingency constraints, reactive consideration, 

market based limits, etc. Among them, some methods can obtain satisfactory results 

with considerably fast calculation speed. However, since dynamic system operation 

conditions were not included, few of them can deal with dynamic constraints effectively, 

and an optimization operation point obtained by them may be transiently unstable or 

voltage unstable under certain credible contingencies. In recent years, under the 

competitive market environment, more and more bulk power systems are pushed to 

operate near the stability boundary [9, 13]. Hence to provide more helpful information 
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for on-line power system operation at this stressed operating condition, more 

investigations of ATC evaluation with dynamic constraints are raised. 

 

In this research context, the ATC evaluation with two major types of dynamic 

constraints is investigated separately; one is transient angle stability, and the other is 

dynamic voltage stability. This chapter is focused on the former, and the following 

chapter is on the latter type. 

 

Among the diverse schemes for improving system representation and reducing 

computational time, Optimal Power Flow (OPF) has shown potentially outstanding 

ability on solving power system problems with various security constraints. In this 

research, OPF is thus chosen as the mathematical method and the ATC evaluation with 

dynamic considerations are described in the context of OPF problems. A variant 

Primal-Dual Predictor-Corrector Interior Point Method (PDPCIPM) with quadratic 

convergence and reasonable accuracy, which is insensitive to the system scale and the 

number of control variables, is proposed in this chapter for the ATC evaluation with 

transient angle stability constraints. The proposed method is presented, followed by case 

study illustration and result analysis.   

  

2.2  Assessment on the Margins of ATC Calculation  

 

Mathematically, ATC is defined as the Total Transfer Capability (TTC) less the 

Transmission Reliability Margin (TRM), less the sum of existing transmission 

commitments and the Capacity Benefit Margin (CBM), i.e.  
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existingCBMTRMTTCATC −−−= ontransmissi scommitment      ---- (2.2.1) 

 

While in ATC evaluation the key component is the determination of TTC, attention 

should also be paid on both TRM and CBM, which account for the system reliability 

(Ou and Singh (2002) [51]). TRM is defined as that amount of transmission transfer 

capability necessary to ensure that the interconnected network is secure under a 

reasonable range of uncertainties in system conditions. CBM is defined as that amount 

of transmission transfer capability reserved by load serving entities to ensure access to 

generation from interconnected systems to meet generation reliability requirements. 

 

As TRM accounts for the inherent uncertainty in system conditions and the need for 

operating flexibility to ensure reliable system operation when system conditions change, 

several uncertain operation factors are involved in the determination of TRM, such as 

branch outage, generation control, load forecasting, parallel power flow etc. All of them 

should be included and assembled reasonably instead of being simply summed up in the 

TRM assessment. In general, the longer the time span, the more serious is their 

uncertainty.  

 

At this stage, there are several approaches of TRM assessment proposed. e.g. repeated 

computation of TTC using variations in the base case data (the difference between the 

largest and the smallest TTC is TRM), a single repeat computation of TTC using 

limitations reduced by a fixed percentage (i.e., 4%), TTC reduced by a fixed percentage 

(i.e., 5%), first order sensitivity method to take the effect of changes in load and 

simultaneous transfer on ATC, and probabilistic approach using statistical or other 

systematic reliability concepts etc. For individual systems with special construction 
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characteristics and market regulations, the rules to determine their TRMs are different. 

Hence the specific methodologies for determining and identifying necessary TRMs may 

vary among regions, sub-regions, power pools, individual systems and load serving 

entities and they are very system dependent. 

 

As for the on-line requirement, since the time span is very short between the base case 

and the desired operating point, it is not necessary to account for TRM on-line. In most 

conditions, TRM can be assessed as a fixed percentage of TTC and this simplification is 

feasible. In a power system with tight construction and abundant reactive power support, 

this percentage is allowed to be comparatively small. 

 

The situation on CBM assessment is similar. In general, it can also be accounted for as a 

fixed percentage of TTC. 

 

In this study, TRM and CBM are both regarded as a fixed percentage of TTC. ATC can 

be obtained as  

existingTTCATC −∗= %α ontransmissi scommitment        ---- (2.2.2) 

here α is a fixed number (α value is different among individual system, and it is usually 

between 90 and 98). To simplify the illustration, in the following sections, the 

calculation of ATC is actually that of TTC.  

 

2.3  Problem Formulation 

 

The ATC calculation with transient angle stability constraints problem can be 
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formulated as: 

 

2.3.1   Objective Function 

∑
∈

−=
tLmn

mnATC PMinP-Min                             ---- (2.3.1) 

where  

ATCP  is the ATC (Available Transfer Capability) between source area and sink area; 

tL  is the set of tie lines between the source area and sink area; 

mn is one of the tie lines, where m and n are respectively the start bus in source area 

and the ending bus in sink area; 

mnP  is the active power transferred along tie line of mn.  

 

This objective function expresses the power transfer between the source area and sink 

area. It is subjected to the following constraints:     

 

2.3.2   Power Flow Equations  

( ) 0sincos
1

=+−− ∑
=

n

j
ijijijijjiLiGi BGUUPP θθ          ---- (2.3.2) 

( ) 0cossin
1

=−−− ∑
=

n

j
ijijijijjiLiGi BGUUQQ θθ                         ---- (2.3.3) 

where  

PGi is the active power output of i-th bus; 

QGi is the reactive power output of i-th bus; 

PLi is the active power consumption of i-th bus; 
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QLi is the reactive power consumption of i-th bus; 

Ui and Uj are the voltage magnitude of i-th and j-th bus; 

ijθ  is the phase angle difference between buses i and bus j; 

ijijij jBGY +=  is the admittance matrix for the network. 

Parameter i and j denote a set of buses with either generator or load or both. 

Mathematically, the above are algebraic equation constraints. 

 

2.3.3   Transient Angle Stability Constraints  

Transient angle stability for various credible contingencies is expressed by the 

non-violation of a suitable criterion. In this study, maximum relative rotor angle 

criterion is used as the rule, in which rotor angles with respect to Center of Inertia (COI) 

are restricted to change in an allowed range. Under this definition, transient angle 

stability constraints are formulated as: 

maxmin δδδδ ≤−≤ COIi          ---- (2.3.4) 

where ∑∑
==

=
ng

i
i

ng

i
iiCOI MM

11
δδ                              ---- (2.3.5) 

 

In this research, the adopted power system model for transient stability analysis is the 

classical model based on the following simplifying assumptions: 

1) The synchronous machine is represented by a voltage source of constant magnitude 

iE  determined from the pre-fault steady-state conditions, in series with a reactance 

'
diX  which is commonly called the direct axis transient reactance. The phase angle 

of the voltage behind transient reactance coincides with the rotor angle iδ . 

2) Loads are represented as constant impedances based on the pre-fault voltage 
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conditions. 

3) The mechanical input power miP  is assumed to be constant and equal to the 

pre-fault value during the time interval of interest which is of the order of 1-2 

seconds.  

 

In this case, the swing equation set is : 

0ωωδ −= i
&                                ---- (2.3.6) 

( )eimiiiii PPDM −+−= ωωω 0&            ---- (2.3.7) 

ngi ,,2,1 L=  

where 

iδ  is rotor angle of i-th generator 

iω  is rotor speed of i-th generator 

iM  is inertia constant of i-th generator 

iD  is damping constant of i-th generator 

miP  is mechanical input power of i-th generator 

eiP  is electrical output power of i-th generator,  

 ( )∑
=

+=
ng

j
ijijijijjiei GBEEP

1
cossin δδ  

iω  is synchronous speed 

ng is number of generators 

 

Mathematically, the above are differential equations and extended inequality constraints. 
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2.3.4   Operation Boundary Limits 

maxmin iii UUU ≤≤                               ---- (2.3.8) 

maxmin GiGiGi PPP ≤≤              ---- (2.3.9) 

maxmin GiGiGi QQQ ≤≤              ---- (2.3.10) 

maxijij II ≤                ---- (2.3.11) 

max0 LiLi PP ≤≤               ---- (2.3.12) 

max0 LiLi QQ ≤≤                 ---- (2.3.13) 

The above are inequality constraints dictated by operation boundary.  

(2.3.8) expresses the bus voltage limits, where iU  is the voltage magnitude of i-th 

bus, miniU and maxiU are the lower and upper limits of i-th bus voltage respectively; 

In the similar format with (2.3.8), (2.3.9) to (2.3.13) respectively describe generator 

active and reactive power output limits, thermal limit of transmission line, load 

active and reactive power limits of i-th bus. 

 

2.3.5   General Formulation of the Presented Problem 

For brevity, the above expressions may be represented as follow: 

Min f(x, y, u)             ---- (2.3.14) 

s.t. ( ) 0,1 =uyh               ---- (2.3.15) 

( ) max11min1 , guygg ≤≤              ---- (2.3.16) 

( ) ( )( )ytxhtx ,2=&             ---- (2.3.17) 

( )( ) max22min2 gtxgg ≤≤           ---- (2.3.18) 

where, y is the set of state variables, u is the set of control variables, x(t) is the set 
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of transient angle stability variables.  

 

Thus, the ATC calculation with transient angle stability constraints problem is 

formulated as a general OPF problem with differential-algebraic equations (DAEs) 

and inequality constraints. 

 

2.4  A Variant Interior Point Method (IPM) 

2.4.1   Why and How to Adopt IPM 

 
From the above mathematical formulation, it can be observed that there are two major 

difficulties in Transient Security Constrained OPF (TSCOPF). The first one is how to 

deal with multi-dimensional variables constrained by multi algebraic inequalities and 

equalities. The second one is how to satisfy the differential equations which controls the 

trajectories of all event disturbances. 

 

To tackle the multi-dimensional problem, Interior Point Method (IPM) is a suitable 

choice. In the last two decades, IPM has been employed on solving various optimization 

problems. It was reported that IPM has fast speed and reasonable accuracy, suitable for 

optimal problems in large systems. Its iteration times are not influenced by the system 

scale and/or the number of control variables, and it features fast convergence which is 

not quite sensitive to the selection of initial point. Hence for the optimization problem 

of ATC determination with transient angle stability constraints, IPM will be suitable 

with potential efficiency.  

 

To deal with the differential and algebraic equations together, equation (2.3.17) can be 
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discretized at Tn  time steps. In this research, trapezoidal rule is adopted, i.e. the swing 

equation set (2.3.6) and (2.3.7) can be equivalent with the following algebraic 

equations: 

( ) ( )[ ] 0
2 0

1
0

1 =−+−
∆

−− ++ ωωωωδδ t
i

t
i
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M
t ωωωωω    ---- (2.4.2) 

ngi ,,2,1 L= ; Tnt ,,1,0 L=  

where  

( )∑
=

+=
ng

j

t
ij

t
ij

t
ij

t
ij

t
j

t
i

t
ei GBEEP

1
cossin δδ          ---- (2.4.3) 

Prior to the disturbance, the power system is operated at a steady state with 0
iδ , 0

iE  

and 0=iδ& , where 0
iδ  and 0

iE  are determined by the power flow of pre-disturbance.  

 

Thus, equations (2.3.14) to (2.3.18) can be represented as the following compact 

notation: 

Min f(x, y, u)             ---- (2.4.4) 

s.t. ( ) 0,, =uyxh               ---- (2.4.5) 

maxmin ),,( guyxgg ≤≤           ---- (2.4.6) 

 

Obviously the dimension of problem is enlarged substantially after discretization. 

However, since IPM has the merit of fast convergence, at the same time, the power 

system has the characteristic of sparsity, the calculation burden of ATC with transient 

angle stability can be reduced by employing these two advantages. In addition, the 

variant Primal-Dual Predictor-Corrector Interior Point Method proposed in this research 
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can effectively eliminate some constraints in the process, thus the problem size may be 

reduced substantially.   

 

2.4.2   Variant Primal-Dual Predictor-Corrector Interior Point Method 

(PDPCIPM) 

2.4.2.1 Formulation of Algorithm 

 

Interior Point Method is an optimization method that starts the process from an interior 

point and constructs a path that reaches the optimal solution after a few iterations, and 

the interim point gained after each iteration step is always within the feasible space [3]. 

 

Based on the IPM method presented by Wei et al (1998) [72] and Yuan et al (2003) [82], 

the proposed variant Primal-Dual Predictor-Corrector Interior Point Method (PDPCIPM) 

actually combines the merits of Lagrange function, logarithmic barrier function and 

Newton method. Thus it is able to transfer the constrained problem to unconstrained 

problem, transfer the inequality constraints to quality constraints and find the optimal 

search direction. 

