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Abstract: - A preventive control model for static voltage stability and thermal stability is presented using the
apparent power constraints on weak branches as both static voltage stability constraints and thermal stability
constraints. Firstly, a localized line-based voltage stability index is selected to determine the weak branches as
well as their power transfer capabilities and the critical contingencies. A static security analysis method, which
is based on PQ decouple method, is adopted to obtain the quadratic apparent power expressions of weak
branches following each critical contingency. Then, the apparent power constraints on weak branches are
established combining the power transfer capabilities and the apparent power expressions of weak branches.
The proposed preventive control model has a quadratic form and can be solved by the predictor-corrector
primal dual interior method. The simulation results for three IEEE test systems demonstrate the correctness and
effectiveness of the proposed preventive control model.
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1 Introduction stability in various contingency and stressed load
In large-scale power grids with long distance conditions.

transmission and high load level, the apparent The preventive control for static voltage stability
powers on stressed weak branches may exceed their and thermal stability is usually formulated using the
transfer capabilities in case of stressed load and/or ~ optimal power flow (OPF) models [5-15].
component outage [1-3]. Consequently, static voltage ~ References  [5-13]  proposed  the  linearized

instability and/or thermal instability possibly occur ~ ©Optimization models for preventive control in which
and eventually result in loss of load and even a the static voltage stability constraints and the thermal

collapse of power system. For example, in the stability constraints were respectively expressed by
August 14, 2003 blackout in North America, as a the linear sensitivity of static voltage stability index
result of stressed load and several transmission line ~ nd apparent power or current on transmission lines
outages, the cascading thermal instability and voltage ~ With respect to control variables. Unfortunately, the
instability happened and resulted in the loss of 61.8 ~ POWer system is a nonlinear system and the nonlinear
GW loads [4]. It is extremely important to use characteristic is predominant when it is unstable or
effective preventive control to improve the close to instability. A linearized model has limitations
pre-contingency operating state of power system to [16]. Reference [14] presented a nonlinear model for

guarantee the static voltage stability and thermal ~ Preventive control in which the static voltage
stability constraints were expressed by power flow
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equations with load parameter in normal operating
and stressed load condition, whereas the thermal
stability constraints were expressed by transfer
current constraints. This control model can reflect the
nonlinear characteristic of power system. Based on
Reference [14], Reference [15] introduced multi-
contingency conditions in a similar preventive
control model for static voltage stability and thermal
stability. However, when a power system is very
large or a large number of critical contingencies must
be considered, the number of static voltage stability
and thermal stability 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 [17].

In real world, the static voltage instability and/or
thermal instability generally originate from one or
several weak branches whose apparent powers
exceed their power transfer capabilities. If the static
voltage stability and thermal stability constraints can
be all expressed by the apparent power constraints on
weak branches, the preventive control model will be
greatly simplified. In order to achieve this 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 [18-20]. Particularly, the
voltage stability indices presented in References [19]
and [20] can be used to estimate the power transfer
capabilities of weak branches. And the localized
line-based voltage stability index, which is called the
Extended Line Stability Index (ELSI) in Reference
[20], has considered the impact of external system
beyond a line and can more precisely recognize weak
branches and their transfer capabilities corresponding
to the voltage collapse point.

Based on the concept above, this paper presents a
preventive control optimal model using the apparent
power constraints on weak branches as both static
voltage stability and thermal stability constraints.
ELSI and thermal limit of branches are used to
determine critical contingencies as well as
corresponding weak branches and their power
transfer capabilities. A static security analysis based
on PQ decoupled method is used to obtain the
quadratic expressions for apparent powers of weak
branches in each critical contingency, which leads to
a quadratic preventive control model. It has been
proved that a quadratic optimal model is very

efficient in computations when the predictor-
corrector primal dual interior point method
(PCPDIPM) is used [21].

