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Abstract - This paper presents a new concept of reactive
reserve based contingency constrained optimal power flow
(RCCOPF) for voltage stability enhancement. This concept is
based on the fact that increase in reactive reserves is effective for
enhancement of voltage stability margins of post-contingent
states. [n this paper, the proposed algorithm is applied to voltage
stability margin of interface flow. Interface flow limit, in the
open access environment, can be a main drawback. RCCOPF for
enhancement of interface flow margin is composed of two
modules, modified continuation power flow (MCPF) and
optimal power flow (OPF). These modules are recursivcly
performed until satisfying the required margin of interface flow
in the given voltage stability criteria.

1. Introduction

In the recent power system operation and planning, voltage
stability is one of the main concerns to maintain system security.
In the open access environment, diverse power transfers through
transmission systems increase degree of vulnerability related to
voltage stability because of uncertain system condition. In the
literature, considerable researches have been conducted and
various tools have been developed for voltage scourity
assessment {VSA). In VSA, there are composed of three parts,
i.e. contingency selection, voltage stability evalvation and
countermeasure determination. In countermeasure, this paper
mainly discusses remedial action, which is required for severe
system condition and/or outages in system operation.

Remedial action can be divided into two main categories,
preventive and corrective control. Preventive control is for
prevention against voltage instability before it occurs, while
corrective control is for correction of security violations in
unstable systems. This paper focuses on preventive control in the
pre-contingent state to maintain post-contingent voltage security.
Compared to the literature of preventive and corrective action
for one operating point actually, many researchers have
concentrated on the topic, there are a few references with
preventive action in the normal state considering post-contingent
states in terms of voltage stability.

This paper presents a new method named reactive reserve
based contingency coastrained optimal power flow (RCCOPF)
for preventive control in the normal state coamsidering voltage
stability margins of post-contingent states. It applies the concept
of contingency constrained optimal power flow (CCOPF) [1].
The formulation of RCCOPF contains active power margin
constraints of post-contingent states, and it is solved by a
decompositionmethod. Using modified continuation power flow
(MCPF) [2] module, active power margins of post-contingencies
are calculated as sub-problems. To remove active power margin
violations of severe contingencies, then, preventive control
action as the main problem is performed by optimal power flow
(OPF} module with reactive reserve constraints. These reactive
reserve constraints act as transformed contingency constraints,
and they are not linear constraints but quantity constraints that
are constructed to be effective to enhance voltage stability
margins with increasing lower limits of the constraints. It should
be noted that the number of main iterations to get a solution in
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RCCOPF can be reduced with adjustment of the lower limits
applying sensitivity of active power margin increase with respect
to effectivereactive reserve increase.

2. Basic Concept

In this section, the basic concept of RCCOPF is presented.
Assume that systems are operated with heavy loads and/or
severe interface flows, and that their voltage stability margins
corresponding to severe contingencies are insufficient with
respect to voltage siability margin criteriz. In this situation,
system controls for secure operation are required preventively or
carrectively. Corvective control is considered as economic one in
the market environment; nevertheless, preventive contro! is also
needed to reduce system interruption. As stated earlier, the paper
concentrates on preventive controls in the normal state to
enhance post-contingent margins.

The basic idea of RCCOPF starts from the fact that reactive
reserves of dynamic reactive sources have an important effect on
post-contingent voltage stability. In the normal operationof a
dynamic reactive source, there is some margin from the current
reactive generation to the maximum output limit of reactive
power. This margin is reactive reserve. When one or more
transmission components are tripped, there is increase in reactive
power loss resulting from increase in System impedance.
Therefore, sufficient reactive reserves are required to supply the
additional reactive loss. In the viewpoint of voltage stability,
quantitative requirement of reactive reserves increase to keep a
certain level of voltage stability margins in post-contingent
states. In severe system conditions after outages of equipments,
in addition, more reactive reserves are required. Consequently, it
is known that reactive reserves in the normal state are closely
concerned with voltage stability in post-contingent states,

