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ABSTRAK : Aliran kuasa penerusan boleh ditafsirkan sebagai
penyelesaian aliran kuasa, yang mana digunakan untuk menganalisa
kestabilan sistem kuasa pada keadaan normal dan gangguan. Tujuan
utama aliran kuasa penerusan ialah untuk mencari kesinambungan
penyelesaian aliran kuasa untuk perubahan beban yang diberikan.
Walaupun kaedah ini mempunyai beberapa kelemahan, ramai penyelidik
telah mendapati bahawa kaedah ini masih merupakan kaedah yang baik
untuk menyelesaikan masalah yang dihadapai oleh kaedah sebelum ini
(Aliran Beban Newton-Raphson dan Fast Decoupled). Langkah-langkah
untuk penerusan, perubahan parameter dan kebolehpercayaan pada
sistem penerusan ini masih lagi menjadi tandatanya. Kertas kerja ini
membincangkan beberapa isu termasuklah keperluan, permintaan dan
pengharapan pada aliran kuasa penerusan ini. Beberapa penyelesaian
yang telah diajukan oleh penyelidik sebelum ini telah dibincangkan.

ABSTRACT : Continuation power flow can be described as a power flow
solution, which is used to analyze the stability of power system under
normal and disturbance conditions. The main purpose of Continuation
Power Flow is to find a continuity of power flow solution for a given load
change. Although this approach has several deficiency, many researchers
found out that this is still a better approach to cater the problem faced by
the previous method (Newton-Raphson dan Fast Decoupled Load Flow).
The continuation step, parameter variation and the reliability of the system
are still in question. This paper discusses several issues including the
needs, demands and expectations of continuation power flow. Several
solutions have been proposed by the previous researchers is been
discussed.

KEYWORDS : Bifurcation, contingency, continuation power flow,
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INTRODUCTION

Power system involves generation, transmission and distribution. The major concern of the
power utilities is to maintain the supply to customers without any failure. The power flow
solution, which is closely related to voltage stability, is an important tool, which is needed to
calculate the total power that needs to be transferred to customers. Since voltage stability
determined the quality and availability of power, it has been recognized as the main issue for
power system utilities.

Voltage stability can be described as the capability of the system to maintain the adequate
voltage under normal operating conditions and after the disturbances arise. Massive system
interconnections, demands increase, insufficient generation and transmission expansion,
economical and environmental factors have led power system to operate with its equipment
very close to their limits. Voltage instability and voltage collapse situation become very likely
to occur, imposing important limitations on power system operation. According to C.W. Taylor
(1994), voltage instability or collapse is a dynamic process. He also mentioned that voltage
instability is the absence of voltage stability and results in progressive voltage decrease or
increase.

The conventional power flow computation began with Gauss-Seidal method. Then the
alternative Newton-Raphson iterative method was used which is reliable, computationally
faster and more economical in storage requirement (Stevenson, 1982). Most researchers
found that the Jacobian of the Newton-Raphson power flow calculation became singular at
the steady state voltage stability limit (Ajjarapu and Christy, 1992). The stability limit or critical
point is defined as the point where the power flow Jacobian is a singular. Therefore when the
power flow approaches the critical point, it will diverge and give a large error.

The saddle node bifurcation (SNB) is one approach that can be used to solve this singularity
problem. The Jacobian can reach the SNB in many ways, such as increase the impedance in
a key tie line, increase the generation level at a generator with weak transmission while
decreasing generation at all other generators, increase the load at a single bus or increase
the load at all buses. But this method requires modification for solving singularity problem. For
example when the critical point differs from the SNB point, the critical point may not provide a
security measure and the curve may not provide a forecast of the system trajectory.

Continuation power flow was introduced to solve this singularity problem. The continuation
power flow can be described as a power flow solution that can maintain the stability of the
power system under normal and disturbances conditions. Therefore the main purpose of
Continuation Power Flow is to find the continuity of power flow solution for a given load change.
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BACKGROUND NEEDS, DEMANDS AND EXPECTATIONS OF CPF
Background

Modern living condition and the power demand from industry contribute to the increase in
electricity usage. Because of that unpredicted bad situation may occur in future. Power flow is
the key tool in power system planning and operation. Previously the Newton-Raphson method
was used for power flow calculation. Research has proven the Jacobian matrix of the power
flow analysis becomes singular at the voltage stability limit. Consequently, conventional power
flow algorithms are prone to convergence problems at operating condition near the stability
limit.