 

For an optimization problem with the general formulation as follows: 

Min f(x) 

s.t. ( ) 0=xh               ---- (2.4.7) 

 ( ) gxgg ≤≤             ---- (2.4.8) 

( ) ( ) rmn RxgRxhRx ∈∈∈ ,,  
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1) Construction of Lagrangian function 

Firstly, two slack variables l and u are introduced to transform inequality constraints 

into equality constraints and adding barrier penalties to the original objective function. 

( ) ( ) ⎟
⎠

⎞
⎜
⎝

⎛
+−= ∑∑

i
i

i
i ulxfulxf lnln,,, µµµ         ---- (2.4.9) 

where ( ) iii guxg =+             ---- (2.4.10) 

    ( ) iii glxg =−             ---- (2.4.11) 

  ( ) 0, ≥ul  

µ  is the barrier parameter. 

A Lagrangian function associated with the above can be constructed as: 

( ) ( ) ( )( ) ( )( ) ⎟
⎠

⎞
⎜
⎝

⎛
+−+−−−−−−= ∑∑

i
i

i
i

TT ulugxgwlgxgzxyhxfL lnlnµ  

               ---- (2.4.12) 

where x, l, u are primal variables, and y, z, w are dual variables. 

 

2）Solve the Search Direction 

To find the optimal solution of function (2.4.12), based on the perturbed 

Karush-Kuhn-Tucker (KKT) optimality conditions, i.e.  

0=
∂
∂

=
∂
∂

=
∂
∂

=
∂
∂

=
∂
∂

=
∂
∂

w
L

z
L

y
L

u
L

l
L

x
L  

the following equations are obtained: 

( ) ( ) ( )( ) 0=+∇−∇−∇=∇ wzxgyxhxfLx  

0=−=∇ eLZeLl µ  

0=+=∇ eUWeLu µ  

( ) 0==∇ xhLy  
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( ) 0=−−=∇ lgxgLz  

( ) 0=+−=∇ ugxgLw           ---- (2.4.13) 

where L, U, Z, W rrR ×∈  are diagonal matrices with the element iiii wzul ,,, , 

[ ] rT Re ∈= 1,,1L  

Then, by applying Newton’s method to (2.4.13), the search direction of primal and dual 

variables between iteration steps, i.e. wzyulx ∆∆∆∆∆∆ ,,,,, , can be obtained by: 

( ) ( )( ) ( )( ) ( ) ( )( ) 0
222

xLwzxgyxhxxfwzxgyxh =∆+∆∇+∆∇+∆∇−+∇+∇  

               ---- (2.4.14) 

µ
0lLzLlZ −=∆+∆            ---- (2.4.15) 

µ
0uLwUuW −=∆+∆            ---- (2.4.16) 

( ) 0y
T Lxxh −=∆∇            ---- (2.4.17) 

( ) 0z
T Llxxg −=∆−∆∇           ---- (2.4.18) 

( ) 0w
T Luxxg −=∆+∆∇           ---- (2.4.19) 

where 000000 ,,,,, wzyulx LLLLLL µµ are the values at an expansion point and they denote the 

residuals of the perturbed KKT equations. ( )xf2∇ , ( )xh2∇  and ( )xg2∇  are Hessian 

matrices of ( )xf , ( )xh  and ( )xg . 

By substituting wzul ∆∆∆∆ ,,,  obtained from the relationship of (2.4.15), (2.4.16), 

(2.4.18) and (2.4.19) into (2.4.14), the following reduced correction equation is derived: 

( ) ( )
( )

( )
( ) ⎥⎦

⎤
⎢
⎣

⎡ •
−=⎥

⎦

⎤
⎢
⎣

⎡
∆
∆

⎥
⎦

⎤
⎢
⎣

⎡ ⋅
xhy

x
xJ

xJH T µϕ ,
0

         ---- (2.4.20) 

where  

( ) ( ) ( )( ) ( )( ) ( )( ) ( )Tgh xgZLWUxgxfwzxgyxhHHH ∇−∇+∇−+∇+∇=+≡⋅ −− 11222

( ) ( )TxhxJ ∇≡  
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( ) ( ) ( ) ( ) ( )( )eLUZLLWLUxgxfyxh zw
11

0
1

0
1, −−−− −−−∇+∇−∇≡• µµϕ      

               ---- (2.4.21) 

Thus x∆ and y∆ are obtained. 

The major computational effort in this method lies in solving the symmetric system of 

equation (2.4.20). However, since its elements are with sparse constructions, the sparse 

techniques may be used to save memory space and improve speed. 

 

From (2.4.20) and (2.4.21), gH  prevents inequality constraints ( )xg  from violating 

their two-sided limits, the reduced equation has eliminated both variable inequality 

constraints and functional inequality constraints; hence the size of (2.4.20) is only 

determined by the number of variables and equality constraints, and is much smaller 

than that of (2.4.14) to (2.4.19).  

 

3) Determine the Maximum Iteration Step Length 

Since units and physical meanings of primal variables and the dual variables are 

different, their actions and moving trajectories in the optimal process are distinct from 

each other. To gain better convergence, individual iteration step lengths for primal and 

dual variables are adopted separately. 

For the primal variables,  
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For the dual variables, 
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ri L,2,1=  

 

4) Iteration Stop Criteria  

Set an initial small toleranceε , 10 <<< ε ,  

Define the complementary gap ( )∑
=

−≡
r

i
iiiiGap wuzlC

1
    ---- (2.4.24) 

If ε<GapC , the optimal problem is convergent and iteration can be stopped; otherwise, 

after acceptable steps of iteration, if it is still true that ε>GapC , the computation does 

not converge. 

 

2.4.2.2 Proposed Variant PDPCIPM  

 

1) Computation Steps: 

Initialization: set k=0, Kmax=30, centering parameter ( ]1,0∈σ , and tolerance 610−=ε . 

Choose a starting point for primal and dual variables which satisfy the condition that the 

state variables of x are the corresponding parameters at base case, the unknown control 

variables are set as the average of their upper and lower limits, and 

( ) ( )0000 , xggugxgl −=−= , 1,1,10 00
8

0 −=== − wzy . 

 

While k< Kmax, 

Step 1: Test of convergence: compute the complementary gap GapC by equation (2.4.24), 

if ε<GapC , then output the optimal solution and stop; otherwise, go to step 2. 

Step 2: Predictor-corrector process. To explain it clearly, it will be described in the 
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following. 

Step 3: Update the barrier parameter:
r

CGap

2
σµ =      ---- (2.4.25) 

Step 4: Update the primal and dual variables: compute the maximum iteration step 

length Pα , Dα by equation (2.4.22) and (2.4.23), as well search direction 

wzyulx ∆∆∆∆∆∆ ,,,,, by equation set (2.4.20) and (2.4.21), then update the variables as: 
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Dα       ---- (2.4.26) 

Step 5: k=k+1, go to step 1 

Step 6: When k= Kmax, but the convergence criteria still cannot be satisfied, stop the 

computation and output “Computation does not converge”. 

 

2) Predictor-Corrector Process 

The Predictor-Corrector method of IPM is first proposed by Mehrotra in 1992 [43]. The 

main difference between the Predictor-Corrector IPM and the pure IPM is that the 

former introduces nonlinear terms to make the convergence better. 

 

From the above, the barrier parameterµ changes during the iteration with the variety of 

the complementary gap GapC and centering parameterσ , and it strongly influences the 

convergence through correction equation (2.4.20). Hence if the centering 

parameter σ can be dynamically and optimally evaluated between iteration steps, 

convergence of the problem may be improved. 

In section 2.4.2.1, Newton’s method is applied to search the direction of primal and dual 

variables. In equation (2.4.15) and (2.4.16) high order terms are ignored and only the 

first order ones are included in the computation. If expressed more exactly by second 
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order Taylor series expansion, they can be represented as: 

µ
0lLlZzLlZ −=∆∆+∆+∆           ---- (2.4.27) 

µ
0uLuWwUuW −=∆∆+∆+∆          ---- (2.4.28) 

 

Based on the affine-scaling concept suggested by Mehrotra [43], the predictor-corrector 

process is as follows: 

Step 2.1: set the centering parameter 0=σ and ( ) ( )0,, •=• ϕµϕ , solve (2.4.15), 

(2.4.16), (2.4.18), (2.4.19) and (2.4.20), get the affine-scaling direction 

[ ]affaffaffaffaffaff wzulyx ∆∆∆∆∆∆ ,,,,, ，  and substitute them into (2.4.26) to get 

[ ]affaffaffaff wzul ,,, . 

Step 2.2: Determine the corresponding step length ( )aff
D

aff
P αα , by (2.4.22) and (2.4.23), 

then aff
GapC  by (2.4.24). 

Step 2.3: Dynamically estimate the centering parameterσ  by
2

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

Gap

aff
Gap

C
Cσ . 

 

By dynamical evaluation of σ , the convergence may be improved as follows. 

If Gap
aff

Gap CC << , 0≈≈ µδ , the correction equation gives a standard Newton direction, 

known as affine-scaling direction. Along this profitable direction, the algorithm can 

reduce the complementary gap GapC in a more optimal way. While if Gap
aff

Gap CC ≈ , 1≈δ , 

under this condition,δ influences little on the convergence. However this can improve 

the algorithm feasibility and is likely to reduce the complementary gap at the next 

iteration. It should be noted that the Hessian matrix stay unchanged and the previously 

factored matrix is used again in this process. Thus this process helps the algorithm 
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converge faster with little additional computation burden.  

  

2.5  Case Study and Discussions 

 
The proposed variant PDPCIPM has been tested on two test systems: 6-bus and IEEE 

30-bus test systems. 

 

2.5.1   6-bus System 

 
The 6-bus test system shown as Fig. 2.1 is selected as a test system for validating the 

proposed variant PDPCIPM algorithm. This system consists of 3 generators, 6 buses, 3 

load centers and 11 transmission lines, detail data of its parameters are listed in 

Appendix A. For the evaluation of this investigation, the 6-bus system is divided into 

two parts of A and B as shown in Fig. 2.1. The tie lines between subsystems A and B 

include 5 branches of line 2-4, 2-1, 2-5, 6-5 and 3-5. The system power base is 100MVA, 

and it is operated at the frequency of 60 Hz. Its base case operation data are shown in 

Table 2.1, and the base-case power transfer across the interface is 0.613p.u. The upper 

and lower limit of generator reactive power output is 1.5p.u. and -1.5p.u. respectively, 

and voltage magnitude is allowed to change within the boundary of 1.1p.u. to 0.9p.u., 

maxδ is set as 1200. The transient process is set as 5s long.  

 



Chapter 2 ATC Calculation with Transient Angle Stability Constraints by a Variant Interior Point Method 

 45

 

Fig. 2.1 One-line Diagram of 6-bus Test System 

 

Table 2.1 Base Case Data of 6-bus Test System 

Bus 1 2 3 4 5 6 

P (p.u.) 0.9 1.396 0.6 -0.9 -1 -0.9 

Q (p.u.) 0.315 0.651 0.733 -0.51 -0.66 -0.51 

 

At t=1s, a three-phase fault occurs near bus 5 at the end of line 4-5. The fault is 

subsequently cleared at t=1.25s by opening line 4-5. Fig. 2.2 shows the variation of 

Barrier Parameter and maximum power flow mismatch along with iteration steps, and 

Fig. 2.3 shows the optimization process and result of objective function (ATC) with 

respect to iteration steps. 
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Fig. 2.2 Variation of Barrier Parameter and Maximum Power Flow Mismatch  

with Iteration 
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Fig. 2.3 Optimization of ATC with Respect to Iteration 

 

2.5.2   IEEE 30-bus Reliability Test System 

 
The IEEE 30-bus Reliability Test System is a standard test system with 6 generators, 30 

buses, 21 load centers and 41 transmission lines. Its one-line diagram is shown in Fig. 

2.4, detail data of its parameters are listed in Appendix B. In this research, it is divided 
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into three parts of A, B and C, and the objective function is selected as the ATC of 

interface A-C. The power transfer between area A and C is 0.205p.u. at the base case. 