Assuming that there is a function that represents voltage
stability of a post-contingent state in a closed form, it is easy to
incorporate the function into the normal state. OPF formulation
in order for preventive control considering post-contingent
voltagestability. However, there is no voltage stability index that
can be evaluated without a power flow solution of the given
state; that is, at least post-contingent power flow equations need
to be incorporated inte the normal OPF problem to accomplish
the objective of the paper. This type of problem is in the
category of contingency constrzined optimal power flow
(CCOPF). To solve the problem, decomposition methods are
usuallyused. In thesc methods, power flow solutions of
contingent states and semsitivities of contro! variables are
calculated, and then transformed contingency constraints using
the sensitivities are in the constraints of main OPF problem to
combine pre- and post-contingent operating points. In this paper,
a new decomposition method with reactive reserves is used to
solve the OPF problem as shown in (1)

min  fxg)
st glxg)=0
B i 0 o %0) S P e
gx(xl) = (} 99
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where f{*), g(*), h(-) and P™"%(") represent the objective function,
network equationfunctions, inequality constraint functions of
operationallimits in the normal state, and post-contingent margin
constraint functions respectively. In (1), the subscripts 0, 1, 2, nc
denote the normal state and contingent states respectively, Agiq

and by represent lower and upper limits of 4(-), and Fry is the
lower limit of margin constraints, Assuming that voltage
stability margin of the normal state is large enough, the margin
constraint of the normal state is excluded in (1)

As mentioned earlier, voltage stability margin function of a
state, P™¥() in (1), cannot be expressed with a closed-form
function, so a decomposition method needs to be applied in
order to solve the problem. In this paper, a reactive reserve hased
decomposition method is used, and reactive reserve acts as a
medium to combine the normal and contingent states in term of
voltage stability. Thus, the proposed method is named reactive
reserve based contingency constrained optimal power flow
{RCCOPF). Using MCPF, in RCCOPF, post-contingent voltage
stability margins are determined as sub-problems, and
preventive control action as the main problem is performed with
OPF to remove margin violations in post-contingent states.

The formulation of the main OPF problem in RCCOPF,
which contains reactive reserve constraints to combine pre- and
post-contingent states, in a compact form is presented in (2). The
OPF is performed in the normal state

min  Ax,)

.t gy(x)=0
P guin 0 P9 S h gy
Rmin .lsROl(xO)

Rmin .ncs ROnc(x{)) (2)

where Roc(*) and Rpa(c=1, 2,~, nc) are the reactive reserve
constraint concerning contingency cand the lower limit of the
constraint respectively. The formulation considers nc reactive
reserve constraints, and nc is the number of severe contingencies
to be considered. If each reactive reserve constraint represents
voltage stability of the corresponding contingent state well, the
formulation can be effective for preventive control with change
of the lower limits. Also, the reactive reserve constraints need to
be expressed with functions of the control variables in the
normal state.

In RCCOPF, the most important thing is how to construct
appropriate reactive reserve constraints for improvement of
active power margins to remove margin violations of severe
contingencies. With the generic concept of reactive reserve,
however, it is impossible to differentiate from one contingency
to another. Thus, this paper takes the concept of effective
reactive reserves with respect to contingencies [3). In Fig. 1, S-V
curves in the normal and a contingent state are shown to
illustrate the concept. The letters S and ¢ represent stress level
of system parameter and reactive power generation at each state
respectively.

In Fig. 1, superscripts o and * indicate base and critical state
respectively, and subscripts # and ¢ correspond to the normal
and the contingent state respectively. According to {3], the

current effective reactive reserve, RT , corresponding to the
contingency ¢ can be described as follows.

i .
Rif - ;eg;,c( Qc.i Q(:H) (3)
where S;. is the set of generators affecting the margin of stress

level in the corresponding contingent state, Zesis the effective
maximum reactive generation of generator i it is the same of
reactive generation at the maximum point of the contingent state

as shown in Fig. 1, and Criis reactive power generation of
generator /in the normal base point as shown in Fig. 1. Taking
the idea of the effective maximum reactive generation makes it
possible to differentiate each contingency since an effective
maximum reactive generation of a contingency might be
different from those of others. Also, an S, affecting generator
group, of a severe contingency can be different from those of
other contingencies. Although the systems are operated at one
operating point in the normal state, effective reactive reserves
with respect to contingencies can be different.