The use of continuation power flow analysis can solve this problem by reformulating the power
flow equations so that they remain well-conditioned at all possible loading conditions (Ajjarapu
and Iba et al, 1991/1992). This solution allows the system to be stable at stable and unstable
equilibrium points. Researchers have proved that this continuation method can solve the
singularity problem faced by Newton-Raphson method. However after some modifications,
the effectiveness and efficiency of these methods are doubtful. When the continuation step is
large the computational effort becomes heavier (Canizares, 1996). This situation can delay
the process in the system. Voltage collapse can occur due to the computational delay. From
the conventional continuation method the curve that is generated is not proven to remain
close to the actual solution curve. If the solution curve is not proven to be close to the solution
curve, the solution can be questionable. Therefore the reliability of the system is still in question.
Another aspect that needs to be considered is the parameter (load or voltage) variation. Before
this, in the previous research the determination of the parameter variation was done by the
operator. This situation might not be possible if the parameter that varies is not the one being
determined by the operator. Many researchers concentrate in doing this for static analysis. In
real life the dynamic analysis is of more concern. No research is done on the robustness of
the continuation system. The robustness of the system is important to ensure that the system
works properly. Without proving the robustness of the system people can argue whether the
system is reliable or not. The approach should cater for all the contingencies that might occur
and not concentrate only on what had happened before.

The power providers and researchers need to find the best way to tackle the contingencies,
which are unpredictable. The robust method is needed to ensure the continuity of power flow.
The contingencies of the system should be determined and fixed as fast as possible. The
main problem to be discussed here is how to prepare a method that can cater for all
contingencies whilst reducing computational effort, robust system, more reliable, ensure the
curve is near to solution curve and finally ensure the continuity of the power flow.
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Review of Continuation Power Flow

In early 1990’s researchers proposed a new method to replace conventional Newton-Raphson
for calculation of the power flow. They believed that the conventional method has a convergence
problem when it reaches the critical loading point. This is due to singularity problem in the
Newton-Raphson method when it reaches ill conditioned point (Ajjarapu, 1992). From Newton-
Raphson, the so-called nose curve for stability was drawn using saddle-nose bifurcation step.

i) Homotopy Continuation Method

Kenji lba efa/(1991) proposed a homotopy continuation method to calculate the critical loading
continuation with nose curve. They showed that the nose curve, which denoted the relationship
between total load and system voltage was calculated by a new approach based on the
Homotopy continuation method. This method is based on the conventional Newton-Raphson
load flow calculation. Although the author claimed that it can overcome the numerical difficulties
related with the singularity of the Jacobian matrix, the problem is not fully solved and the
system is still facing the singularity problem. For the convergence to critical condition, 20 to 30
steps are needed by the system, provided that the step size is appropriately selected. The
parameter that varies is then fixed to the load demand.

The principle of the proposed method is a homotopy parameter t, which implies load and
generation growth, is introduced to the Newton-Raphson-based load flow formula. The
expression Ys(t) = Yso + tYd describes the loading pattern as linear above base load Yso with
the homotopy parameter t following an arbitrary direction specified by the elements of Yd with
real and reactive power entries. The upper or lower sides of the nose curve are obtained by
solving the load flow equations for Ys( ¢,), i=1,2,....,n, where step size At,=¢,- ¢, | is selected
mathematically using the Homotopy Continuation Method. Therefore, the cut-and-try or go-
and-back procedure is not applied. Both sides of the curve can be obtained by combining the
method for finding multiple load flow solutions described in Iba efa/ 1991. The critical loading
condition is found as a terminal point of the curves. However this approach does not truly
solve the singularity problem.

ii) UWPFLOW

Ajjarapu et a/(Ajjarapu, 1992) proposed a tool in finding the continuation of power flow solution
starting from the base load until reaching the steady-state voltage stability limit of power system
called UWPFLOW.
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This paper presents the capability and usefulness of continuation power flow in the power
system. The main feature of this method is it remains well conditioned at and around the
critical point. As a general principle, this method employs a predictor-corrector scheme to find
the solution path of a set of power flow equations, which have been reformulated to include a
load parameter. Starting with the known solution, it then uses the tangent predictor to estimate
a subsequent solution corresponding to a different value of the load parameter where this
parameter variation is being fixed to the reactive power.