 

 

Fig. 2.4 One-line Diagram of IEEE 30-bus Reliability Test System 

 

Similar with the above system, the optimization results is obtained by the proposed 

Variant PCPDIPM after 20 iteration steps. Table 2.2 shows the brief information about 

the validation on two test systems, where the CPU time is based on a computer of 

1.6GHz processor/256M RAM/80G hard disk. 
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Table 2.2 Optimization of PCPDIPM on 6-bus and IEEE 30-bus Test System 

 

Number of 

Iterations ATC (p.u.) CPU time 

6-bus Test System 13 1.062 33s 

30-bus RTS 20 0.731 68s 

 

2.5.3   Discussions on the Case Study 

 

After applying the proposed variant PCPDIPM algorithm on the two test systems, it is 

found that the method can obtain ATC with transient angle stability constraints in 

acceptable number of iterations. Comparison of the simulation on two different size 

systems also shows that number of iteration does not enhance much with the increment 

of system scale. 

 

In Fig. 2.3, during the first several iteration steps, the value of objective function varies 

in a comparatively wide range, and after the seventh step, it converges to the optimal 

value within a narrow range quickly. This is because in the beginning steps of 

PCPDIPM, the algorithm is seeking for the binding set. After this binding set is 

determined, its calculation burden is decreased much from one step to the next in the 

following iterations. 

 

2.6  Summary 

 
In this chapter, a variant PCPDIPM algorithm is proposed to solve one kind of dynamic 

ATC problems, the ATC evaluation with transient angle stability constraints. In the 
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optimal formulation model, maximum relative rotor angle criterion is used as the rule of 

transient angle stability. With the variant PCPDIPM algorithm, system ATC can be 

obtained without violating the transient angle stability with fast convergence and 

reasonable accuracy while the algorithm is insensitive to the system scale and the 

number of control variables. Case studies demonstrate the effectiveness of the proposed 

method. 
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CHAPTER 3  

ATC Evaluation with Dynamic Voltage Stability Constraints 

by Quasi-Steady-State Method 

 

3.1  Introduction 

 

Market oriented restructuring of electricity industry has been proceeding worldwide. 

Stimulated by the economic benefits, many power systems are often operating near the 

stability boundary and modern system operating conditions change more frequently 

than the traditional ones. Hence in addition to static stability limits, dynamic stability 

constraints are becoming more and more crucial in the system security considerations 

[36, 39, 57]. In the last chapter, ATC calculation with transient angle stability 

constraints has been investigated. In this chapter, the other type of dynamic constraint 

which concerns voltage stability will be incorporated in the research on ATC 

evaluation. 

  

With the interconnection of bulk power systems spreading over several countries and 

regions, mass power transmission via long distance makes it possible that the area with 

sufficient power supply and little demand can provide support to a remote area where 

the power consumption requires much more than local generation capability. This is one 
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of the advantages brought about by power market, and it benefits both sides of source 

area and sink area in economics and society. However, under this condition, 

transmission systems are operating under more stressed conditions due to the increased 

transaction level associated with open access, and voltage instability has become a 

major threat to maintain system security as well as being a dominant factor to limit 

power transmission. In recent years, widespread abnormal voltage instability and 

voltage collapse have occurred in several countries, including France, Japan, U.S.A. etc. 

Hence in the determination of ATC, how to keep the voltage profile and hold the voltage 

stability under control should be one of the major considerations.  

 

In order to ensure system security operation, the ATC computation must be accurately 

and quickly updated as system conditions change. To satisfy the need of updating ATC 

at regular intervals, on-line voltage stability assessment with acceptable accuracy is 

required. However, it remains a demanding and time-consuming task, even though 

significant improvement has been made in the computer technology and efficient 

variable step size algorithms.  

 

Different from the transient angle stability, voltage stability is a multi-time-scale 

dynamic category [67]. Classified along the time-scale, voltage stability of a system 

may be split into two categories: the short-term and the long-term dynamics. The former 

is rapid, while the latter is relatively slow. In practice, by fast protective devices and 

advanced auto-control technology, the voltage profiles of most systems respond in a 

stable way during the short-term following a disturbance. Hence when considering the 

determination of ATC, to simplify the calculation, the short-term dynamics may be 
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filtered out by appropriate method and only the long-term dynamics are taken into 

account.  

 

In this research, Quasi-Steady-State (QSS) approximation of long-term dynamics is 

proposed to evaluate ATC with dynamic voltage stability constraints. ATC 

determination scheme using QSS approximation is presented and implemented on test 

system. Performance of the QSS approximation is also compared with the 

full-time-scale simulation, and the results show that QSS can simplify the analysis and 

accelerate the calculation speed with acceptable accuracy. 

 

3.2  QSS Concept 

 
 
The idea of Quasi-Steady-State (QSS) is not new, but its application in power system 

analysis has just been tested in recent years [67]. It is adopted either as one operation 

mode of dynamic simulation or as a separate time-domain simulation program. 

 

QSS is an approximation method for dynamic problems with multi-time-scales, which 

usually consists of a short-term and a long-term part. This method acts in the following 

ways of decomposition and approximation. If the dynamic mechanisms are different in 

the short and long terms, and the short-term dynamic ends with a stable point therefore 

has no effect on the stability of following long-term dynamic, it may be filtered out in 

the analysis and replaced with a quasi steady model. Thus the complicated computation 

and simulation in this short phase can be avoided. In the analysis of long term, by 

modifying the step sizes adaptively to the process or reconstructing the dynamic model 
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of components in this phase or other appropriate measures, pivotal temporary balance 

points are obtained instead of the whole series of dynamic trajectory. The curve which 

consists of these pivotal temporary balance points has a serrated profile, and it can 

approximate the dominating characters of the original smooth dynamic trajectory. In 

this way the calculation in the long-term is sped up.  

 

3.3  Problem Formulation 

 

To evaluate ATC with long-term dynamic voltage stability constraints in this research, 

the following assumptions are made: 

1. The system has survived the short-term period following a disturbance. From then 

on it is driven by the long-term dynamics. During the short-term fast transients, the 

slow state parameters keep unchanged.  

2. The load in the test system is heavy and the transmission line is very long, so that 

the voltage stability limit emerges above other limits. 

3. Considering the focus of this research, loads included in the model are designated 

to be with constant power characteristics. 

4. Ignore the dead-band of the Under-Load-Tap-Changer (ULTC) transformer.  

 

3.3.1  Objective Function 

∑
∈

−=
tLmn

mnATC PMinP-Min                              ---- (3.3.1) 
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This is same with the objective function in section 2.3.1, and the physical meaning of 

factors in the function is also the same.  

 

3.3.2  Equation Constraints 

In the following analysis, the power flow equations (2.3.2) and (2.3.3) are simply 

represented as algebraic equation (3.3.2), and the short-term dynamics are described by 

the differential equation (3.3.3).   

 

In the deregulated environment, many power grids of large size are required to transfer 

electric power over long distance. From the power supply side to the demand side, there 

are various voltage levels, and ULTCs are commonly employed to hold the voltage 

profile of the load area. Although it is designed to restore load after disturbance, with 

the increasing complexity of load, the dynamic characteristics of ULTC may complicate 

the long-term dynamics and thus cause long-term voltage instability. In this research, 

the influence of ULTC on load restoration in the long-term dynamics is included. 

 

The long-term dynamics are described by both continuous and discrete equations as 

(3.3.4) and (3.3.5). 

 

( )dc ZZyxt ,,,0 =                           ---- (3.3.2) 

( )dc ZZyxfx ,,,=
。

                        ---- (3.3.3) 

( )dccc ZZyxhZ ,,,=
。

                        ---- (3.3.4) 
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( ) ( )( )kZZyxhkZ dcdd ,,,1 =+                      ---- (3.3.5) 

 

In the above equations,  

t and f are smooth functions of time, i.e. P, Q, etc; 

x are the state vectors during the short-term dynamics, i.e. rotor angle δ, rotor speed ω, 

internal transient voltage Eq
’, Xoxl of OXL (OvereXitation Limiter), etc; 

y are the magnitudes and angles of bus voltages, i.e. V, θ; 

Zc and Zd are the continuous and discrete state vectors during the long-term dynamic 

respectively, for example, Xt of OXL is considered as Zc, and transformer ratio of the 

ULTC is treated as Zd. In this research, we concentrated on the influence of ULTC on 

the load restoration in the long-term dynamics. 

 

According to the QSS concept and the voltage dynamic process along multi-time-scale, 

when considering the voltage dynamics during long-term phases, it is acceptable to 

neglect the short-term dynamics and assume it may keep equilibrium after infinitely fast 

instantaneous time. Hence the detailed differential equation of it (equation (3.3.3)) may 

be replaced by the corresponding equilibrium equation ( )dc ZZyxf ,,,0 =  (3.3.6). By 

this filtering, some parameters may be represented by simpler steady-state models. A 

reduced set of the equations involving reduced state vectors is obtained and analysis 

with less computational efforts may be carried out.  

 

Since the dynamic behavior of some components in equation (3.3.4) mainly occurs 

during the short-term period, their mathematical model can be reconstructed in a 

simpler way to represent just their characteristics during the long-term phase. Only 
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those components which influence the long-term voltage dynamics are reserved. In the 

search of the optimal objective, to speed up the process, binary search is used to find the 

boundary between the stable and unstable operation section. 

 

Thus in the multi-time-scale simulation, the short-term dynamics are passed over while 

the long-term evolution is reproduced and QSS approximation is yielded in the 

long-term dynamics. 

 

3.3.3  Inequality Constraints 

Same as section 2.3.4, the operation boundary limits are listed in the inequality 

constraints as follows: 

maxmin iii UUU ≤≤                             ---- (3.3.7) 

maxmin GiGiGi PPP ≤≤            ---- (3.3.8) 

maxmin GiGiGi QQQ ≤≤            ---- (3.3.9) 

maxijij II ≤              ---- (3.3.10) 

max0 LiLi PP ≤≤             ---- (3.3.11) 

max0 LiLi QQ ≤≤               ---- (3.3.12) 

Since in the dynamic voltage variation, the behavior of ULTC influences the stability 

process much, its tap ratio limit should also be included. It is shown as below: 

maxmin rrr ≤≤                ---- (3.3.13) 

where, r is the tap ratio of ULTC, minr and maxr is respectively the lower and upper limit 

of the tap ratio adjustment. 
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3.3.4  Voltage Dynamic Mechanism of System with ULTC after Disturbance 

From the above formulations, when considering the long-term voltage dynamics, the 

dynamic characteristic of ULTC together with the complexity of load influences the 

process much. Hence, an analysis on the dynamic long-term voltage mechanism of a 

system with ULTC is presented in this section. 

 

Under the power market environment, interconnected bulk power networks are required 

to deliver electric power over long distance. In many power networks, ULTC is 

commonly equipped between buses with different voltage levels to hold the voltage 

profile of the load area and restore the load power on the secondary side after a 

disturbance. Fig. 3.1 shows the trajectory of the operation point after a disturbance that 

shows the mechanism of the dynamic process of how the ULTC helps the network to 

restore at a new stable operation point. The P-V curves are those on the primary side of 

the ULTC, and the ULTC is assumed to be an ideal transformer. In other words, it 

absorbs no power and there is no power loss from the primary side to the secondary side. 

The system originally operates at point A as the base case. After a disturbance, the fast 

transient soon dies out, in other words, the short-term dynamics are passed in a stable 

way; and the P-V curve shrinks from pre-disturbance curve 1 to post-disturbance curve 

2. Since ULTC is a slowly acting device and it usually moves its tap after a time delay 

of 30 seconds or so, the primary voltage will firstly decline along the original ULTC 

load characteristic with the tap ratio of r=r1 and it falls to point B on curve 2. The 

voltage at this point is VB, which is lower than the original voltage VA. This causes the 

voltage on the secondary side synchronously drops to a lower value than the reference. 

Then the ULTC is triggered to react and it decreases the tap ratio to r2 to boost the 
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voltage of the secondary side. The operation point shifts along curve 2 from B (which is 

with the original ULTC tap ratio r1) to C, which is with the new tap ratio r2 . C is the 

intersection of the post-disturbance curve and the steady-state load characteristic. If VC 

is still unsatisfactory, the operation point will continue to move similarly to the above 

until finally the system operates at a new stable point. However, the system may 

become unstable or even collapse if the power to be restored is beyond the capability of 

the ULTC; for example at point E which is on a P-V curve that has no intersection with 

the load characteristic. The illustration also shows the reduction of Voltage Stability 

Margin (VSM). With the first movement of the ULTC, it shrinks from VSM1 before the 

disturbance to VSM2 after the disturbance. 