V“ o

§° s S
Fig. 1. 8-V curves of the normal and a contingent state

Using the effective reactive reserve concept, adequate
reactive reserve constraints in the main OPF problem of
RCCOPF are constructed, and they are used to force the OPF
solution to increase effective reactive reserves of severe
contingencies to remove margin violations. In section 1V, the
simulation result certifies that increases in effective reactive
reserves of severe contingencies are available to enhance voltage
stability margins of severe contingencies. The reason is also
discussed in section IV. The detailed formulation of the reactive
reserve constraints is described in the next section.

3. Formulations and Solution Procedure

This section presents the formulations of both OPF and
MCPF module and contains the solution procedure of RCCOPF.

A. OPF meodule

1) Objective function: 1In (2) in the previous section, the
compact form of the OPF module is shown, the objective
function of which is minimization of reactive generation control
from the base case as follows.

D= F Wal@P-Q™E

where SG corresponds to a set of generators, WQ represents
weighting factor of corresponding reactive generation, and the
superscript (0) and (k) indicate the base case before execution of
RCCOPF and iteration of main loop in RCCOPF respectively. In
(4), control variables are reactive power generations at #-th

iteration, Qf”s; however, generator terminal voltage settings can
be used as control parameters instead.In the OPF module,
reactive power is dispatched to minimize reactive generation
control and to satisfy the constraints containing the reactive
reserve constraints to remove margin violations.

2) Constraints: 1) The constraints of the OPF module
include the network equations and inequality constraints that
contain operating limits, physical limits, and the effective
reactive reserve limits. The limits of the inequality constraints
are following:

o Upper/lower limits of bus voltages,
o Upper/lower limits of reactive power generations;
¢ Lower limits of effective reactive reserve constraints,

All constraints except the reactive reserve constraints are
normally used in optimal reactive power dispatch problems,
Assuming that contingency m is in the severe contingent list, the
detailed formulation of the reactive reserve constraints
concerning contingency m at k-th iteration is described as
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follows.
R wSRG(Q™)
R(gf)m(Q(k)E ’gcﬂm, @i~ QM) (5)

W, .. . .
where Rminnis the lower limit of the reactive reserve constraint,

and Rom0) s the function representing the effective reactive
reserve of contingency m. In (5), pm, is a binary variable (1 or 0)
that determines whether reactive reserve of generator / is
effective to enhance voltage stability margin of contingency m,

.
Q..s is the effective maximum reactive generation of generator i

. . d L . .
regarding contingency m, and ) ), which is 2 control variable in
the objective function (4), is reactive power generation of
generator jin the normal state. In this paper, it is assumed that

Onis in (5) are constant. Actually, they can be changed after

preventive control, but constant Onis are used as reference
values to increase effective reactive reserves in the OPF module.
To determine the value of m,j, in the paper, the following
factor is considered.
¢ Reactive power generation sensitivity [4] of generator /
at the maximum point of contingency m in the
corresponding P-V curve.
In the process of MCPF, this sensitivity information can be
easily obtained. In this paper, relative sensitivities are used,
which are calculated by dividing sensitivities by the biggest one.
In this paper, affecting generator selection factor, a, is
introduced. If relative sensitivity of generator / in contingency m
is greater than a, pa is 1; otherwise, pn. is 0. Practically, it is
recommended to set a between 0.1~0.3.

Change of the lower limit, varllin,m is the main measure to
increase the reactive reserves of the selected generators. Before
performing the OPF module, the lower limit is initialized to a
certain value, and then the limit is changed for enhancement of
the post voltage stability margin. This process is explained in
detail in subsection C.