The rest of the paper is organized as follows. The
formulation of the quadratic optimal model for
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preventive control is presented in Section 2. The
simulation results are provided in Section 3, followed
by conclusions in Section 4.

2 Formulation of Quadratic Optimal

Model for Preventive Control

In this section, the static voltage stability and thermal
stability constraints are established and the quadratic
optimal model for preventive control is built. In the
proposed preventive control, N-1 contingencies of
branch outages are considered. Note that the normal
operating state is treated as a special case of
contingency condition in the mathematical
expression.

2.1 Establishment of static voltage stability
and thermal stability constraints
2.1.1 Determination of critical contingencies as
well as corresponding weak branches and
their transfer capabilities using ELSI and
thermal limit of branches
The ELSI is calculated by Equation (1).
E;
AR, + X,0; + (R} + X))B] +(Q))]
1)

where R;+)X); is the equivalent line impedance of a
line in which the effect of equivalent voltage source
outside the two buses of the line has been
incorporated; P,fer*,-j is line complex power flow
with the charging reactive power excluded at the
receiving bus j; and E, is the voltage of the
equivalent voltage source outside the two buses of
the line; the formulas of calculating £y , Ry; , Xj;using
localized information (line impedance and voltages
at the two ends of a line) are derived in Reference
[20].

The ELSI can be also used to calculate the power
transfer capability of each branch (permissible MVA
flow) by Equation (2).

S;ma = ELSI; %S, )

where Sjmax, S and ELSI; respectively represent the
power transfer capability, actual apparent power and
ELSI of branch jj.

Reference [20] proved that the ELSI of each
branch must be larger than 1.0 or equal to 1.0 for
guaranteeing the static voltage stability of a power
system. The larger the ELSI is, the farther the power
system is from its voltage instability. In operation
practice of utilities, operators do not allow their
system to be operated very near the critical point of

ELSI =
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voltage collapse and a secure margin must be applied.

This corresponds to a threshold value of ELSI which
is little bit larger than 1.0. The threshold is denoted
by a in the proposed preventive control. The
difference between o and 1.0 reflects the desired
margin of static voltage stability, which can be
determined by individual power companies.

The Equation (1) indicates that the only localized
information is needed to calculate the ELSI. In real
time application, the localized information is directly
obtained from Phasor Measurement Units (PMU). In
the off-line application of identifying weak branches
in the preventive control, power flows are solved to
provide the information required for calculating the
ELSI of each potential weak branch in various
contingency conditions. For a solvable case, the
power flow can be directly calculated. However, for
an unsolvable case, the ELSI or any other line-based
voltage stability index cannot be calculated to

identify system voltage instability and weak branches.

Then, a minimizing load shedding model similar to
that given in Reference [22] is used to restore
solvability of power flow.

Based on the power flow solution, the ELSI and
actual apparent power of each operating branch are
calculated. For the contingency state of branch 4/ in
outage, if the ELSI of any branch jj is smaller than a
or the actual apparent power of branch ij is larger
than its thermal limit, the contingency of branch &/ in
outage is determined to be a critical contingency, and
branch ij is determined to be a weak branch whose
permissible power transfer capability S yeamax can
be expressed using the ELSI by Equation (3).

: ELSII wea XSI" wea
1'1{ o weak /- %’Syrhlmax} (3)

=mi
where S year and ELSI;; . Tespectively represent the
actual apparent power and ELSI of branch jj in the
contingency state of branch 4/ in outage, and S;jymax
represents the thermal limit of branch ij.

It should be pointed out that the ELSI is not a
unique index to represent such a permissible transfer
capability. Conceptually, as long as a method can
provide this power transfer capability of individual
branches, Equation (3) can be used in the proposed
model. The advantage of using the ELSI is that it can
be quickly and easily calculated for individual
branches from a regular power flow (solvable case)
or a simple optimal power flow (unsolvable case)
following a contingency. Also, the ELSI has
considered the impacts of external system beyond a
line.

ij _ weak max

2.1.2 Quadratic expression for apparent powers of
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weak branches in critical contingencies
In the critical contingency of branch 4/ in outage, the
apparent power of weak branch ij can be calculated
by Equations (4)-(6).