 

 

Fig 3.1 Trajectory of Operation Point Triggered by a Disturbance 
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3.4  Solution Strategy 

 

The calculation procedures of ATC with voltage stability constraints by QSS 

approximation is illustrated in Fig. 3.2. In this research, the convergence tolerance for 

the simulation is 5 MW. 

 

 

Fig. 3.2 Calculation Procedure of ATC with Voltage Stability Constraints  

by QSS Approximation 
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3.5  Case Study and Discussions 

 
The proposed QSS approximation simulations are tested on an 11-bus, 4-generator test 

system equipped with ULTC as shown in Fig. 3.3. The full system parameters are 

available in [36]. The system has two areas. The system initially operates stably at the 

base case with the generation outputs and load data as shown in Table 3.1. Then the 

load in area 2 increases synchronously with the generation in area 1 to meet its demand. 

The total generation increment is shared by G1 and G2 equally. After a contingency has 

occurred (e.g. an outage on one of the 5 tie-lines between bus 6 and bus 7), the ULTC 

moves its tap after a time delay of 30 seconds, and moves subsequently after every 5 

seconds delay to restore the system. At the same time, the power transfer between the 

two areas is kept increasing until finally the interface transmission lines cannot transfer 

more power and the system becomes unstable. The increment of total load in the sink 

area at the critical point of instability above the base case is taken as ATC between the 

two areas.  

 

Fig. 3.3 The 11-bus, 4-generator Test System 
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Table 3.1 Generation Outputs and Load Data of the Test System in Base Case 

Bus P (MW) Q (MVar)

1 4176.77 934.70 

2 1536.00 374.30 

3 475.00 198.38 

4 478.00 198.54 

5 -500.00 0 

8 -2671.00 -980.00 

11 -3284.00 0 

 

Considering the result accuracy, Full-Time-Scale (FTS) simulation is the most favourite 

choice. Nevertheless, its computational efficiency is not high enough and in most 

circumstances, it can just satisfy the off-line instead of real-time requirement. In this 

research, FTS simulation is also carried out on the same system and compared with the 

QSS method to check the result accuracy of the latter as well as to compare the 

calculation speed of the two methods. 

 

Fig. 3.4 and Fig. 3.5 show the evolution of the bus voltages magnitude before the 

collapse in the QSS and FTS simulations respectively. It is found that in this heavily 

stressed system, under a contingency of line outage, the voltage instability occurs before 

the system reaches the angle stability limits and thermal limits. The figures also show 

that the short-term dynamics, which is damped with a stable end in this case, is clearly 

displayed in the FTS. This is filtered out in the QSS simulation. The highlighted black 

curve is the voltage magnitude of the most critical bus: bus 10. From these two figures, 



Chapter 3 ATC Evaluation with Dynamic Voltage Stability Constraints by Quasi-Steady-State Method 

 62

we can observe that the simulation process of long-term dynamics and the results of the 

two methods are quite similar which manifest that the veracity of QSS is creditable. 

Furthermore, the difference of ATC value by the two methods is 640-637.5=2.5MW, 

which is within the tolerance of 5MW. Hence the accuracy of QSS is quite acceptable. 

However, the calculation speed of the former is more than 10 times faster than the latter. 

Table 3.2 shows the comparison of the two simulation methods.  

 

 

Fig. 3.4 Bus Voltage Magnitude Diagram by QSS Approximation Simulation 
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Fig. 3.5 Bus Voltage Magnitude Diagram by Full-Time-Scale Simulation 

 

Table 3.2 Summary of Test Results 

 
ATC value above base case 

(MW) 

Evaluation Time Duration 

(Sec) 

QSS Simulation 637.5 4.8 

Full-Time-Scale Simulation 640 65.3 

 

In this case it is found that the changing of ULTC tap impacts the voltage stability and is 
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one of the reasons that result in voltage collapse. This is because the action of ULTC tap 

changing leads the increment of load reactive consumption and worsens the imbalance 

of reactive power in the system. Hence in a system which is in shortage of reactive 

power, ULTC can merely maintain the voltage profile of local bus. Its action is 

insufficient to increase the voltage condition of the whole network and sometimes it is 

harmful to the system voltage stability. 

 

3.6  Summary 

 

With the development of deregulated power market, the power networks are more 

exposed to the risk of voltage instability than ever. In an increasing number of systems, 

in particular those which transmit large power flow over long distance, voltage 

instability is recognized as a major threat for system operation which is at least as 

important as thermal overload and angle instability. This makes it essential for the 

voltage stability to be a prominent consideration when declaring on-line information on 

the OASIS. Hence, under the deregulation environment, the ATC value that is required 

to be published on the OASIS on-line should consider the dynamic voltage stability 

constraints. 

 

In this chapter, the dynamic voltage stability evolution mechanism of a power system is 

illustrated, and QSS approximation is applied in the determination of ATC with 

consideration of dynamic voltage stability constraints. Simulation by QSS 

approximation method is implemented on an 11-bus, 4-generator heavily loaded test 

system equipped with ULTC. Full-Time-Scale simulation is also performed on the same 
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system. It is found that in this heavily stressed system, under a contingency of line 

outage, the tendency of voltage instability is more serious than the angle stability limits. 

The simulation results show that the proposed QSS approximation method can evaluate 

ATC with dynamic voltage stability constraints with acceptable accuracy while the 

calculation speed is accelerated considerably.   
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CHAPTER 4   

ATC Calculation with Multi-Objective Optimization of 

Economical and Secure Operation in Power Market 

 

4.1  Introduction 

 

Different from the traditional load capacity or transmission capacity in a vertical 

integrated electrical power industry, ATC in power market is not just a technical 

indicator for secure operation. As one of the crucial information that is required to be 

provided on OASIS in a power market, it is also a commercial signal for the power 

supplier and consumer. Following the research of ATC evaluation as a security index in 

the former two chapters, its role as a commercial signal in the power market is also 

investigated in this research.  

 

In this chapter, an innovative multi-purpose objective function with consideration of 

both stability control and economical benefit of ATC is proposed and solved by a 

variant Primal-Dual Predictor-Corrector Interior Point Method (PDPCIPM). In this 

context, the first purpose is to maximize the ATC value with certain security operation 

considerations and the second one is to minimize the investment and operation costs on 

enhancing ATC and solving congestion. The latter is based on the former and is also 

constrained by the operation security limits which confine the former; meanwhile the 

former is optimized with the economic factors included in the latter. In individual power 
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systems, since the power system physical structure and market commercial degree is 

different from one another, interactions between the two objectives are not always the 

same. Therefore a weighting factor is introduced to reflect the concerning rate. For 

system with a structure which is robust enough to undergo steep and complicated 

perturbations, economic consideration is the main purpose for optimization; while for a 

system which is not very robust or the security operation is required to be maintained at 

special preference, the proportion on the stability part should be enhanced. In this way, 

the market role of ATC can be represented together with the stability constraints.  

 

4.2  Problem Formulation 

4.2.1  Objective Function 

 

For the sake of providing operators and market participants with a series of solutions to 

allow them to analyze the effect of power bids based on certain security level, thus 

proper operating and bidding decisions can be practiced, a multi-objective model is 

proposed as follows: 

( )
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−= ∑∑∑

∈∈∈ Jj
LjDj

Ii
GiSi

Lmn
mn PBPBPMinR

t

ττ 1Min          ---- (4.2.1) 

 

The above function is a decomposition formula which allows both power pricing and 

operation security. The first half part refers to the maximization of ATC values, while 

the latter half part means maximizing social benefit, which is the economic 

consideration when determining the ATC value.  
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To include the economic factors in the objective function, there are different choices. 

Here the maximization of social benefit is employed rather than minimizing the total 

generation costs or other objective. This is because in the evaluation of ATC, the 

economical benefit of both the power suppliers and consumers are considered together. 

The social benefit is represented by the difference between total active power demand 

biddings and total supply biddings. Since reactive power generating costs are much less 

than those of active power and it is usually not included in the biddings under current 

utility operation, the operating costs of providing a generator’s reactive power is 

assumed to be negligible.  

 

Denote ( )1,0∈τ , whereτ is the weighting factor that may be chosen as different value 

for individual power system or different operation conditions in the same system. When 

τ is close to 0, it means that social benefit is the main concern in the objective function. 

On the other hand, when τ is close to 1, maintaining the security is the dominating 

priority. It is observed that the two parts of the objective function is usually counted in 

different units, i.e., typically, the former term is in p.u., and the latter term is in $/h. To 

combine these two terms in the same function, proper scale should be included in the 

choice ofτ .  

 

In function (4.2.1),  

tL  is the set of tie lines between the source area and sink area; 

mn is one of the tie lines where m and n are respectively the start bus of the source area 

and the ending bus of the sink area; 

mnP  is the active power transferred along tie line of mn; 

SiB  is the active power supply bidding of generator at bus i; 
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DjB  is the active power demand bidding of load at bus j; 

GiP  is the active power output at bus i; 

LjP  is the active power consumption at bus j; 

I  is the set of buses with active power supply; 

J  is the set of buses with active power demand. 

 

In this chapter, the main research interest is in combining the technical and economic 

role of ATC as a whole. For the sake of simplification, in this chapter, the dynamic 

constraints will not be included in the computation as detailed in the former two 

chapters. A new parameter cρ is introduced to express the power supply and demand 

condition at critical point. This critical point could be corresponding to the operation 

condition which is limited by any concerned constraints, such as transient angle stability 

limit, dynamic voltage stability limit, bus voltage limit, generator active or reactive 

power output limit, system singularity, thermal limit, etc. At the critical point, the active 

power of generator and load is as follows: 

( ) 01 GLosscGc PP λρ ++=           ---- (4.2.2) 

( ) 01 LcLc PP ρ+=             ---- (4.2.3) 

where, Lossλ  is the coefficient that represents the system active power loss; 

0GP  and 0LP is respectively the power supply and demand at base case. 

 

The upper and lower limits of cρ are obtained by previous studies with special 

concerned constraints. For example, investigations such as what have been implemented 

in the former two chapters can provide useful information for these limits. When ATC 

reaches the optimal value with constraints, it means the critical point is found, and cρ  
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is obtained.  

 

Thus the objective function can be reconstructed in a more direct appearance as: 

( ) ( )
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−+−= ∑∑

∈∈ Jj
LjDj

Ii
GiSic PBPBMinR τρτ 1Min      ---- (4.2.4) 

 

4.2.2  Equality Constraints 

 

Two groups of equality constraints should be satisfied. One is the same with former 

chapters; the other is the power flow equations at the critical point. 

( ) 0sincos
1

=+−− ∑
=

n

j
ijijijijjiLiGi BGUUPP θθ        ---- (4.2.5) 

( ) 0cossin
1

=−−− ∑
=

n

j
ijijijijjiLiGi BGUUQQ θθ                    ---- (4.2.6) 

( ) 0sincos
1

=+−− ∑
=

n

j
ijcijijcijjcicLicGic BGUUPP θθ      ---- (4.2.7) 

( ) 0cossin
1

=−−− ∑
=

n

j
ijcijijcijjcicLicGic BGUUQQ θθ                 ---- (4.2.8) 

 

4.2.3  Inequality Constraints 

 

In addition to the inequality constraints associated by operation limits, such as the bus 

voltage limits, generator active and reactive power output upper and lower limits, load 

active and reactive power limits, thermal limits, tap ratio limit of ULTC, etc., a new 
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constraints related with cρ  is set in this study. 

maxmin ccc ρρρ ≤≤            ---- (4.2.9) 

maxmin iii UUU ≤≤                            ---- (4.2.10) 

maxmin GiGiGi PPP ≤≤              ---- (4.2.11) 

maxmin GiGiGi QQQ ≤≤              ---- (4.2.12) 

maxijij II ≤              ---- (4.2.13) 

max0 LiLi PP ≤≤             ---- (4.2.14) 

max0 LiLi QQ ≤≤               ---- (4.2.15) 

maxmin rrr ≤≤              ---- (4.2.16) 

 

mincρ and maxcρ  are obtained by previous studies with special concerned constraints. 

The physical meanings of parameters in inequality (4.2.10) to (4.2.16) are the same as 

those in section 2.3.4 and section 3.3.3. 

 

4.3  Solution Strategy 

 

For the multi-objective OPF problem as formulated in section 4.2, the variant 

Primal-Dual Predictor-Corrector Interior Point Method (PDPCIPM) proposed in section 

2.4.2 is employed to be the solution method with the aim of both robustness and 

reliability. Details about this method can be found in section 2.4.2 and would not be 

repeated in this chapter. 