2) Solution method: To obtain solutions of OPF module, a
nonlinear primal-dual interior point method (NPDIPM) is
applied, which is described in the Appendix A. This method is
not much different from the established methods in the literature
[5-71.

B. MCPF module
To obtain active power margin, which is used as 2 voltage
stability index in post-contingent states, RCCOPF applies
MCPF. MCPF, an improved version of continuation power flow
[8], is available to determine voltage stability limits of interface
flows.
1) Formulation: The power flow equations at bus i of n-bus
system are as follows.
Pr(8, V)~ Pgi+ Pry=0
Qn‘(.éy_‘{)_Qc,"*' QL({)=O (6)
where the vectors § and ¥ denote the bus voltage angle and
bus voltage magnitude, respectively. To implement the scenario
for increasing flow, the continuation parameter representing
generation shift is incorporated into the active power equation in
(6). The Pg;, active power generation in region A and region B
can be as follows.For region A in which generation increases,
For region A in which generation i
Poi= Pyt kcaidPop oy 1€SA  (1.9)
For region B in which generation reduces,
Pgi= Poy+ phepPom w16 SB
A4PGB, fotal= ’&Z;B#kcaipcm. otal (7.)

where the following notations are made:

P - original active power generation at bus /;

Pégo wiai - OTiginal total generation in region B;

AP g o - total generation decrease in region B;

ke ; fraction of generation increase at bus 7 in region A;

kg, : fraction of generation decrease at bus i in region B;
SA: set of generators in region A,
SB: set of generators in region B.

2) Solution method: Applying the locally parameterized
continuation method, MCPF is composed of predictor and
corrector. In predictor, the initial guess of the next solution is
determined using the tangent vector of the known solution. In
corrector, the next solution is calculated using the
Newton-Raphson method. Details of the solution method are
presented in [9).

C. Solution Procedure

In Fig. 2, the flowchart of RCCOPF is shown, which
contains the functions of MCPF and OPF module; in addition,
the steps in RCCOPF are described as follows.

Step 1) Determine set of contingencies to be applied.

Step 2) Construct active power flow vs. voltage (P-V) curves of all
the contingencies sequentially using MCPF.

Step 3) Check active power margin of the current contingency and
determine whether it is in severe contingency groups. There
are two groups, SC1 and SC2. The contingencies in SC1
don't satisfy the minimum voltage stability margin, e, and
those in SC2 satisfy but don’t exceed 2 times frm .

Step 4) Evaluate effective reactive reserve, , corresponding to
each contingency in SC1 and SC2 from its P- V curve.

Step 5) Stop the program if active power margins of all
contingencies satisfy the criteria. If not, go to the next step.

Step 6) Construct adequate reactive reserve constraints with respect
to contingencies in SCl1 and SC2. To remove margin
violation, 4R is added to the reactive reserve lower limit of
each contingency in SCI.

Step 7) Perform preventive control with OPF and then go to Step
2

In Step 3, severe contingencies are selected from the results
of P-V curves in Step 2. There are two severe contingency
groups, SC1 and SC2. The contingencies in SC1 violate the
given margin criteria, so their voltage stability margins aren't
enough. Those in SC2 don't violate the criteria, but their reactive
reserve constraintsare included because through the OPF
preventive action, their margins are possible to reduce even to
violate the minimum margin. Other contingencies whose

margins exceed 2x Py are excluded from this study because
they have enough margins.