B,y =Fy(e, f)+AF(e, f) “)
Qg/‘l = Qg/‘o (e,f)+ AQg/ (e, f) Q)
Sp=E+0; (6)

where, S;1, Pjand Qjrespectively represent the
apparent power, active power and reactive power of
weak branch ij in the contingency of branch A/ in
outage; Pjo(e, f) and Oj(e, f), which are the quadratic
functions of the real parts e and imaginary parts f of
bus voltages in rectangular form[21], respectively
represent the active power and the reactive power of
branch i in the normal operating condition;AP;(e,
fandAQ;(e, f) respectively represent the active
power increment and reactive power increment of
weak branch jj in the contingency condition. Using
the static security analysis based on the PQ
decoupled method [23],AP;(e, f)landAQ;(e, f) can be
expressed by Equations (7) and (8), which are
derived in Appendix .

AP,-j(ea = [(S}k - S;k )a,, + (S}i - 5;1)021 ]biij]O (e, f)+
[(S}k - S;k )a,, + (S}i - S;l ), ]bijPlkO (e, f)

(7)

AQ_;(eaf)z[(*S;kQ1 +S_£‘1621)b;7 - ka% +‘S:‘1(121)(bz/ +250)10u(e.)+

[(Sj'kCIZ +Sjlczz)bg‘ _(Sjkclz +‘SZIsz)([7y +25)100(e.f)
(8)

where, S and S 4 respectively represent the ith row
and kth column element of matrix S and S"; ain, a,
ary, dAxn and C11, C12, C21, C22, whose values can be
obtained from Equations (A.3) and (A.4) in
Appendix, are constants;Py(e, f) and Q wo(e, f), Puole,
/) and Q jo(e, f),which are the quadratic functions of
e and f, respectively represent the active power and
reactive power flowing from bus & to bus / , and the
active power and reactive power flowing from bus /
to bus k in the normal operating condition. It can be
seen thatAP;(e, f)andAQ(e, f) are also the quadratic
functions of e and f.

2.1.3 Static voltage stability and thermal stability
constraints

By combining the power transfer capability S ,eqtmax
given in Equation (3) and the apparent power
expression of weak branch jj, the apparent power
constraint on weak branch jj can be established by
Equation (9).

2 < g2

i1 — ~ij _weak max

S;l = ])1/21 + (9)

As long as there is one branch whose apparent
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power exceeds its power transfer capability in a
contingency, the static voltage stability violation
and/or thermal stability violation will occur.
Therefore, Equations (4), (5) and (9), which are the
apparent power constraints on weak branches, can be
used as the combined static voltage stability and
thermal stability constraints.

Actually, there are only a few weak branches
resulting in static voltage instability and/or thermal
instability in a power system. In other words, the
number of the combined static voltage stability and
thermal stability constraints expressed by Equations
(4), (5) and (9) is small. In this way, the proposed
preventive control model for static voltage stability
and thermal stability becomes a small scale
optimization problem.

2.2 Proposed quadratic optimal model for
preventive control

Using the static voltage stability and thermal stability

constraints expressed by Equations (4), (5) and (9),

the proposed preventive control model can be

formulated by Equations (10)-(24).

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 P; of generators, reactive
power outputs Qs of generators, reactive power
injections Q¢ of shunt capacitors, reactive power
injections Oy of shunt reactors, LTC (loading tap

changers) turn ratios & and active load curtailments C.