 

It should be pointed out that for this problem with economic factors in the objective 
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function, some new indicators for power market and electricity pricing can be obtained 

as by-product of the proposed PDPCIPM. The solution of the multi-objective OPF 

problem produces not only the optimal operating point, but also some sensitivity 

variables through the Lagrangian multipliers. For example, Locational Marginal Price 

(LMP) at each node is found. The LMP of active power supply is the sensitivity of 

generation production cost with respect to active power supply at bidding, and it is 

actually the Lagrangian multipliers of power flow equations associated with GiP . From 

the Lagrangian function (4.2.17) which is established in the solution process of 

PDPCIPM, LMPs can be gained from the KKT optimality conditions, i.e., by the partial 

difference of the Lagrangian function to active power.  

( ) ( ) ( )( ) ( )( ) ⎟
⎠

⎞
⎜
⎝

⎛
+−+−−−−−−= ∑∑

i
i

i
i

TT ulugxgwlgxgzxyhxfL lnlnµ  

               ---- (4.2.17) 

 

When substituting the detailed parameters in equations (4.2.4) to (4.2.16) for the general 

variables in the above equation, from the KKT optimality conditions, the partial 

difference of the Lagrangian function to generating active power is:  

0minmax GiGi
=−+−=∂

∂
GiPGiPPSi

Gi
PzPwLMPBP

L
Gi

    ---- (4.2.18) 

Hence, the LMP for power supply at bus i can be obtained by: 

 minmax GiGi GiPGiPSiP PzPwBLMP
Gi

−+=        ---- (4.2.19) 

 

Similarly, LMP of power demand at bus i can be obtained. 
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4.4  Case Study and Discussions 

 

To manifest the proposed multi-objective ATC problem with variant PDPCIPM method, 

numerical implementation is performed on the 6-bus test system as shown below. 

 

Fig. 4.1 One-line Diagram of 6-bus Test System 

The parameters of its operation boundary limits and base case are the same as in section 

2.5.1, but with a new limit of 1.0min =cρ  and 8.0max =cρ , which are determined by a 

previous voltage stability investigation.  

 

For different weighting factors [ ]9.0,8.0,7.0,6.0,5.0,4.0,3.0,2.0,1.0=τ , the 

multi-objective problem is carried out. 

 

Fig. 4.2 and Fig. 4.3 show the change of active power supply and demand with the 

increment of weighting factor respectively. They show that when the weighting factor is 
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less than 0.7, the active power generation and demand bids are satisfactory and not 

affected by the variation of weighting factor; only when the weighting factor exceeds 

0.7, they begin to change. This is because when the weighting factor is low, the main 

concern of the optimal objective is social benefit. In such a simple test system, this 

objective could be kept at a balance level within a range of security operation 

constraints. On the other hand, when the weighting factor increases, the system security 

degree is enhanced to a high emphasis status. Thus both the active power output by 

generators and demand by loads should be decreased to a lower level so as to ensure 

that the system can survive more serious disturbance and maintain stability. 
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Fig. 4.2 Active Power Supply for the 6-bus Test System  

with Change of Weighting Factor 
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Fig. 4.3 Active Power Demand for the 6-bus Test System  

with Change of Weighting Factor 

 

Fig 4.4 and Fig. 4.5 separately show the payment for active power supply and demand 

with different weighting factors. They show that when security operation is concerned 

as the main term of optimization, economic factors are considered just on the basis of 

that stability is ensured enough. Thus the payment level is less than that of the condition 

when economical benefit is the pivoting interest. With this loss of economical benefit, 

the load level is kept in a lower level and the potential crisis of congestion can be 

avoided. At the critical point, the bidding price at each bus is shown in Table 4.1 as 

follows. 

 

Simulation and data comparison has also been performed on the IEEE 30-bus RTS, the 

result is similar with this case. 
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Table 4.1 Power Supply and Demand Bidding of the 6-bus Test System 

Bus  1 2 3 4 5 6 

SiB [$/h] 8 6 7 —— —— —— 

DiB [$/h] —— —— —— 9 8 7 
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Fig 4.4 Active Power Supply Pay for the 6-Bus Test System 

with Change of Weighting Factor 
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Fig 4.5 Active Power Demand Pay for the 6-Bus Test System 

with Change of Weighting Factor 
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4.5  Summary 

 

In this chapter, a method to combine both the economic and stability considerations in 

the ATC evaluation is implemented. A multi-objective function of operation constraints 

is formulated with which both the technical and market implication of ATC can be 

expressed. A variant PDPCIPM method is employed to solve the OPF problem. Case 

study on a 6-bus test system is performed to verify the interaction between the 

economic and stability roles of ATC evaluation. 
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CHAPTER 5  

ATC Evaluation with Transient Stability Constraints by 

Risk-Based Optimal Method 

 

5.1 Introduction 

 

Evaluation of the cost associated with system security has been a great interest in power 

systems, especially under the framework of competitive power market. In the last 

chapter, a consideration of combining the price bidding and system stability together in 

the determination of ATC is performed. In this chapter, another risk-based optimal 

method is proposed to include different contingencies and the system transient 

instability risk cost in the ATC determination. 

 

In the context of security evaluation, the risk is defined as the product of occurrence 

probability of an unexpected event and its consequences [41]. Through the risk analysis, 

both probabilities and costs of transient instability events are simultaneously considered. 

In this way, a bridge is built up between power system economics and security. 

Meanwhile, due to the adoption of expectation rule for the ATC decision-making 

process, the definition of risk threshold value is unnecessary, which is essentially 

different from the previous approaches [2, 40, 69]. With the above ideas, a risk-based 

optimal ATC compromised between the economics and security of system operations is 

conveniently determined. Case study on the 39-bus New England test system is given to 
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manifest the validity of the proposed approach. 

 

5.2 Problem Formulation 

5.2.1  Model of Transient Instability Risk 

5.2.1.1 Transient Instability Probability 

 

Assume that ,cl it  is the contingency clearing time decided by the protection apparatus 

for contingency if . Probability of power system transient instability related to 

contingency if  is denoted as: 

, ,Pr ( | ) Pr ( )i i i cl i cr iI f t t= >  ( fi S∈ )                    ---- (5.2.1) 

where I  denotes for transient instability event; ,cr it for critical clearing time (CCT) of 

contingency if ; fS  for a set of contingencies considered.   

 

If the randomness of variable ,cl it  is ignored, (5.2.1) will be simplified as: 

, ,

, ,

0     
Pr ( | )

1        
cl i cr i

i i
cl i cr i

t t
I f

t t
≤⎧⎪= ⎨ >⎪⎩

( fSi∈ )                  ---- (5.2.2) 

 

Furthermore, assume that different events are mutually exclusive and exhaustive. 

According to the theory of conditional probability, probability of transient instability for 

all the contingencies in set fS can be estimated by: 

∑
∈

⋅=
fSi

iiis ffI )]Pr()|([PrPr                          ---- (5.2.3) 

where sPr is for probability of system transient instability; Pr( )if  for occurrence 
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probability of contingency if , which is associated with contingency properties, such as 

contingency location, contingency type and so on.  

 

From (5.2.3), probability of system transient stability srP ′  is approximated as: 

ss Pr1rP −=′                                       ---- (5.2.4) 

 

5.2.1.2 Transient Instability Impacts 

 

Transient instability impacts could be evaluated by analysis of direct and indirect 

financial costs incurred due to failures. Indirect cost consequences of transient 

instability events usually refer to social/political impacts coming from interruption of 

energy supply, which is usually difficult to measure. For illustrative purpose, only direct 

impacts of system transient instability are discussed in this research, according to the 

idea proposed by V. Vittal et al (1999) [69], which can be estimated as following: 

replaceirepairiloadii CCCC ,,, ++=                      ---- (5.2.5) 

where iC  is for costs of system transient instability related to contingency if ; 

loadiC , for customer interruption costs; repairiC , for repair and start up costs of tripped 

units; replaceiC , for production increase costs caused by replacing lost energy supply with 

more expensive energy.  

 

For all the contingencies in set fS , costs of power system transient instability, sC , is 

calculated as follows: 
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∑
∈

⋅=
fSi

iis CC )(ω                                ---- (5.2.6) 

where iω  is weighted factor for contingency if , which is given by: 

∑
∈

=
fSi

iii PrPrω                                    ---- (5.2.7) 

Obviously, 0=sC  if system keeps stable for all considered contingencies. 

 

5.2.1.3 Transient Instability Risk 

 

With (5.2.3) and (5.2.6), transient instability risk sR is evaluated by: 

∑∑
∈∈

⋅⋅⋅=

⋅=

ff Si
ii

Si
iii

sss

CffI

CR

)()]Pr()|([Pr     

Pr

ω                 ---- (5.2.8) 

 

5.2.2  Expectation Rule  

 

Let x  denote power transferred between areas, then its expectation benefit in 

concerned operation condition, ( )sE x , is calculated by: 

( ) (1 Pr ) ( ) Pr ( )s s s s sE x B x C x= − ⋅ − ⋅                  ---- (5.2.9) 

where )(xBs and )(xCs  are benefit and cost of system operation under power transfer 

level x , respectively. Note that )(xCs  is calculated by (5.2.6) and )(xBs  by the 

following:  

( ) ( )s baseB x f x x= −                           ---- (5.2.10) 

where basex  is for power transferred between areas in base case; f  for benefit 
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function of power transfer increase. 

 

In the risk analysis, variable x  is usually discrete. That is to say, if the following 

condition is true,  

)(max)( i
Si

opt xExE
d∈

=                           ---- (5.2.11) 

According to expectation rule, transfer power optx  is optimal for all possible schemes 

in set dS . 

 

If variable x  is extended to be continuous, (5.2.11) becomes: 

)(max)( xExE opt =   ],[ xxx∈                     ---- (5.2.12) 

where set ],[ xx  is the allowed range of variable x . 

 

5.3 Solution Strategy  

 

ATC is the maximum amount of power that can be transferred from source to sink area 

without violations of system constraints. In this section, method for analyzing 

deterministic ATC with constraints for both steady-state and dynamic security of system 

is firstly presented. Then, model and approach for assessing risk-based optimal ATC 

with transient stability constraints are discussed. For simplicity, risk-basked optimal 

ATC constrained by transient stability is called optimal ATC thereafter.  
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5.3.1  Deterministic Steady-State ATC 

 

For a power corridor Ω , model for analysis of deterministic ATC with steady-state 

security constraints (named model A) is given by a nonlinear programming problem in 

(5.3.1)-(5.3.9):  

∑
Ω∈j

ljPmax                                     ---- (5.3.1) 

..ts     0),( =−− θVPPP Lm                            ---- (5.3.2) 

 0),( =−− θVQQQ Lm                           ---- (5.3.3) 

∑∑
∈∈

=
Rd

dL
Sk

km PP ,,                                ---- (5.3.4) 

   IVI ≤|),(| θ                                   ---- (5.3.5) 

VVV ≤≤                                    ---- (5.3.6) 

mmm PPP ≤≤                                   ---- (5.3.7) 

mmm QQQ ≤≤                           ---- (5.3.8) 

LL PP ≤≤0                                     ---- (5.3.9) 

Here, (5.3.1) is for objective function and ljP  in it for transfer power of line j  in 

corridorΩ ; (5.3.2)-(5.3.4) and (5.3.5)-(5.3.9) for equality and inequality constraints, 

respectively; notations S  and R  for generator set on sending side and load set on 

receiving side of corridorΩ , respectively; mP  and mP  for upper and lower bounds of 

generator active power output mP , respectively; mQ  and mQ  for upper and lower 

bounds of generator reactive power output mQ , respectively; LP  for upper bounds of 

active load LP ; LQ  for reactive load; ),( θVP  and ),( θVQ  for real and imaginary 

network injections, respectively; I for thermal limits of line apparent power flows 
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),( θVI ; V and V  for upper and lower limits of bus voltage magnitudes V , 

respectively; θ  for bus voltage angles.  

 

In model A, )(, SkP km ∈  and )(, RdP dL ∈  are all control variables with constant 

power factors. 

 

5.3.2  Deterministic Dynamic ATC 

 

Transient stability-constrained deterministic ATC model (named model B) is shown in 

(5.3.10)-(5.3.13). Compared with model A, dynamic security constraints 

(5.3.12)-(5.3.13) are added. 

