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minute to hour basis. For this reason the speed of  the 
calculations i s  crucial. On the other hand, from a system 

Abslroc&The deregulation of the energy-supply industry planning point of view, the accuracy is more important than 
has increased the importance of security in an electric power the speed of the calculations. It i s  clear that we are faced with 
system (EPS). The analysis of  ransient stability in electric different requirements, and there are several methods to d e 4  
power systems plays an  important rele in this issue. Since m with this problem, 
analytical solution to a set of EPS's differential equations does 
not many approaches lor finding a Solution were genkrators with voltagesontrolling systems as well as speed 
developed in the past. Existing mcthods can be dividedin into 
three types. First are the so-called time-domain (T-D) digital power-flow co?trolling elements @!so known as FACTS - 
simulations that numerically integrate differential equations Flexible AC transmission Systems -controllers) that introduce and obtain B solution in the form o f a  System trajectory. The 

additional nonlinearities and further complicate the second approach is by direct methods that employ Lyrpunov 
energy functions. In addition to information on systems caicuiations' 
stabilitr these methods can also provide stability margin The transient stability of an EPS describes a short-term 
estimation and various stability indices that help to identify a phenomenon in any power system that i s  subjected to a large 

point. They are less but disturbance, such as a three-phase short circuit. The system 
substantially faster than T-D simulations. Both is said to be transiently stable if k achieves an acceptable 
complementary characteristics, speed and accuracy, are steady-state operating condition after the disturbance is 
combined in hybrid methods, which emerged by combining eliminated. One of the most important parts of a transient 
digital simulation and direet methods. stability analysis is an accurate estimation of the criticid 

This paper gives an insight into all three methods for cases clearing time (CCT), The CCT is the maximum duration of a 
when the transient stability assessment of power systems with fault that s t i l l  allows the systemto preserve stability. 
FACTS (Flexible AC transmission Systems) is under The dynamics of a power system following a major 
discussion. The discussion focuses on direct methods and the disturbance is a high.nonlinear and n~ulti-dimensional 
derivation of appropriate energy functions that embed the 
action of FACTS devices. I n  this sense we provide novel 
methods for the implementation ofthe FACTS effect in energy 
functions. 

EPS is a highly system that c o n s j s ~  of 

transmission lines, and 

which makes the CCT determination a 
set of differential and task, Since the 

equations that describe an EPScan-not bc solved analytically, 
other methods were developed. The first ofthose was the so- 

called step-by-step method, which emerged in the first half of 
the 2@ century. This method numerically integrates the 
system equations and provides the system trajcctory for the 
fault and post-fault period. By repeating the procedure and 
observing the poscfault system the CCT can be estimated in 
four to five trials. The transient stability analysis can, 
however, be n he-consuming process, since it requires 
numerous simulation scenarios of thc fault occurrences. 
Nevertheless, this method provides very accurate results 
because there are almost no imitations to the modeling, and 
so complex models can be applied. Possible limiting factors of 
the T-D methods may be: 

they can only provide a simple answer (yeslno) to the 

h d e r  Terms- digital simulation, direct methods, FACTS, 
transient stability. 

I. INTRODUCTION 
of deregulation and the consequent 

A o m p e t i t i o n ,  electrical power system (EPSs) need new 
services in addition to those that are traditionally offered. 
This new services include a congestion management and a 
determination of the available transfer capability. Here, an 
important part of the calculation of stability limits i s  
%presented by the transient stability assessment. Transient 
stability limits the available transfer capabilities and therefore 
must be evaluated for operational plannin& purposes on a 

a 

- 
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question of stability of an EPS for a clearing time given 
in advance, 
they cannot provide information on stability margins, 
i t  is arelatively time consuming calculation 
the advantage of the incorporation of complex models 
cannot be exploited to the full because there is usually 
a lack of true (good) parameter values for the elements. 

Due to the limitations of this timedomain (T-D) method and 
the need foran estimation ofstability margins, various other 
techniques followed Lyapunov's second method. These so- 
called direct methods use the energy function of a post-fault 
system and the tmjectory of a fault-on system to determine 
the CCT. The latter relates to the time instance when the total 
energy of a system along the fault-on trajectory equals the 
critical energy. The required computation time is considerably 
less than with a conventional T-D method. This gain does not 
come without expenses, however. Direct methods suffer from 
simplifications of the models and uncertainties in the 
evaluation of the critical energy. To overcome these 
difficulties several hybrid approaches were developed to 
combine the complementary characteristics of T-D and direct 
methods -speed and accuracy. 

