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Abstract. A new voltage stability control model was presented to guarantee the static voltage
stability of power system using the active power constraints of weak branches as the static voltage
stability margin constraints. A local index for voltage stability was used to recognize the key
contingencies, the weak branches and their maximum active power. Based on DC power flow
equations, a static security analysis method was adopted to deduce the active power flow
expressions on weak branches under every key contingency. According to the active power flow
expressions and maximum active power on weak branches, the static voltage stability margin
constraints were established. The proposed voltage stability control model was quadratic, and the
predictor-corrector primal dual interior method was used to solve the proposed model. The
simulations of the IEEE14-bus system and IEEE118-bus system proved that the proposed voltage
stability control model was correct and effective.

Introduction

In recent years, voltage instability occurred in many power systems all over the world and resulted
in power failure [1]. Thus, in order to relieve or at least minimize the system from the voltage
instability problem, many electric utilities have made a great deal of effort in system studies related
to voltage stability. Voltage stability mainly includes dynamic/transient voltage stability and static
voltage stability. There are many research achievements on the assessment method for static voltage
stability [1-4]. However, it is extremely important to use effective preventive control to improve the
pre-contingency operating state of power system to guarantee the static voltage stability in various
contingency conditions and stressed load condition.

The preventive control for the static voltage stability can mainly be formulated by the optimal
power flow (OPF) models considering the static voltage stability margin constraint [5-8]. And there
are two basic and complementary concepts for these models: linearization optimization models and
nonlinear optimal models. References [5-7] proposed the linearization optimization models where
the static voltage stability margin constraints were expressed by the linearization sensitivity of static
voltage stability index with respect to control variables. Unfortunately, the power system is a
nonlinear system and the nonlinear characteristic is predominant when it is unstable or close to
collapse point. Therefore, a linearization model has limitations [9]. References [8] presented the
nonlinear model in which the static voltage stability margin constraints were expressed by power
flow equations with load parameter in normal operating condition, stressed load condition and
multi-contingency conditions. This control model can reflect the nonlinear characteristic of power

system. However, when a power system is very big or a large number of critical contingencies must
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be considered, the number of static voltage stability margin constraints is extremely large and the
preventive control model becomes very complicated. This results in difficulties in solving the model
and even no feasible solution for the preventive control [10].

Actually, the static voltage instability generally originates from one or several weak branches
whose active powers exceed their transfer capabilities. If the static voltage stability margin
constraints can be expressed by the active power constraints of weak branches, the preventive
control model will be greatly simplified. In order to achieve the goal, determining weak branches
causing the static voltage stability problem is a crucial step. There are several localized line-based
voltage stability indices which can identify weak branches [11,12]. Particularly, the voltage stability
indices presented in References [12] can be used to estimate the maximum transfer capabilities of
weak branches. If the active powers on weak branches exceed their maximum transfer capabilities,
the static voltage stability problem occurs.

Based on the concept above, this paper presents a preventive control optimization model using
the active power constraints of weak branches as static voltage stability margin constraints. A
localized line-based voltage stability index is used to determine critical contingencies as well as
corresponding weak branches and their transfer capabilities. A static security analysis based on DC
power flow equations is used to obtain the quadratic expressions for active powers on weak
branches in each critical contingency, which leads to a quadratic preventive control model. It has
been proved that a quadratic optimization model is very efficient in computations when the
predictor corrector primal dual interior point method (PCPDIPM) is used [13].

Formulation of the proposed preventive control model

The static voltage stability margin constraints for the proposed preventive control. Reference
[12] proposed a static voltage stability index named the Extended Line Stability Index (ELSI). The
ELSI of each line must be higher than 1.0 or equal to 1.0 to guarantee the static voltage stability of
the system [12]. In practical operation, in order to avoid the system being operated near to the
collapse point, a secure static voltage stability margin must be considered. This leads to the ELSI
threshold. The threshold can be denoted by a and is little bit larger than 1.0.

When the ELSI is used to recognize the key contingencies and weak branches, the load flow in
each contingency condition must be calculated. Then, the ELSI and actual active power on every
line are calculated according to the load flow result. If ELSI of the line ij is lower than « under the
contingency condition of line kI in outage, the contingency of line kl in outage is recognized as a
key contingency, line ij is recognized as a weak branch whose maximum active power Pjj_weakmax
can be denoted by Equation (1).