∑
Ω∈j

ljPmax                                          ---- (5.3.10) 

..ts     (5.3.2) - (5.3.9)                                 ---- (5.3.11) 

),...,1,;,...,1];,0[( 

|)()(|              

njinlTt

tt

c

l
j

l
i

=∀=∀∈

≤− δδδ
                      ---- (5.3.12) 

, , ( )

                     ( 1,..., )

i i
i m i e i COI i

T

i
i

d M
M P P P f

dt M
d

i n
dt

ω

δ
ω

⎧ = − − = ⋅⎪⎪
⎨
⎪ = =⎪⎩

%

%
                       ---- (5.3.13) 

where,  δ  is for an angle threshold; cn  for number of contingencies considered; T  

for time duration of contingencies; equation (5.3.12) means that all angle differences 

among generators in T  should be less than  δ for system (5.3.13) in the frame of 

center of inertia (COI). 
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5.3.3  Optimal ATC Assessment 

 

Both models A and B are for deterministic ATC analysis. In this chapter, only transient 

angle stability is considered as the dynamic constraints of ATC, which is included in 

Model B. ATC results, however, might be conservative because of omission of 

probabilistic nature of system events. To overcome this problem, in this research, from 

the viewpoint of system instability risk, probabilities and costs of different 

contingencies are also taken into account in evaluating the optimal ATC.  

 

With (5.2.12), the following conclusion is obviously held: 

Optimal ATC maximizes expectation benefit of area transfer power with system 

steady-state security constraints to be satisfied. 

 

Thus, it is deduced that the optimal ATC solution should be satisfied with the following 

inequality.  

  AoptB ATCATCATC ≤≤                           ---- (5.3.14) 

where ATTC and BTTC  are for ATC obtained by models A and B, and optTTC  for optimal 

ATC. 

 

Based on the above analysis, a model for analysis of the optimal ATC, named model C, 

is built up by (5.3.15)-(5.3.17): 

max ( )s lj
j

E P
∈Ω
∑                            ---- (5.3.15) 

..ts        (5.3.2) - (5.3.9)                              ---- (5.3.16) 
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A
j

ijB ATCPATC ≤≤ ∑
Ω∈

                        ---- (5.3.17) 

 

It is logical to understand that the optimal ATC determined by model C has made a fair 

compromise between benefits in the increasing transfer power and the costs for 

incurrence of system instability. So the optimal balance between power system 

economics and security is implemented. 

 

Let ∑
Ω∈

=
j

ljPx , and hence model C is simply denoted by: 

  ( )xEsmax ( )AB ATCxATC ≤≤                ---- (5.3.18) 

 

Equation (5.3.18) implies that the solution of the optimal ATC is achieved only through 

calculating objective function (5.3.15) if constrains (5.3.16)-(5.3.17) are met in advance. 

Owing to calculation complexity in (5.3.18), a discretization approach is adopted to 

approximate the optimal solution. In this way, (5.3.18) is modified as follows: 

( ) ( )iopts xEATCE max=    ( )xni ,,2,1 L=       ---- (5.3.19) 

where xn  is the number of variable x  in range of [ ]AB ATCATC ,  used in the 

discretization analysis. 

 

To improve the precision in optATC  assessment by (5.3.19), an interpolation method is 

utilized in the optimal ATC analysis.  

 

If condition (5.3.20) is encountered in ATC analysis, 

1( ) ( )s i s iE x E x− >                                 ---- (5.3.20) 
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the optimal ATC solution can be evaluated by interpolation formula (5.3.20). 

( ) ( )
( ) ( )1

11
1

−

−−
− ∆−∆

−⋅∆
+=

isis

iiis
iopt xExE

xxxE
xATC                    ---- (5.3.21) 

here, ( )s kE x∆ ( , 1)k i i= −  is evaluated by: 

( ) ( ) ( )s k s k s kE x E x E x x∆ = − − ∆                            ---- (5.3.22) 

on assumption that ( )sE x is continuous and differentiable at kx , where x∆  is a small 

power increment. 

 

5.3.4  Flow Chart for Optimal ATC Analysis 

 

 

Fig. 5.1 Flow Chart of the Risk-based Optimal ATC Evaluation 
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The assessment strategy for the optimal ATC analysis is summarized in Fig.5.1, where 

AATC  is firstly calculated by model A. Once dynamic security constraints 

(5.3.12)-(5.3.13) are found not to be satisfied on AATC , evaluate the expectation 

benefits of each transfer power until the optimal ATC solution is detected. 

 

5.4  Case Study and Discussions 

 

To evaluate the effect of the proposed method, a case study was carried out on the 

39-bus 10-generator New England test power system. Configuration with three areas 

named A, B and C is shown in Fig. 5.2. The corridor considered in optimal ATC study is 

composed of tie lines (16-17) and (16-15), with power transferred from source area A to 

sink area B. The base-case power outputs of generators and their upper and lower 

generation limits are listed in Table 5.1. 
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Fig. 5.2 The 39-bus 10-generator New England test power system 
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Table 5.1 Active Power Generation Limits and Outputs in Base Case of the Generators 

in 39-bus System 

Gen. No. 2 3 4 5 6 7 8 9 10 

maxP (MW) 700 800 700 600 800 700 600 900 300 

minP (MW) 490 560 480 420 560 490 420 600 210 

baseP (MW) 573 650 560 445 585 495 540 650 250 

 

According to the assessment strategy of optimal ATC proposed in section 5.3, model A 

is calculated at first. In the test, the allowable range of bus voltage is from 0.95p.u. to 

1.05p.u. and maximal thermal loading of each line is set as two times of its power flow 

in base case. With model A, the ATC of the corridor is obtained as 7.350=AATC MW. 

To check the dynamic security of the system on AATC , contingency screening is 

performed. The screening strategy is that only contingencies of 3 phase short circuit at 

the start and end bus of each line in Areas A and B are considered. In total, 54 

contingencies are involved in the screening. Harmful contingencies obtained by the 

screening are summarized in Table 5.2, where contingency occurrence probability and 

contingency clearing time are also provided. 

 

Table 5.2 Results of Contingency Screening for Model A 

No. 
Line 

/faulted bus 

Probability

(p.u.) 
Contingency clearing time(s) 

1 22-21/22 0.01 0.12 

2 22-21/21 0.04 0.12 

 

Table 5.2 shows that 7.350=AATC MW does not satisfy the requirements of system 
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dynamic security. With model B and parameter 0180=δ , ATC of the corridor is obtained 

as 9.248=BATC MW. AATC  and BATC  are all results of deterministic ATC 

methods. 

 

In comparison, model C is used for the analysis of optimal ATC of the corridor. 

According to the function proposed by Audomvongseree K. and Yokoyama A. (2003) 

[2], let the benefit function of power transfer increase for the corridor be: 

xexf x ′⋅−−⋅=′ ′ ))1(1(24)( 001.0                      ---- (5.4.1) 

and 233.9basex = MW, thus: 

)9.233)(2(24)( )9.233(001.0 −−= − xexB x
s               ---- (5.4.2) 

where x denotes the corridor transfer power.  

 

For evaluation of transient instability costs, based on the ideas proposed by V. Vittal et 

al (1999) [69], some estimation values used in the analysis are given in Table 5.3. 

 

Table 5.3 Estimation of Transient Instability Impacts 

Generation 
Redispatch 

Load lost Unit startup and repair 

32$/MWh 200$/MWh 156,999$/case 
（Generation cost: 19$/MWh） 

 

If the system can be restored to normal operating state in 10 hours after units are tripped 

due to occurrence of harmful contingencies in Table 5.2, the ATC results of model C are 

shown in Table 5.4. Curves in Fig. 5.3 are plotted by the corresponding data in this 

table.  
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Table 5.4 Analysis Results of Model C 

x  

[MW] 
sPr  

[p.u.]

sR  

[104$]

ss B)Pr1( −

[104$] 

sE  

[104$] 

248.9 0 0 0.3595 0.3595 

263.7 0.01 0.2828 0.7059 0.4231 

278.6 0.01 0.3500 1.0573 0.7074 

293.3 0.01 0.4212 1.4029 0.9818 

308.0 0.01 0.4976 1.7475 1.2499 

312.9 0.01 0.5243 1.8622 1.3378 

327.6 0.05 3.0418 2.1162 -0.9255 

350.7 0.05 3.7644 2.6318 -1.1327 

 

Fig. 5.3 indicates that with the enhancement of area transfer power, both the benefit and 

the instability risk of system operation are increased. The maximum expectation benefit 

of system operation is reached at MWATC 9.312= . According to (5.3.19), the solution 

of model C is thus approximated by 9.312=&optATC MW.  

 

By comparison of ( ) %78.33=− basebaseopt XXATC  and 

( ) %41.6=− basebaseB XXATC , it is inspiring that the ATC of model C has improved 

33.78% relative to corridor transfer power in base case, which is greatly larger than the 

improvement 6.41% achieved by model B. This is because the ATC by Model C is just 

the optimal balance between benefits in increasing transfer power and costs in system 

instability. Another significant advantage in the approach of optimal ATC is that no risk 

threshold is required during the decision-making process. Therefore, ATC by model C is 

expected to have more applications in managements of modern power systems. 
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Fig. 5.3 Risk & Benefit of System Operation versus the Area Transfer Power 

 

5.5  Summary 

 

An approach for assessment of risk-based optimal ATC with transient stability 

constraints is developed in this chapter. Both probabilities and costs of transient 

instability events are considered. Due to the application of expectation rule, the optimal 

risk ATC between economics and security is conveniently achieved, which is essential 

to improve the operation level in system resource usage. Simulation on the 39-bus 

10-generator New England test power system validates the effectiveness of the 

proposed approach. 
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CHAPTER 6  

Application of FACTS Devices for ATC Enhancement  

 

6.1 Introduction 

 

With increased interconnections among power grids, more electrical power is 

transferred from one region with affluent generation capacity to another where the 

power supply is far from satisfying the local demand. In addition to being a significant 

technical index that all participants in the power markets need to know with the aim of 

stable and secure operation, the value of ATC acts also as a market signal that inducts 

the power supplier and consumer to perform their transaction for better economical 

benefit. Among the issues associated with ATC, participants are mainly concerned with 

two issues. One is how to evaluate ATC with different constraints as fast as possible 

with sufficient accuracy. The other is how to increase the ATC between areas so that 

participants may have more power exchange transaction under satisfactory security so 

that the total social benefit is improved. In the previous chapters, investigations on ATC 

evaluation with a variety of dynamic and static constraints via different solution 

methodologies are discussed. In this chapter, the issue of how to enhance the ATC value 

between interconnected areas by Flexible AC Transmission Systems (FACTS) devices 

is studied. 
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Since the early 1980’s, advances in Flexible AC Transmission Systems (FACTS) 

controllers in power systems have led to their application in improving stability of 

power networks. Because the power-electronics-based FACTS controllers are designed 

to directly control the AC transmission lines, their applications for various purposes are 

developed under the electricity market. Several studies analyzing the application of 

FACTS controllers for voltage and transient angle stability have been reported by 

former researchers. In such research, the effect of FACTS controller on the economic 

operation and voltage stability of the network is the principle motivation behind 

incorporating FACTS into various OPF formulations. The main idea behind FACTS is 

to use network parameters as controls to direct flow, thus eliminating problems caused 

by unwanted loop or parallel flows, etc., providing dynamic reactive power support and 

voltage control, influencing real and reactive power flow, which hence improving the 

system performance.  

 

Since FACTS controllers can provide reactive-power compensation and benefit to 

increase the active power transfer between areas, it is important to study the effect of 

FACTS devices on ATC. In 2003, Xiao et al [79] proposed a methodology for 

improving ATC by UPFC via stochastic approach.  

 

In this research, an algorithm of enhancing ATC by FACTS devices via a variant 

Primal-Dual Predictor-Corrector Interior Point Method (PDPCIPM) is proposed, 

followed by a case study on the IEEE 30-bus Reliability Test System (RTS). 
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6.2 Problem Formulation 

6.2.1  Objective Function 

 

For the sake of explanation, in this chapter, the parameter cρ  introduced in Chapter 4 

is employed in the objective function to express the maximum value of ATC. As that in 

Chapter 4, cρ is a parameter to represent the power supply and demand condition at 

critical point. This critical point is the operation condition which is limited by any 

concerned constraints, such as transient angle stability limit, dynamic voltage stability 

limit, bus voltage limit, generator active or reactive power output limit, system 

singularity, thermal limit, etc.  At the critical point, the active power of generator and 

load is as follows: 

( ) 01 GLosscGc PP λρ ++=           ---- (6.2.1) 

( ) 01 LcLc PP ρ+=             ---- (6.2.2) 

where, Lossλ  is the coefficient that represents the system active power loss; 

0GP  and 0LP is respectively the power supply and demand at base case. 