- 
- 
- 

A. Power syslems wirh FACTS 

FACTS technology referes to devices that enable flexible 
EPS operation. i.e. controlled active and reactive power flow 
redirection in trammission paths. A general wish is that the 
operation of a power system is rigid. However, this is not 
possible due to daily load changes and various changes in a 
nerwork's topology. The typical elements of power systems 
(generators, transfer lines, circuit breakers) can overcome this 
problem, but they do not offer any means for the continuous 
fast changes of power flow or voltage profiles that FACTS 
devices do. The first generation of FACTS devices emerged 
some thirty years ago in the form ofpassive reactive elements 
driven by thyristor switch banks. The second-generation 
FACTS devices can achieve the same, and in some cases 
better,results with much smaller reactive elements by using of 
power electronics with turn-off capability. 

Because of their fast response they can also improve the 
transient stability of an EPS by helping critically disturbed 
generators to give away the excess energy gained through the 
acceleration during a fault. This can be done by correctly 
changing the pattem of power flow. Regardless of the 
operation regime their impact on a power system has to be 
taken into account when assessing a CCT. Othenvise,a major 
error could occur in the evaluation of the transient stability 
limit 

11. TIME DOMAIN SIMULATIONS 

No known restrictions limit the use of T-D simulations of a 
complex EPS, with the exception of computer hardware 
limitations. Any damping strategy or change in the power 
flow pattem can be accomplished by a suitable modeling 

approach that depends on the nature of thc observed 
phenomenon. Models for transient representations differ from 
those used for load flow research. and should include 
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Fig I .  Motion o f a  pcnurbcd syslcm and sn SSSC action. 

At first, T-D simulations were limited to point-by-point 
solutions of a relatively simple generator swing equation. 
With the arrival of digital computers a number of techniques 
were developed for solving (numerically) sets of differential 
equations. The rmre advanced explicit integration methods 
use values from a previous step to calculate the variable 
values in the current step. There are many methods, some of 
which are the Euler, the predictor-corrector and the Runge- 
Kutta methods. Which one is best suited for our problem 
depends on the nature of the problem [I]. However, the 
world's best software packages (e.g. NETOMAC, EMTP) use 
the simplest implicit integration method, which is also known 
as the trapezoidal method. It uses linear interpolation between 
two points and estimates the area between them with a 
trapezoid. This plain method is used because of its 
robustness in terms of a numerical stability. Special 
techniques were developed which enable "backward step" 
interpolation during the integration process in order to ensure 
high precision in special cases where it is necessary (e.g. 
thyristor firing or its tum+ff moment) or iteration techniques 
when special variable elements are applied for modeling. 

The  hajectories in Fig. 1 show an example of such a 
simulation with NETOMAC. It is thecase ofan  augmentation 
of the transient stability ofa  longitudinal transmission system 
with a Static Synchronous Series Compensator (SSSC). 

Our derivations are carried out with a lossless (idcal) SSSC 
as a demonstration object, so let us describe it in a few words. 
An SSSC is a member of the second-generation FACTS 
devices and normally consists of GTO thyristors, a series 
transformer and small capacitor (Fig 2.9. Its impact on 
transmitted power flow is similar to an ordinary CSC 
(Controllable Series Compensation) device (Fig 2.b), and is 
achieved with a series injected voltage UT) that is 
perpendicular to the line current. In this way only reactive 
power is exchanged with the system as in the case of a CSC 
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capacitor bank. For reasons of simplicity it may be modeled as 2. Using J, !  from the previous step-faulted system the LF . .  
a series-connected controllable reactive voltage source [2] 

"oc 

a) b) 
Fig 2. a) SSSC scheme, b) CSC sehcme 

111. DIRECT METHODS 
Although computers offer means for the numerical 

integration of differential equations,and in this way provide a 
solution to a nonlinear system, they cannot provide a 
physical insight into the qualitative behavior of the set of 
differential equations. Consequently, the sensitivity analysis 
is essential and requires tremendous T-D simulation efforts 
pj. that is why alternative options were investigated. One 
option is the Lyapunov direct method, which uses the energy 
functions of a post-fault system in order to supply the 
information on the power system's stability. It is based on the 
idea that if a positive energy function E(x)  of an isolated 
system has a negative (or semi-negative) value of the time 
derivative, dEldt, in the neighborhood Q of the stable 
equilibrium point, k. then the energy of the system will 
decrease with time until it reaches E(&) hence the system is 
stable [4]. When this idea is introduced to power-system 
transient stability analysis the main problem is choosing 
andlor constructing a proper energy function on which, in 
addition to the determination of stability domain, the accuracy 
of the method depends. The stability domain represents a 
critical value that a fault-on trajectory must not cross if a 
stable case is considered. Because of the different natures 
and origins of the existing energy functions many stability- 
domain estimation procedures exist. They are discussed in 
detail in 8, 51. In the case of SPEFs (Structure Preserving 
Energy Functions) the critical value can be determined as the 
maximum value of an energy function along the system's 
fault-on trajectory. In this way the determination of the CCT 
for a particular fault is limited to just one fault-on numerical 
simulation. A procedure for a CCT determination in the case 
of SPEF and the use of the  PEBS (Potential energy Boundary 
Surface) method involves the following steps: 

Solving of the pre-fault, load-flow (LF) equations using 
the given generators' busbar voltages and angles and 
calculating the generators internal voltages, 
E j ' =  Ej 'L6 , ' ,  behind the transient reactances. It is 

assumed that the voltage amplitudes remain constant 
during the transients (classical generators model). 