P

ij _ weak max

= ELSI,

ij _ weak

X Pijfweak (l)
Where, Pijmax, Pij, ELSI;; respectively represent the maximum active power, the actual active power,
ELSI of line ij under the contingency condition of line kl in outage.

Using the static security analysis which is on the basis of DC power flow equations [14], the
active power on weak branch ij, which is under the key contingency of line kl in outage, can be
calculated by Equation (2).
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Where X; and Xy respectively represent the reactance of line ij and line ki; e, f respectively
represent the real parts and imaginary parts of the bus voltage vectors in normal operating state;
Pijo(e, f) and Pyo(e, f), which are the quadratic function of e and f under rectangular coordinate
system, respectively represent the active power on line ij and line kl in normal operating state;

Piji(e, f) represents the active power of line ij in the key contingency on line ki in outage; o/

represents the transfer coefficient of line kl with respect to line ij. And in normal operating

condition, the expression of Pjji(e, f) is same to Pjjo(e, f) because the value of ' is zero. In the key

contingency condition, the computation of ' can be referred to Reference [14].

According to Equation (1) and Equation (2), the active power constraints of weak branches in
key contingencies can be established by Equation (3).

I:)ijO(e’ f)+p| kIO(e f) x < |] weak max (3)

ij

Under any contingency condition, as long as the active power exceeds its maximum active power
on one line, the static voltage instability will occur. Therefore, Equation (3) can be considered as the
static voltage stability margin constraints of the proposed voltage stability control model because it
denoted the active power constraints of weak branches.

Proposed quadratic optimization model for preventive control. After obtaining the static
voltage stability constraint in critical contingencies, the proposed preventive control model can be
established by Equations (4)-(16). In the proposed preventive control model, the objective is to
minimize the load-shedding and the network active power loss. The unknown controllable variables
to be optimized include the active power outputs Pg of generators, reactive power outputs Qg of
generators, reactive power injections Qc of shunt capacitors, reactive power injections Qg of shunt
reactors, LTC (loading tap changers) turn ratios k and active load curtailments C. The unknown
state variables to be optimized include the real parts e and imaginary parts f of bus voltages.
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where Ng, Ng, Nc, Ng and Nt respectively represent the number of system buses, number of
generator buses, number of shunt capacitor buses, number of shunt reactors buses and number of
LTC branches; S;j and St respectively represent the set of line branches and LTC branches
connected to bus i; S;_ weak represents the weak branches set. Pp; and Qp; respectively represent the
active and reactive power loads at bus i. C; represents the active power load curtailment at bus i.
The reactive power load curtailment at bus i is assumed to be proportional to C; with a constant
power factor, which is shown in Equation (6). w; represents the weighting factor reflecting the
importance of load at bus i; the magnitudes of the weighting factors only need to be selected in a
relative sense. (Note that every weighting factor is set to be 100 in the given examples in Section 4,
which indicates equal importance for loads at each bus.)

Equations (5) and (6) respectively represent the equality constraints for the active and reactive
power flows. In these equations, Pyjj(e, f), Quij(e, f), Prij(e, f) and Qrj(e, f) , which are quadratic
functions of optimal variables e and f, respectively represent the active and reactive powers on line
branch ij and LTC branch ij. And their expressions can be referenced to Reference [13]. Equations
(7) and (8) respectively represent the voltage conversion relation of LTC branches, which are
denoted in Reference [13].

Equations (9)-(15) respectively represent the constraints of the lower limits and upper limits for
the voltage magnitudes at each bus, turn ratios of LTC, active power and reactive power outputs of
generators, reactive power injections of shunt capacitor and shunt reactors, and active power load
curtailments at each bus. Equation (16) is the static voltage stability margin constraints, which have
been derived earlier in Equation (3).

Simulations

The basic data of the test systems. The correctness and effectiveness of the proposed preventive

control is demonstrated using the simulations for the IEEE 14-bus system and IEEE 118-bus system.

The following assumptions are made to ensure that the IEEE 14-bus system case and the IEEE

118-bus system case become possibly to loss static voltage stability in some contingency

conditions.