 

The upper and lower limits of cρ are obtained by previous studies with special 

concerned constraints. When ATC reaches the optimal value with constraints, it means 

the critical point is found, and cρ  is obtained. 

 

Thus the objective function can be formulated as: 

( )cMin ρ−                ---- (6.2.3) 
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6.2.2  Power Flow Equation Constraints 

 

Two groups of power flow equation constraints should be satisfied as below, where 

(6.2.4) and (6.2.5) are for normal operation points, while (6.2.6) and (6.2.7) are for the 

critical point. 

( ) 0sincos
1

=+−− ∑
=

n

j
ijijijijjiLiGi BGUUPP θθ       ---- (6.2.4) 

( ) 0cossin
1

=−−− ∑
=

n

j
ijijijijjiLiGi BGUUQQ θθ                   ---- (6.2.5) 

( ) 0sincos
1

=+−− ∑
=

n

j
ijcijijcijjcicLicGic BGUUPP θθ        ---- (6.2.6) 

( ) 0cossin
1

=−−− ∑
=

n

j
ijcijijcijjcicLicGic BGUUQQ θθ                ---- (6.2.7) 

 

6.2.3 Inequality Constraints for Operation Limits and Critical Point 

Parameter cρ  

 

Operation limits, such as the bus voltage limits, generator active and reactive power 

output upper and lower limits, load active and reactive power limits, thermal limits, tap 

ratio limit of ULTC, etc. and upper and lower limits of cρ  are listed as follow. Here, 

mincρ and maxcρ  are obtained by previous studies with special concerned constraints. 

maxmin ccc ρρρ ≤≤            ---- (6.2.8) 

maxmin iii UUU ≤≤                               ---- (6.2.9) 

maxmin GiGiGi PPP ≤≤              ---- (6.2.10) 
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maxmin GiGiGi QQQ ≤≤              ---- (6.2.11) 

maxijij II ≤              ---- (6.2.12) 

max0 LiLi PP ≤≤             ---- (6.2.13) 

max0 LiLi QQ ≤≤               ---- (6.2.14) 

maxmin rrr ≤≤              ---- (6.2.15) 

 

6.2.4  Constraints Imposed by FACTS Devices 

 

With the introduction of FACTS devices, some new parameters appear and thus new 

constraints emerge [23]. 

 

To clarify the physical meaning of these parameters and constraints, a brief description 

of three main FACTS devices is illustrated in the following. 

 

6.2.4.1 Thyristor Controlled Phase Shifter (TCPS) 

 

By serially connecting thyristor controlled boosting transformer into transmission line, 

the output voltage is different from the input, there are phase shift and magnitude 

change between the two voltages. The structure of TCPS is shown in Fig. 6.1, and its 

operating characteristic is illustrated in Fig. 6.2. Its turn ratio equation is given by:  

K
e

U
U jφ

=
′

             ---- (6.2.16) 
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where K and φ are the control parameters of TCPS. 

 

Fig. 6.1 Structure of Thyristor Controlled Phase Shifter 

 

Fig. 6.2 TCPS Operating Characteristic 
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Its equivalent circuit is shown in Fig. 6.3. From which, the active and reactive power 

flow equations of TCPS line can be deduced as follows: 

KbgUUKgUP ijijijijjiijiij /))sin()cos((/ 22 φδφδ +++−=          ---- (6.2.17) 

KbgUUBKbUQ ijijijijjiijiij /))cos()sin(()2//( 22 φδφδ +−+−+−=  ---- (6.2.18) 

KbgUUgUP ijijijijjiijiji /))sin()cos((2 φδφδ +−+−=             ---- (6.2.19) 

KbgUUBbUQ ijijijijjiijjji /))cos()sin(()2/(2 φδφδ +++++−=      ---- (6.2.20) 

where  

22
jiji

ji
ji xr

r
g

+
= ,  22

jiji

ji
ji xr

x
b

+
−=           ---- (6.2.21) 

 

Fig 6.3 Equivalent Circuit of TCPS 

 

6.2.4.2 Thyristor Controlled Series Compensation (TCSC) 

 

The series impedance of a high voltage transmission line is usually inductive, with only 

5-10 percent resistance. This provides convenient conditions to control the steady-state 

impedance of a transmission line by adding both a thyristor controlled series capacitor 

and a thyristor controlled series reactor. Since the capacitor presents negative impedance 

and the reactor gives positive impedance, the introduction of a controllable series 
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capacitor or reactor means that variable negative or positive impedance is added in 

series with the transmission line’s natural positive impedance. Thus thyristor controlled 

series compensation (TCSC) can vary the impedance continuously to levels below and 

up to the transmission line’s natural impedance. 

 

A general structure of TCSC is shown in Fig. 6.4, and its equivalent circuit is shown in 

Fig. 6.5. From which, the power flow equations of TCSC line can be derived as 

following: 

)sincos(2
ijijijijjijiiji bgUUgUP δδ +−=                  ---- (6.2.22) 

)cossin()2(2
ijijijijjijiiji bgUUBbUQ δδ −−+−=      ---- (6.2.23) 

)sincos(2
ijijijijjijijij bgUUgUP δδ −−=                   ---- (6.2.24) 

)cossin()2(2
ijijijijjijijij bgUUBbUQ δδ +++−=          ---- (6.2.25) 

where  

g
r

r x xi j
i j

i j i j c

=
+ −2 2( ) , 22 )( cjiji

cji
ji xxr

xx
b

−+
−

−=              ---- (6.2.26) 

Here, the only difference between normal line power flow equations and the TCSC line 

power flow equations is the controllable reactance cx . 

 

Fig. 6.4 Structure of Thyristor Controlled Series Compensation 
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Fig 6.5 Equivalent Circuit of TCSC 

 

6.2.4.3 Unified Power Flow Controller (UPFC) 

 

UPFC is a kind of powerful and versatile FACTS device that combines the feature of 

TCSC, TCPS and SVC (Static Var Compensator), and has the ability to simultaneously 

control all three parameters of power flow – voltage, line impedance and phase angle. It 

consists of shunt and series transformers, which are connected by GTO converters and a 

DC link, its typical structure is shown in Fig. 6.6. UPFC has three controllable 

parameters, namely the magnitude and the angle of inserted voltage ( TU  and Tφ ) and 

the magnitude of the current ( qI ). The effect of UPFC on network can be modelled by a 

series inserted voltage source TU  and two tapped currents TI  and qI . The equivalent 

circuit of UPFC is shown in Fig. 6.7.  
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Fig. 6.6 Structure of Unified Power Flow Controller 

 

 

Fig 6.7 Equivalent Circuit of UPFC 

 

The active and reactive power flow equations of UPFC line are derived as follows: 

)sincos(

)sincos()cos(2)( 22

jijijijiji

TjiTjiTjjiTijTijiTiji

bgUU

bgUUgUUgUUP

δδ

ϕϕδϕ

+−

+−−++=
     

 ---- (6.2.27) 

)cossin(

)]cos()sin([)2(2

jijijijiji

jiTjijiTjiTijiiqiji

bgUU

bgUUBbUIUQ

δδ

δϕδϕ

−−

−+−−+−−=
    

 ---- (6.2.28) 
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)sincos()sincos(2
jijijijijiTjiTjiTjjijij bgUUbgUUgUP δδϕϕ −−−−=     

---- (6.2.29) 

)cossin()cossin()2(2
jijijijijiTjiTjiTjjijij bgUUbgUUBbUQ δδϕϕ ++−−+−=     

---- (6.2.30) 

 

6.2.4.4 Constraints for FACTS Devices 

 

New inequality constraints for the FACTS devices control parameters are listed as 

follows: 

maxmin iii KKK ≤≤ ,      TCPSSi∈      ---- (6.2.31) 

maxmin iii φφφ ≤≤ ,        TCPSSi∈      ---- (6.2.32) 

maxmin iCCiiC XXX ≤≤ ,    TCSCSi∈      ---- (6.2.33) 

max0 iTTi UU ≤≤ ,     UPFCSi∈      ---- (6.2.34) 

πφπ ≤≤− Ti ,      UPFCSi∈      ---- (6.2.35) 

maxmin iqqiiq III ≤≤ ,      UPFCSi∈      ---- (6.2.36) 

where, TCPSS , TCSCS , UPFCS  is respectively the set of buses with TCPS, TCSC and 

UPFC. 

 

In addition to the above inequality constraints, active and reactive power injection 

should also be added to the power flow equations for those buses installed with FACTS 

devices.  
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6.3 Solution Strategy 

 

For the OPF problem as formulated in section 6.2, the variant Primal-Dual 

Predictor-Corrector Interior Point Method (PDPCIPM) proposed in section 2.4.2 is 

employed to be the solution method with the aim of both robustness and reliability. 

Details about this method can be found in section 2.4.2 and is not repeated in this 

chapter. 

 

6.4 Case Study and Discussions 

 

To validate the ATC enhancement by installation of FACTS devices with variant 

PDPCIPM method, simulation tests are performed on the IEEE 30-bus Reliability Test 

System (RTS) as below.  

 

Different from the partition structure in chapter 2, in this investigation, the whole 

system is divided into two areas as shown in Fig. 6.8. Buses 1-13 belong to the source 

area A, and buses 14-30 are in sink area B. With this split, all the generators are in area 

A.  
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Table 6.1 Control Parameters of FACTS Devices for the Enhanced ATC 

K3 3φ  18CX  28TU  28Tφ  28qI  
1.077 o10−  -0.041 0.3947 o19.88− 0.5 

 

6.5 Summary 

 

In this chapter, how to enhance the ATC value by FACTS devices is investigated. An 

OPF mathematical model is established, where by representing three main FACTS 

devices, namely TCPS, TCSC and UPFC, in equivalent circuit, new constraints of their 

control parameters and injected power are added to the model. A variant PDPCIPM that 

is proposed in the previous chapter 2 is employed as the solution method. Tests are 

implemented on IEEE 30-bus RTS to find the effect of FACTS on ATC, by comparing 

the result of with and without FACTS devices on the system. The results show that the 

FACTS devices can help improve the ATC value distinctly. 
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CHAPTER 7   

Conclusions  

 

7.1 Summary 

 

This thesis investigates the Available Transfer Capability (ATC) evaluation methods 

with both dynamic and static constraints, its role as a market signal in addition to being 

a technical index in the power market and the interaction between the two roles, as well 

as ATC enhancement by FACTS devices. 

 

Following the background introduction and an overview of former research related to 

this topic, the model of considering transient angle stability constraints in ATC 

determination is established in Chapter 2 with a variant Primal-Dual Predictor-Corrector 

Interior Point Method (PDPCIPM) as the solution method. In Chapter 3, another type of 

dynamic limit, dynamic voltage constraints is included in the mathematical model and 

solved by a Quasi-Steady-State method. Under the new power market environment, 

economic factors should be considered on the condition of stability operation. Hence, in 

Chapter 4, the mathematical model of calculating ATC with consideration on both 

stability and price bidding is established followed by an analysis of their interactions. In 

Chapter 5, a risk-based optimal method is proposed to include different contingences 

and the system transient instability risk in the ATC determination. After the studies on 

ATC evaluation with a variety of dynamic and static constraints, as well as the 
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consideration of both technical and economic factors as the optimal objective via 

different solution methodologies, the application of FACTS devices for ATC 

enhancement is investigated in Chapter 6. The main conclusions and findings of this 

thesis are as follow. 

 

1. An optimization operation point of power system obtained with traditional static 

system operation constraints is possibly either transiently unstable or voltage 

unstable under certain credible contingencies. Mathematically, either angle 

transient or dynamic voltage stability assessment will include some differential 

constraints which describe the transient or dynamic behavior in the process. Thus 

the key point lies in how to treat them with multi-dimensional 

Differential-Algebraic-Equations (DAEs) to obtain a satisfactory result with 

appropriate calculation effort. In this research, a variant PDPCIPM and a QSS 

method are proposed respectively for two kinds of dynamic constrained ATC 

evaluation.  