1. 

equations are solved. The resulting generator busbar 
voltages (and angles) are used for integrating the 
faulted system with 8,' representing the initial 

conditions from the previous time-step. Then the LF of 
a post-fault system is obtained using the same Si' to 

calculate the voltages and angles that are required in 
the neat step. 

3. Calculating the total system energy, W E ,  and its 

potential part, W,, for each time-step simultaneously. 

Repeating steps 2 and 3 until a maximum value of W,, 
is determined. This local W, extreme, also denoted as 

the critical energy, serves as a good stabilitydomain 
approximation. The time instant when the total energy 
of a system 6 equal to the critical encrgy is a CCT. 

As with a digital simulation thc accuracy of the above 
procedure depends on the integration time interval. An 
appropriately small time-step should be used. 

4. 

Because the Lyapunov stability criteria provide only thc 
sufficient, and not the necessary, conditions, direct methods 
need good a stability domain estimate otherwise they suffer 
from conservativeness. The PEBS method seems to overcome 
the problems that other stability-domain-estimate methods 
experience, though it sometimes provides unreliable results 
61. 

'--. 

A. Direct methods and FACTS 
FACTS devices can change a stability domain-estimate and 

must therefore be considered when choosing or constructing 
energy functions. In 1992, an SVC (Static Var Compensator) 
was introduced in to an energy function for the first time by 
Hiskens and Hill [I. Later, in 1994, Padiyar and lmmanuel also 
inserted the action of an SVC into an SPEF [SI. Only ten years 
later, CSC, SSSC, PAR (Phase Angle Regulator) and QBT 
(Quadrature Boosting Transformer) were considered in an 
energy-function construction in the papers of Gabrijel and 
Mihalic p, IO] and in a CSC in a paper of Colvara, Festraits 
and Araujo [I I]. That there is a discussion implies that there 
is a need for structurepreserving energy functions for a 
general power system with FACTS. Since thcrc arc as many as 
eight different FACTS concepts with their distinct 
characteristics, at least eight different energy functions 
should be developed if direct methods are wanted for 
application in an EPS with an arbitrary FACTS controller. 
Different FACTS control strategies after the fault clearance 
also lead to different energy functions unless a Lyapunov-like 
energy function can be produced that integrates the FACTS 
action along the faulted trajectory, 

An example of an SSSC Lyapunov energy function that 
considers a constant (maximum) controllable parameter & 
(optimum for this case) is given in ( I ) .  It derives from the 
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singlemachine-infinite bus (SMIB) system in Fig. 3. 

1 

2 
Vsssc(h8) =- M . A J  - ~ ~ ( 8 4 ~ ) -  

E'U, 
-(cos8-cos8~)- X,'+X 

1 ,/E1+Us2 - 2 .  E.U, c o s 8  - -I 'd'+' ,/E2+Ul - 2 .  E.Us cos8' 

The first term in ( I )  denotes the kinetic energy, while the 
residue constitutes the potential energy The kinetic energy is 
composed of an inertia constant M and Ao(=wq,), which is 
the relative speed of the machine (0) with respect to a 
synchronously rotating reference frame b). This relative 
rotor speed can also be expressed as a time derivative of the 
intemal transient voltage angle 6'. 

X=$+X* 

Fig 3 .  SMlB system with an SSSC 

In the potential part of the term ( I )  E' denotes a voltage 
behind the transient reactance Xd', and P, is a mechanical 
power input that is assumed to hold a constant value during a 

transient phenomenon. 6" is a stable equilibrium point of a 

pos t-fault system. 

Fig 4. shows the enlargement in stability-domain estimates 
by an SSSC controllable parameter. This case i s  adopted from 
[IO] and represents the impact of an SSSC in a longitudinal 
system such as the one in Fig. 3. The desired effect is 
achieved by decreasing the value of the series voltage 
amplitude 6. Consequently, the critical value of the energy 

and hence the CCT also increase. In Fig 4. V denotes the 
potential energy along a fault-on trajectory. 