The authors proposed a tool for steady state voltage stability analysis using Continuation
method. This paper presents a method for finding a continuum of power flow solutions starting
at some base load and leading to the steady state voltage stability limit or known as critical
point (Ajjarapu, 1992). (Ajjarapu 1992) demonstrates how slightly reformulating the power
flow equations and applying a locally parameterized continuation technique can avoid singularity
in the Jacobian. This continuation power flow employs a predictor-corrector scheme to find a
solution path of a set of power flow equations that have been reformulated to include a load
parameter. It starts with known solution and uses a tangent predictor to estimate a subsequent
solution corresponding to a different value of the load parameter. This estimation is then
corrected using the same Newton-Raphson technique employed by a conventional power
flow. The local parameterization provides a means of identifying each point along the solution
path and plays an integral part in avoiding singularity in the Jacobian. The assessment of this
method had been done only to linear load model. To make this assessment more accurate for
voltage stability performance the nonlinear model needs to be incorporated into the process.

ili) Point of Collapse and Continuation

Canizares and Alvarado (1996) proposed a combination of two methods; point of collapse
and continuation method; used in voltage stability studies to determine the bifurcation points.
These two methods were shown to be computational feasible and a means to determine an
acceptable load increment before facing voltage collapse in power network. Canizares and
Alvarado also introduced a new method of determining energy functions for power system
models, particularly when dc links are included. Without mentioning the reliability of the
continuation method, he stated that the system will run under continuation method until it
comes to saddle-nose, before turning to the point of collapse method. Point of collapse (PoC)
and continuation methods for large AC/DC systems shows the implementation of PoC and
continuation method for computation of voltage collapse. The author did mention the advantages
of continuation power flow; producing voltage profile, but it also creates unstable equilibrium
points that can be useful for system stability analysis, able to detect immediate instabilities
due to reactive power limits, although in practice these points and the bifurcation are very
close (Canizares, 1996). The disadvantage here is the system needed to run under two different
methods and it needs more computational effort. From the results, it can be found that
convergence problems are observed when using continuation method due to sharp turning
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point. The time consumed is more than seven seconds. The authors state that continuation
methods have the advantage of producing voltage profiles and as a result yield unstable
equilibrium points that can be useful for system analysis. Another advantage of the continuation
method is that they are able to detect immediate instabilities due to reactive power limits,
although in practice these points and the bifurcation are very close (Canizares and Alvarado
1996).

In 1993, they published another paper on bifurcations, voltage collapse and load modeling
(Canizares and Alvarado, 1993). They discussed relationship between bifurcation and power
system stability through a thorough analysis of several examples, to clarify some ideas regarding
the usefulness and limitation of bifurcation theory in network studies and operation. They also
discussed the limitation of saddle-nose bifurcation.

iv) CPFLOW

In 1995, Chiang et a/proposed another computer package called CPFLOW (Continuation
Power Flow) to overcome problem of UWPFLOW. This CPFLOW is a comprehensive tool for
tracing power system steady state stationary behavior due to parameter variations. The main
differences between the previous works are the level of modeling capability, the level of
applicability (through different schemes of parameterizations) and the computational speed
and reliability (through different predictor, correctors and step-size control) (Chiang 2002;
Chiang et a/, 1995). The authors have developed a new performance index based on the
center manifold voltage collapse model. The disadvantage of this tool is it does not give
appropriate treatment of physical constraint. It is constrained by the delicate balance between
speed and robustness. Therefore the trade-offs between robustness and minimum
computational effort is still open for further research.

CPFLOW is also being used to investigate the installed real power transfer capability of a
large-scale power system under a proposed multi area interchange (Flueck, 1996). The paper
shows the studies of real power transfer capability under multi area interchange schedule of
large-scale power systems.

This CPFLOW can generate P-V, Q-V and P-Q-V curves with the capability of the controlling
parameter A (loading parameter), where A can be either general busloads or real power
generation at P-V buses or area loads or real power generation at P-V buses or system loads
or real power generation at P-V buses (Chiang ef a/, 1995). For this system authors proposed
to use two-step of predictor, tangent method and secant method. The key issue here is whether
a predictor-corrector continuation method can be designed wherein the predictor point produced
by the predictor remains close to the solution curve for robustness and yet overall amount of
computational effort required to solve a given problem is minimized.
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v) Others

In 1995, results from continuation power flow have become a benchmark for contingency
ranking and screening as shown by Ejebe e/a/. This approach is used for contingency screening
and ranking of voltage stability analysis in power system. This shows that continuation is one
of the good approaches in voltage stability study for credible contingencies.