® In the IEEE 14-bus system, the active load at bus 14 is increased to be 53.8MW, and the
reactive load is increased with an assumption of a constant power factor.

® In the IEEE 118-bus system, the active loads at buses 43, 44 and 45 are respectively increased
to be 6MW, 62MW, 140.45MW; and the reactive loads are increased with an assumption of a
constant power factor.

® In the normal operating condition and any contingency condition, the threshold o of ELSI is set
to be 1.1.

Results and analysis of simulation. Before the preventive control, the power flow is calculated
and the static voltage stability is analyzed in normal operating state and each contingency state of
the three test systems. The information of critical contingencies and the corresponding weak
branches is shown in Table 1. The maximum transfer capacities of weak branches, which are shown
in the fifth column, are determined according to Equation (1). The calculated results indicate the
start points for the three test systems are in the insecure operation state since the active powers on
weak branches in critical contingencies exceed their maximum transfer capabilities and the ELSI of
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each weak branch is smaller than 1.1.

Table 1 Information of critical contingencies and weak branches
before the proposed preventive control

The
Active ELSI maximum
power on of transfer
Test system Critical contingency /weak branch weak weak capability
branch branch of weak
(p.u.) branch
(p.u.)
IEEE14- branchl-2 in outage/branch 1-5 3.2754 1.0535 3.1369

bus system branch 9-14 in outage / branch 13-14 0.6460 1.0967 0.6441

branch 34-43 in outage / branch 43-44 0.3793 1.0607 0.3657
branch 44-45 in outage / branch 43-44 0.6782 1.0499 0.6473
branch 45-46 in outage / branch 45-49 2.0191 1.0552 1.9369
As mentioned in Introduction, in some nonlinear preventive control models, the power flow
equality constraints with load parameter are respectively used as the static voltage stability margin
constraints, which has limitation when the preventive control considers multi-contingency
conditions. Here, the number of static voltage stability margin constraints in the proposed
preventive control model is compared with the static voltage stability margin constraints mentioned
above. The result is shown in Table 2. It can be seen that the number of constraints in the proposed
model is far smaller than that of power flow equality constraints with load parameter, which can
greatly reduce the size of the preventive control problem. This advantage will become more
significant for a larger power system.
Table 2 Comparison for number of static voltage stability constraints
in two preventive control models

The number of static voltage stability margin constraints

The active power

constraints
of weak branches

IEEE118-bus
system

The number of
Test system critical
contingencies

The number of power flow equality
constraints with load parameter

IEEE14-bus 2 2 56
system

IEEE118-bus 3 3 708
system

After the first iteration of the proposed preventive control, the values of control variables are
adjusted by the optimization model and the second contingency screening is performed. After the
second contingency screening, the information of the critical contingencies and weak branches
illustrated in Table 1 is shown in Table 3. It can be seen from Table 3 that the ELSI values of the
weak branches become larger than 1.1 and the active powers on the weak branches become lower
than their maximum transfer capabilities shown in Table 1. And after the second contingency
screening, there is no critical contingency and weak branch for each of the three systems. This
suggests that the system becomes secure from an insecure state through the proposed preventive
control model since there is no violation from voltage stability.

For the three test systems, the entire preventive control process ends after the first iteration of the
proposed preventive control. A few more iterations may be required for other systems. The other
results of the entire preventive control for the three test systems are summarized in Table 4. The
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iteration numbers in the PCPDIPM, active network power loss and load curtailment are also given
in Table 4. It can be seen that the load curtailment is not required to ensure the static voltage
stability margin in all contingency conditions for both the IEEE 14-bus and IEEE 118-bus system
after the proposed preventive control. This demonstrates the effectiveness and correctness of the
proposed preventive control model.
Table 3 Information of critical contingencies and weak branches
illustrated in Tab.1 after the first iteration of the proposed preventive control
Active power on ELSI of

Test system Critical contingency /weak branch weak branch(p.u.)  weak branch
IEEE14-bus branch 1-2 in outage / branch 1-5 3.1335 1.1091
system branch 9-14 in outage / branch 13-14 0.6409 1.1018
IEEE118-bus branch 34-43 in outage / branch 43-44 0.3624 1.1400
svster branch 44-45 in outage / branch 43-44 0.6471 1.3585
y branch 45-46 in outage / branch 45-49 1.8999 1.1979
Table 4 Result of the entire preventive control process
Iteration Network Load
Test system number of active power  curtailment
PCPDIPM loss (p.u.) (p.u.)
IEEE14-bus
system 15 0.5079 0.0000
IEEELL8-bus 12 1.3384 0.0000
system