DETERMINE
CONTINGENCY SET

SELECT
ONE CONTINGENCY
FROM THESET

CONSTRUCT
P-VCURVEWITH
MCPF

FPREVENTIVE
Q RESERVE
CONTROL WrTh l ’ EVALUATION J

CONSTRUCT
Q RESERVE
CONSTRAINTS

ONTINGENC Y1

YES

ALL CONT.
MARGINS
SATIS FTED

Fig. 2. Flowchart of RCCOPF

To obtain effective reactive reserves of severe
contingencies, in Step 4, it is necessary to determine affecting
generator groups with relative reactive generation sensitivities.
Before the first preventive control with the OPF module, the
lower limit of the reactive reserve constraint concerning the

corresponding contingency needs to be initialized to qu’ which
is obtained in Step 4. The following equation illustrates the
lower limit of the reactive reserve constraint regarding
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contingency m before the first preventive control.
0 — t]
Rsm)n,m - .‘Z‘S(;p”" i(Qm,i_ QSO)) (8)
In Step 6, Rnis added to the lower limit of the reactive

reserve constraint when voltage stabilitymargin of contingency
m in SC1 is not acceptable. This can be expressed as follows:

RO n =R o+ 4R ©)

If the voltage stability margin contingency m is sufficient,
the lower limit at k+1-th iteration is fixed to that at k-thiteration.
In RCCOPF, a constant value can be used as R,, but several
iterations are needed to get a solution unless it is adequately
selected. To reduce the number of main iteration of RCCOPF, in
this paper, variable R is used applying active power margin
increase sensitivity with respect to effective reactive reserve
increase obtained in the 1st iteration. Using the sensitivity, R, in
the 2nd iteration is selected as follows:

APS}I)?G m
ARY (10)

where APS;:;,. and ARY are active power margin increase
and the additional reactive reserve in the 1st iteration, and x is
correction multiplier for fast convergence. It is recommended to
set x between 1.1~1.3. Excessively large R, can make the OPF
module fail to converge in the st preventive control. Thus, Rn
in the Ist control needs to be carefully selected. Using variable
Rn, RCCOPF converges within the 2nd iteration in most cases in
the authors' experience.

In RCCOPF, increase in effective reactive reserves of the
affecting generators selected with high reactive generation
sensitivities, which is obtained at the maximum points of P-V
curves in severe contingent states, physically means relieving
reactive power generation of the high sensitive generators. It is
used as a measure for mitigating clogging voltage instability in
severe contingencies.

ARP=x

4, Case Study

This section provides an example applying the proposed
method, RCCOPF, into KEPCO 2003 peak system to verify the
method. The objective in this simulation is to increase
post-contingent voltage stability margin of active power flow on
the set of metropolitan interface. Table I shows the specification

of the system.
Table 1. Specification of the KEPCO system

Total d d 47783.2 MW
Total generation 48595.5 MW
Metropoli d d 19897.2 MW
Metropolitan interface flow 8997.7 MW

In simulation, the study region is metropolitan region; thus,
a scenario is used to increase active power flow on the interface
lines through generation shift from the study region to the
external region. Using MCPF, the scenario is performed. Using
modified CPF, which traces a path of power flow solution in the
given direction of generation dispatch, interface flow vs. voltage
(f-V) curves of contingencies are constructed. In this study, 74
contingencies containing outages of 345kV and 765kV routes
(double circuit tower outages) are considered. Fig. 3 shows f-V
curves of the normal and five severe contingent states. The worst
contingency is #18 with 1.7 MW interface flow margin, which
measure the difference between interface flow levels of base
point and the critical point of the corresponding f-V curve. It is
assumed that the required margin of interface flow is 200 MW.
Thus, #18 is in SC1 but there is no contingent state in SC2.

After executing MCPF, effective reactive reserve with
respect to each contingency is evaluated. To do this, affecting
generator groups need to be determined; as stated earlier, the
reactive generation sensitivity information is used to find the
groups. In Table II, relative Qg sensitivities of generators and
their reactive generations at the maximum points #18
contingency is shown. This information is obtained at the

maximum point of fVcurves; thus, reactive generation at the
maximum point corresponds to the effective maximum reactive
output of each generator.
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Fig. 3. £-V curves of five severe contingenies

In this simulation, affecting generator selection factor, a,
sets to 0.2, so the generators whose relative Qg sensitivities are
greater than 0.2 are selected as affecting generators in each
contingency. That is, for contingency #18, top ninety generators
with high sensitivity are selected. Using (3), effective reactive
serve of #18 case is calculated and it is 5247.48 MVAr.