Souza efa/(1996) have compiled several techniques to perform voltage collapse computations
based on network partitioning and voltage stability indices to accelerate the computation of
voltage collapse points using continuation technique. The authors proposed the continuation
method for the analysis of fast computations of voltage collapse points. The system is fast but
need network partitioning before performing the continuation method.

Scott ef a/(1997) have demonstrated that effective contingency analysis for voltage collapse
can be done by computing the load margin sensitivities for a nominal nose curve (Scott,
1997). Unfortunately Scott found that the slowest step in the procedure is continuation to find
the nominal nose.

In 2001, Song ef a/(2001)introduced a new concept in determination of interface flow using
the modified continuation power flow in voltage stability analysis. This technique is to trace
interface flow-voltage curves by applying continuation method and the parameter variation is
active power.

Mori efa/(2002) made use of the langrage polynomial interpolation formula as the predictor of
the predictor-corrector method and rule-based step-size control to speed up the computational
time. The author proposed a new continuation power flow method with the non-linear
approximation predictor of the Lagrangeis polynomial interpolation formula. The authors have
modified CPFLOW to improve the performance with regards to the robustness and
computational efficiency of the algorithm (Mori, 2002). The authors manage to compare the
computational efficiency using four methods, the Homotopy, Ajjarapu-Christy method, CPFOW
and proposed method. However the robustness of the method and how close it is to solution
curve is still not answered.

In 2002, Chen ef a/. come out with a brief review of the recent development in voltage stability
studies in computing fold bifurcation (Chen, 2002) The authors suggested test function as a
solution that can provide useful indicators to determine if a fold point has been reached but
are not useful in predicting the index (Chen, 2002). Later Chen et al proposed combination of
Q limits index and a performance index to achieve computational efficiency and index reliability
(Chen, 2003). The authors claimed that this approach is fast because the continuation step
size is efficiently guided by a Q limit index that can pinpoint the limit reaching points much
better than the conventional method. This has been shown in the experiments for IEEE systems.
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New algorithms to compute singular points and singularity-induced bifurcation points of
differential algebraic equation for multimachine power system model have been proposed by
Ayasun ef a/, (2004). These algorithms are for determining the singular point only and does
not check the stability of the system. The authors also give suggestion to include energy
function approach as future work.

In 2004, Flueck et a/proposed a new technique for evaluating the severity of branch outages
contingencies based on two-parameter continuation. This approach uses two parameter
continuation technique for evaluating severe branch outage contingencies whether they
correspond to SNB points or breaking point, given a power system operating point, a load
demand forecast and a generation dispatch demand (Flueck, 2004).

Later Yorino ef a/. (2005) proposed a new continuation power flow method for tracing QV
constraint exchange points (CEP) at which generators regulating voltages hit the reactive
power limits. This approach is based on a predictor/corrector scheme to obtain CEPs in
succession. For this method step length selection become heuristic for the selection of farther
points existing near a specified distance of A SNB calculated by PoC. The problem with this
method is that it requires heavy computations. The result shows that the method can predict
when and where the individual generator hits the Q-limit under expected loading condition
with Q-limit as the continuation parameter.

Echavarren et a/ (2006) proposed a power flow solvability identification and calculation
algorithm. This algorithm is based on continuation and optimization algorithm to detect power
flow unsolvability. The author also used least square minimization based Langrange multipliers
estimation. This method considers only the upper equilibrium point. The algorithm is the
combination of three different techniques. Therefore it requires large computational effort and
convergence margin is subject to the augmented power flow equation.

CONCLUSION

Previous researches showed that continuation power flow can be a good tool to run power
flow. Many methods or strategies have been used in order to employ continuation power flow.
The continuation method can avoid ill-conditioning problems and avoid the usual convergence
problems seen in AC power flow methods near the turning point. Many analyses can be done
such as stability analysis and contingency analysis. However, the questions are whether these
method can deal with all credible contingencies and how much time the systems need in
order to solve all the cases and how reliable the systems are. These need to be answered in
order to make the continuation power flow more useful.
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As mentioned before, the main purpose of Continuation Power Flow is to find the continuity of
the power flow solution when there is load changing in the power system. The continuation
step, parameter variation and the reliability of the system are still in question. Several things
such as computational effort, memory of the computation and how near to the solution curve
still need to be considered and proven before this method can be said as the best to solve the
voltage stability problem.
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