Fig 4. SMlB system with an SSSC 

The use of the energy function in (I), and similar from @, 
IO], is limited to power systems that can be reduced to an 
SMlB system without losing any information on the FACTS 

controller location. As  already mentioned, there is a need for 
energy functions that can describe FACTS action in an 
arbitrary system. There are only two possible ways in which 
FACTS can be incorporated in an energy function: the first is 
the use o f a  transient energy function (TEF) that is based on a 
reduced system, and the second is the use of  a structure- 
preserving framework. The second is somehow more likely 
because reducing the network matrix to generator nodes 
results in problems with a lack of appropriate FACTS models 
and problems due to nonlinear and nonsymmetrical terms in 
the existing FACTS mathematical expressions. However, it is a 
vely difficult task to derive an explicit SPEF, because the 
solution is obtained more or less by intuition. Wc were able to 
use the concept of a first integral of system equations from 
[I21 to develop energy functions for an SSSC, a phase angular 
regulator (PAR) and a quadrature boosting transformer. 
Mathematical models from [I31 were used and the solutions 
were obtained intuitively taking into account the remarks 
about energy function in [12]. In the second paper submitted 
for this conference we provide a straightfonvard derivation of 
a PAR energy function. A non-explicit SPEF of a FACTS 
controller can also be derived and it should generally include 
a path-dependant integral that would make the energy 
function only Lyapunov-like. 

N .  HYBRID METHODS 

Hybrid methods can combine T-D simulations with a 
transient energy-function evaluation. A version from [I41 is 
leaning toward stability-margin estimation and provides 
information about whether the system is stable for a certain 
clearing time. Several methods where a two-machine 
equivalent system is combined with a detailed T-D simulation 
are also known. 

. \ , post-faulr 

. 
Fig 5. Equal-area criterion 

There are different approaches, but the best known is an 
extended (generalized) equalarea criterion (EEAC) andor  
single machine infinite bus equivalent (SIME). They 
accommodate an identification of the group of critical 
machines upon an assumed contingency and a separation of a 
multimachine power system into two subsets: a critical cluster 
and the rest of the machines. The equivalent machine of each 
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set i s  then produced by an aggregation using a center.of. 
angle (COA) principle, bo COA systems are then further 
transformed into an SMlB system. Transformations that take 

are refreshed at the rate of a step-by-step T-D program [Is]. 

[IO] U. Gabrijcl, R. Mihalie, Diicct Methods far Transicnt Stability 
A S S C S S ~ C ~ ~  in Power Systems Comprising Controllablc Scries 
Devices. IEEE Transactions an Powcr Systcms, Scptembcr 2002. 

[ I l l  L. D. Colvara, E. B. Fcstraits, S. C. B. Araujo. Power Systcm 

lASTED lntcrnational Confciencc. Powcr and Encrev Svstems. 
place use the parameter values of the System machines and Stability With FACTS o f t h e  2nd 

-. . 
This principle looks to have the best potential for practical 
use since it experiences Only a few difficulties, of which the 
major one (critical machine ranking procedure) has already 
heen is obtained the equal- 
area criterion can be applied, as shown in Fig. 5 .  A system will 
be ifthere is enough decelerating energy (areaA,c,, o f a  
post-fault system available to counteract the accelerating 
energy (area A,,,) gained during a disturbance. 

June 25-28,2002, Crete, Greece, pp. 227-232. 

1121 Th. Van Cutsem, M. RibbcnsPavella. Strucrure preserving dircct 
mcthodr for transient stability analysis of power syscms. 
Proccedingr of 24th Canfcrencc on Dccision and Control, Ft. 
Lauderdale, FL-Deccmbcr 1985' pp 70-77' 

[ I l l  Flexiblc ac transmission systcins (FACTS). IEE Power and Energy 
Scrics 10. Editcd by Yong Hua Song and Allan T. Johns, 1999. 

1141 Maria G.A., Tang and J. Kim, Hybrid transient stability analysis, 
IEEE Transactions on Power Systems, No. 5, 1990. pp. 384-391. 

[ IS]  M. Pavclla, D. Emst, D. Ruiz-Vega, Transicnt Stability of Power 
SYStcms A Unified Approach 10 Asscssmcnt and Control KJNW 
Aeadcmlc Press, 2000. 

[ 151, ~ f t e ~  an ~ ~ i p ,  

A .  Hybrid methods and FACTS 
Hybrid generally do not have limitations regarding 

FACTS involvement unless an energy function of a post-fault 
system that incorporates FACTS effects is required. In this 
case a similar problem of the non-existence of proper energy 
functions occurs as in the case of direct methods. If an SlME 
method is considered a FACTS effect is entered via a T-D 
simulation during trajectory calculations. 
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