Table I1._Effective Q¢ maximum and sensitivity of each generator at #18 case

l
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Using (5), (8) and (9), then, reactive reserve constraint are
constructed to enhance interface flow margin of #18 in SC1, and
the reactive reserve constraint of #18 is incorporated in the OPF
formulation. In this simulation, weighting factors, Wg;s, of the
generators of effective generator group are set to 1000.

A. Application with constant AR (100 MVAr)

In this subsection, the result applying constant 4R is shown.
In this simulation, the additional reactive reserve 4R is 100
MV Ar; in the 1st preventive OPF, therefore, the lower limit of
#18 reactive reserve constraint is increased to 5347.48 MVAr.
With the reactive reserve constraint, OPF for preventive control
is performed, and then interface flow margin of the worst case is
obtained again. After the first preventive control, the margin of
#1 contingency is 51.6 MW. Since the margin doesn't satisfy the
200 MW-criterion, preventive control needs to be executed
again, with the lower limit of #1 constraint 5447.48 MVAr.
After the 2nd preventive control, the margin of #1 case is 90.5
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MW, which doesn't satisfy the criterion. Thus, RCCOPF is
performed by 5th control until the margin is more than 200 MW,
In Fig. 4, £V curves at before and after preventive contro} are
shown; in addition, in Table Il and Fig. 5, interface flow
margins before and after controls are shown.
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Fig. 4. f-V curves of #18 case before and after control

Table 111 Interface flow margins before and after control (Constant 4R)
[ nitial [ st | 2nd | 3d | 4th | sth
{Margin| 1.7 MW [ST1.6 MW[90.5 MW][130.6 MW[170.5 MW[2114 MW

Hnitial 1st 2nd 3rd Ath 5
State
Fig 5. Interface flow margins before and after control (Constant 4R)

B. Application with variable 4R

In the authors'experience, the function of active power margin
increase with respect to effective reactive reserve increase is a
non-decreasing function as shown in Fig. 5. Thus, it is possible
to use variable 4R, which is determined by (10), to reduce the
number of the main iteration in RCCOPF. In this simulation, the
Istcontrol is executed with the same R (100MVAr), which is
arbitrary selected in the previous simulation, but the 2nd control
is performed with another R, which is determined using the
sensitivity obtained in the Ist control. As shown in Table VI,
active power margin sensitivity with respect to reactive reserve
increase in the Ist control is 0.499 [MW/MVAr]. In this

simulation, is setto 1.3, so AR;.Z), the reactive reserve increase
of #1 case in the 2nd control, is 486.6 MV Ar and the lower limit
of #1 reactive reserve constraint is 5734.08 MV Ar. As shown in
Table IV, the active power margin of #1 case after 2nd control
satisfies the margin criterion. Using variable R, the number of
the main iteration can be reduced in RCCOPF

Table IV. Interface flow margins before and after controf (Variable 4R)
{ | Initial [ Ist | 2nd
| Margin | 1.7 MW { 51.6 MW [ 2087 MW |

5. Conclusions

This paper introduces a concept of reactive reserve based
contingency constrained optimal power flow (RCCOPF), which
solves preventive control in the normal state concerning voltage
stabilitymargins of post-contingent states. To solve the problem,
in this paper, a decomposition method is used, which is based on
effective reactive reserve. As sub-problems, active power
margins of post-contingent states are determined with MCPF,
and as the main problem, OPF for preventive control is
performed to remove margin violations of severe contingencies.
To combine the main and sub-problems, in RCCOPF, reactive
reserve constraints are used as transformed contingency
constraints, and the reactive reserve constraints are effectively
constructed to enhance margins of severe contingencies. From
the simulation results, it is known that post-contingent voltage
stability margins can be enhanced with increase in effective
reactive reserve of the corresponding contingency in RCCOPF,
and that using variable AR, applying sensitivity of margin
increase with respect to reactive reserve increase, can reduce the
number of main iteration in RCCOPF
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