 

2. Different power system structures will have different operation identity. Some are 

vulnerable to disturbance on angle stability while some others are more prone to 

voltage instability. The two dynamic problems of transient angle stability and 

dynamic voltage stability are conceptually different and usually occur under 

different system operation conditions by distinct contingencies. In addition, their 

acting duration following disturbances and influences are different from one 

another. Hence in this research, ATC calculation with transient angle and dynamic 

voltage stability constraints are investigated separately.  
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3. The most common contingency which introduces transient angle stability potential 

is a three-phase short circuit on certain bus. By a variant PDPCIPM method, ATC 

with transient angle stability constraints can be evaluated in a few iterations with 

reasonable accuracy and its characteristic of fast convergence is insensitive to the 

system scale and number of control variables. 

 

4. The most common contingency which affects voltage stability is the outage of 

certain transmission line, especially in a heavily loaded system. In this research, 

ATC calculation with dynamic voltage stability constraints is solved by QSS 

method. As a multi-time-scale problem, by QSS approximation, the voltage 

dynamics are decomposed into two terms, whose short-term part is passed over 

while the long-term evolution is reproduced to be solved in a fast process. By this 

method, ATC with dynamic voltage stability constraints can be evaluated with 

acceptable accuracy while the calculation speed is accelerated considerably. 

 

5. Study results show that a system with heavy loads and large power transmission 

through long distance may have more likelihood to suffer from voltage instability 

than transient angle instability. In modern bulk systems, with wide and deep 

interconnections among areas, substantive power exchange via long transmission 

tie-lines is rather common all around the world. In recent years, voltage stability 

violations or even voltage collapses emerge in many countries. These devastating 

phenomena warrant the study results in this thesis. 

 

6. Under the power market environment, economic factors should also be a substantial 

concern on the precondition of stability operation. In this research, a 
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multi-objective OPF problem of calculating ATC with consideration on both 

stability and economics is established and their interactions are analyzed. When 

security operation is concerned as the main criterion of optimization, economic 

factors are considered just on the basis that stability is ensured enough. Thus the 

economical benefit is less than that of the criterion where it is the pivoting interest. 

With this loss of economical benefit, the system is kept within an abundant stable 

scope, and the potential crisis of congestion can be avoided. On the other hand, 

when economic factors are dominating, the system may operate at a more stressed 

condition which is much near to the stability boundary. 

 

7. Through a risk-based optimal method suggested in this thesis, ATC determination 

with different contingences associated with the system transient instability risk is 

developed. In this context, both probabilities and costs of transient instability events 

are simultaneously considered. Due to the application of expectation rule, the 

optimal ATC compromised between economics and security is successfully 

achieved. This is considered to be a substantial improvement in the operation level 

of system resource usage.  

 

8. Besides the studies on algorithms of ATC evaluation with a variety of dynamic and 

static constraints as well as both technical and economic factors as the objective, 

the participants of power market also pay attention to how to increase the ATC 

between areas. This ensures that more power exchange transaction under 

satisfactory security application can be performed. In this research, FACTS devices 

are applied to meet this requirement, investigations show that the installment of 

appropriate FACTS equipment can help improve the ATC value distinctly. 
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7.2 Future Work 

 

1. Although the two types of dynamic stability problems usually emerge following 

different contingencies, with more complicated load characteristics and operation 

conditions more close to the stability boundary, a system may suffer from another 

dynamic instability after surviving one harassment. For example, in a system 

disturbed by a three-phase short circuit, the common measure is to trip one crucial 

line connected to this bus, and the system will enter a transient angle stability 

following this perturbation. If the contingency occurs near a transmission line with 

heavy load and there is not enough reactive power support nearby, although the 

system can survive this transient angle stability, it may suffer dynamic voltage 

instability soon following. In this case, the condition is even worse than pure 

dynamic voltage stability problem with a stable operation originally because the 

former dynamic process of transient angle stability has devastatingly changed the 

system structure and parameters. So ATC calculation which includes both types of 

dynamic constraints should be investigated for more complicated system conditions. 

The dynamic mechanism of such an integrated dynamic process will also be 

instructive for other optimal problems under power market environment.  

 

2. In an on-line environment, ATC must be calculated for many point-to-point or 

area-to-area transfer cases among interconnected bulk systems with consideration 

of credible contingencies. In this thesis, methods to determine dynamic ATC with 

technical and economic objective have been proposed and implemented on some 

typical test cases. For a practical system, there are much more buses, loads and 

transmission lines, as well more credible simultaneous contingencies, and the 
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problem dimension is much more than these cases. To satisfy the real-time security 

operation, in which system condition should be assessed as soon as possible and 

counter-measures should be given out appropriately and timely, parallel 

computation could be performed．In this context, the method in this thesis could be 

executed on several computers simultaneously. Thus the result will be gained in a 

satisfactorily short period as the overall outcome of all the parallel computations．  

 

3. With the development of power market, many countries are aware that timely 

publishing ATC value on OASIS as a significant technical index and market signal 

influences the transaction and power transfer to a great extent. They are also 

concerned about how to improve the ATC along tie-lines between interconnected 

areas. With the methods proposed in this thesis, further research can be carried out 

on a practical system. Based on the structure characteristics of the particular system, 

installation of appropriate FACTS devices can be suggested to enhance the ATC 

level. 

 

4. In the interconnected systems, higher operation stability will be gained with larger 

ATC value between them. However, this is not always the only expectation of a 

power system operation authority. The costs of improving ATC should also be 

considered at the same time. To improve the ATC value by FACTS devices or 

other measurements, there may be several possible choices. Costs and benefits 

comparison for different scheme of applying FACTS should also be performed so 

that the most appropriate one with satisfactory costs and improved ATC level is 

selected to the individual system. 
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5. In this thesis, all of the researches are executed on AC power systems. It is 

observed that in recent years, HVDC has been used in many bulk interconnected 

power systems for power transfer via long distance and has shown substantial 

advantages over the AC systems. ATC calculation and improvement issues related 

with HVDC will be an interesting future research direction. Investigations on this 

aspect, together with the work preformed on AC power systems, are of great 

practical significance, and will bring more strong and comprehensive support in the 

evolving of wider and wider power system interconnections. 
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APPENDICES  

 

Appendix A. 6-bus Test System 

 

The 6-bus test system is shown in Fig. A.1.  

 
Fig. A.1 6-bus test system 

 
Its generation and load data at base case and other necessary data are listed in Table A.1 

and Table A.2 respectively. 

 
Table A.1 Base Case Generation and Load Data of 6-bus Test System 

Bus 1 2 3 4 5 6 

P (p.u.) 0.9 1.396 0.6 -0.9 -1 -0.9 

Q (p.u.) 0.315 0.651 0.733 -0.51 -0.66 -0.51 
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Table A.2 6-Bus System Line Data 

 

Branch No. Bus 
No’s 

R 
p.u. 

X 
p.u. 

B/2 
p.u. 

Rating 
p.u. 

1 2-3 0.05 0.25 0.030 0.3082 

2 3-6 0.02 0.10 0.010 1.3973 

3 4-5 0.20 0.40 0.040 0.1796 

4 3-5 0.12 0.26 0.025 0.6585 

5 5-6 0.10 0.30 0.030 0.2000 

6 2-4 0.05 0.10 0.010 1.3740 

7 1-2 0.10 0.20 0.020 0.2591 

8 1-4 0.05 0.20 0.020 0.9193 

9 1-5 0.08 0.30 0.030 0.8478 

10 2-6 0.07 0.20 0.025 0.9147 

11 2-5 0.10 0.30 0.020 0.7114 
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Appendix B. IEEE 30-bus Reliability Test System 
 
 
 

The IEEE 30-bus system is shown in Fig. A.2.  

  

 
 

Fig. A.2 IEEE 30-bus test system 

 
The generation data, branch data, load data and other necessary data are listed in Table 

A.3 to Table A.8 respectively. 
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Table A.3 IEEE 30-bus System Generation Data 

 

Bus No. 
PG

min 

(MW) 
PG

max 

(MW) 

1 50 200 

2 20 80 

5 15 50 

8 10 35 

11 10 30 

13 12 40 
 

 

Table A.4 IEEE 30-bus System Load Data 

Bus 
No. 

Load 
MW 

Load 
MVAR 

Bus 
No. 

Load 
MW 

Load 
MVAR 

1 0.00 0.00 16 1.8 1.80 

2 21.70 12.70 17 5.8 5.80 

3 2.40 1.20 18 0.9 0.90 

4 7.60 1.60 19 3.4 3.40 

5 94.20 19.00 20 0.7 0.70 

6 0.00 0.00 21 11.2 11.20 

7 22.80 10.90 22 0.0 0.00 

8 30.00 30.00 23 1.6 1.60 

9 0.00 0.00 24 6.7 6.70 

10 5.80 2.00 25 0.0 0.00 

11 0.00 0.00 26 2.3 2.30 

12 11.20 7.50 27 0.0 0.00 

13 0.00 0.00 28 0.0 0.00 

14 6.20 1.60 29 0.9 0.90 

15 8.20 2.50 30 1.9 1.90 
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Table A.5 IEEE 30-bus System Line Data 

 

Branch No. Bus 
No’s 

R 
p.u. 

X 
p.u. 

B/2 
p.u. 

Rating 
p.u. 

1 1-2 0.0192 0.0575 0.0264 1.30 
2 1-3 0.0452 0.1852 0.0204 1.30 
3 2-4 0.0570 0.1737 0.0184 0.65 
4 3-4 0.0132 0.0379 0.0042 1.30 
5 2-5 0.0472 0.1983 0.0209 1.30 
6 2-6 0.0581 0.1763 0.0187 0.65 
7 4-6 0.0119 0.0414 0.0045 0.90 
8 5-7 0.0460 0.1160 0.0102 0.70 
9 6-7 0.0267 0.0820 0.0085 1.30 
10 6-8 0.0120 0.0420 0.0045 0.32 
11 6-9 0.0000 0.2080 0.0000 0.65 
12 6-10 0.0000 0.5560 0.0000 0.32 
13 9-11 0.0000 0.2080 0.0000 0.65 
14 9-10 0.0000 0.1100 0.0000 0.65 
15 4-12 0.0000 0.2560 0.0000 0.65 
16 12-13 0.0000 0.1400 0.0000 0.65 
17 12-14 0.1231 0.2559 0.0000 0.32 
18 12-15 0.0662 0.1304 0.0000 0.32 
19 12-16 0.0945 0.1987 0.0000 0.32 
20 14-15 0.2210 0.1997 0.0000 0.16 
21 16-17 0.0824 0.1932 0.0000 0.16 
22 15-18 0.1070 0.2185 0.0000 0.16 
23 18-19 0.0639 0.1292 0.0000 0.16 
24 19-20 0.0340 0.0680 0.0000 0.32 
25 10-20 0.0936 0.2090 0.0000 0.32 
26 10-17 0.0324 0.0845 0.0000 0.32 
27 10-21 0.0348 0.0749 0.0000 0.32 
28 10-22 0.0727 0.1499 0.0000 0.32 
29 21-22 0.0116 0.0236 0.0000 0.32 
30 15-23 0.1000 0.2020 0.0000 0.16 
31 22-24 0.1150 0.1790 0.0000 0.16 
32 23-24 0.1320 0.2700 0.0000 0.16 
33 24-25 0.1885 0.3292 0.0000 0.16 
34 25-26 0.2544 0.3800 0.0000 0.16 
35 25-27 0.1093 0.2087 0.0000 0.16 
36 28-27 0.0000 0.3960 0.0000 0.65 
37 27-29 0.2198 0.4153 0.0000 0.16 
38 27-30 0.3202 0.6027 0.0000 0.16 
39 29-30 0.2399 0.4533 0.0000 16 
40 8-28 0.0636 0.2000 0.0000 32 
41 6-28 0.0169 0.0599 0.0000 32 
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Table A.6 Regulated Bus Data 

 

Bus No. 
Voltage magnitude 

p.u. 
Minimum MVAR 

capability 
Maximum MVAR 

capability 
2 1.045 -40.0 50.0 

5 1.010 -40.0 40.0 

8 1.010 -10.0 40.0 

11 1.082 -6.0 24.0 

13 1.071 -6.0 24.0 
 

Table A.7 Transformer Data 

Transformer destination Tap setting 

4----12 0.932 

6----9 0.978 

6----10 0.969 

28----27 0.968 
 

Table A.8 Static Capacitor Data 

Bus No. Susceptance (p.u.) 

10 0.190 

24 0.043 
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