Summary

Majority of preventive control models for static voltage stability that have been presented so far are
based on the linearization assumption. A possible reason is the consideration in computing burdens.
This paper proposed a new preventive control optimization model for static voltage stability with
three features. Firstly, the proposed model can reflect the nonlinear characteristics of power system
and overcome the limitations of linearization models. Secondly, the static voltage stability margin
constraints are represented using the active power constraints only on weak branches which can be
easily identified by a local voltage stability index. This greatly reduced the number of preventive
control constraints since the number of weak branches causing voltage instability is always small in
a real power system. Thirdly, the proposed model is expressed in a purely quadratic form which can
be efficiently solved using the predictor-corrector primal dual interior method. The second and third
features together can significantly reduce computing efforts.

The IEEE 14-bus system and IEEE 118-bus system are used as examples. The correctness and
effectiveness of the proposed preventive control model are demonstrated by the simulation results
of the test systems and verified by the results obtained from the continuation power flow method.

References

[1] A.S.Yome, N. Mithulananthan, K.Y. Lee, A Maximum loading margin method for static voltage
stability in power systems, IEEE Transactions on Power Systems. 21(2006)799-808.

[2] D.B.Bedoya, C.A.Castro, L. C. P. Silva, A method for computing minimum voltage stability
margins of power systems, IET Generation, Transmission & Distribution. 2(2008)676-689.

-273 -



Journal of applied science and engineering innovation Vol.1 No.1 2014
ISSN (Print): 2331-9062
ISSN (Online): 2331-9070

[3] A.J. Flueck, J. R. Dondeti, A new continuation power flow tool for investigating the nonlinear
effects of transmission branch parameter variations, IEEE Transactions on Power Systems.
15(2000)223-227.

[4] T.Nagao, K.Tanka, K. Takenaka, Development of static and simulation programs for voltage
stability studies of bulk power system, IEEE Transactions on Power Systems. 12(1997)273-281.

[5] Z.H. Feng, V. Ajjarapu, D. J.Maratukulam, A comprehensive approach for preventive and
corrective control to mitigate voltage collapse, IEEE Transactions on Power Systems.
15(2000)791-797.

[6] F.Capitanescu, T.V. Cunstem, Preventive control of voltage security margins: a
multi-contingency sensitivity-based approach, IEEE Transactions on Power Systems.
17(2002)358-364.

[7] Y.Fu, M.Shahidehpour, Z.Li, AC contingency dispatch based on security- constrained unit
commitment, IEEE Transactions on Power Systems. 21(2006)897-908.

[8] A. J. Conejo, F. Milano, R. Garc B-Bertrand, Congestion management ensuring voltage stability,
IEEE Transactions on Power Systems. 21(2006)357-364.

[9] Q.Wang, V.Ajjarapu, A critical review on preventive and corrective control against voltage
collapse, Electric Power Components and Systems. 12(2001)1133- 1144.

[10] F. Capitanescu, M. Glavic, D. Ernst, Contingency filtering techniques for preventive security-
constrained optimal power flow, IEEE Transactions on Power Systems. 22(2007)1690-1697.

[11] M. Moghavvemi, M.O. Faruque, Power system security and voltage collapse: a line outage
based indicator for prediction, Electrical Power and Energy Systems. 21(1999)455-461.

[12] W.Y. Li, J.Yu, Y.Wang, Method and system for real time identification of voltage stability via
identification of weakest lines and buses contributing to power system collapse, U.S. Patent
7,816,927.(2010)

[13] W.Yan, J.Yu, D. C.Yu, A new optimal reactive power flow model in rectangular form and its
solution by predictor corrector primal dual interior point method, IEEE Transactions on Power
Systems. 21(2006)61-67.

[14] K.R.C.Mamandur, G.J.Berg, Efficient simulation of line and transformer outage in power
system, IEEE Transactions on Power Systems. PAS-101(1982)3733-3741.

-274 -