The unknown state variables to be optimized include
the real parts e and imaginary parts f of bus voltages.
The active powers P; and reactive powers Q;;of
weak branches in the corresponding critical
contingencies are also considered as state variables
to be optimized.

min 2 Fo— 2 (B, —C)+ X wC (10)
ieNy ieNy ieNg
S.t.
PGi - z PLg/‘(eaf)_(PDi _Ci)_
jeSy; (11)
T Py(e.)=0  i=L..N,
ijeSy;
QGi +QCi - Z QL;‘/(eaf)_ Z Qng(eaf)_
ijeSy,; ijeSy (12)
(Op —COpi / Py)+ O =0 i=1..,Ng
ef —e f,=0 t=L.,N, (13)
e—ke =0 t=L..,N, (14)
Ul <e+fr<u..  i=1.,N, (15)
kiin <k <k, .. t=1..,N; (16)
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P, <P <P.  i=1..N, (17
QGimin < QGi < QGimax 1= 1’ "NG (18)

QCimin < QCi < QCimax i= 4 "’NC (19)

Orimin < Ori < Dpimax i=L.,N, (20

0<C <P, i=1L.,N, (1)

Qijl = QijO (e’f) + AQIJ (e’f) lj € SLiweak (23)
[312] + Qlj21 < Sijz'iweakmax lJ € SLiweak (24)

In Equations (11) and (12), Py; (e, f), Ou; (e, f),
and Py; (e, f), O (e, f), which respectively represent
the active and reactive powers on line branch or
unload tap changer branch, are the quadratic
functions of e and f [21]. The reactive power load
curtailment at bus 7 is assumed to be proportional to
C; with a constant power factor, which is shown in
Equation (12). Equations (13) and (14) represent the
voltage conversion relation of LTC branches [21].
Equations (22)-(24), which are the same to Equations
(4), (5 and (9), are the quadratic functions of
optimal variables. 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 3, which indicates equal
importance for loads at each bus.)

The proposed preventive control optimal model
has the following three features:
® The model can absolutely reflect the nonlinear
characteristics of power system since the
nonlinear equality constraints for power flow
and the quadratic constraints for the static
voltage stability and thermal stability are
accurately expressed by the nonlinear functions
of variables. Therefore, it can overcome the
limitations in linearized optimization models.
The number of weak branches causing static
voltage stability and thermal limit violation is
always small in an actual power system. Using
the apparent power constraints on weak
branches to represent the static voltage stability
and thermal stability constraints in the model
has greatly reduced the size of the preventive
control problem to be solved.

The model is in a purely quadratic form because
Equations (10)-(24) are either linear or quadratic
functions of optimal variables. When the interior
point method is used to solve the model, the
Hessian matrix is calculated only once in the
entire optimization process. This feature,
together with the characteristic of the small
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number of constraints, makes the model

computationally efficient.

2.3 General Flow Chart of the proposed
Preventive Control

The general flow chart for the proposed preventive

control is shown in Fig.1, in which i denotes the ith

contingency, and & denotes the iteration index of the

preventive control.

Determine the base case
k=0 =1
Select ith
contingency
The power flow is solvable?

Restore the solvability of power flow
using the minimizing load shedding model

=
A

Calculate apparent power and
ELSI of each branch

Any ELSI is smaller than o or an
apparent power is larger
than thermal limit?

Select the contingency as critical contingency|
Determine weak branches and their transfer
capabilities using Equation (3)

Any other contingency?
N

Critical contingencies exist

N

Output the preventive
control result

Establish the static voltage stability and
thermal stability constraints on weak branches|
using Equations (4),(5) and (9)

Establish and solve the proposed quadratic|

optimal model (10)-(24)

Fig.1. General flow chart of the proposed
preventive control

Update the control variables
of the base case

In the general flow chart, there are two points
should be noted:
® There are two reasons for using the iteration
index k of the preventive control. One hand, the
static security analysis based on PQ decoupled
method possibly results in deviation of active
power and reactive power in Equations (7) and
(8) from the actual active power and reactive
power when the system is close to instability
point; the other hand, the proposed preventive
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control result based on only the apparent power
constraints on several weak branches can’t
ensure there are no static voltage stability
violations and/or thermal stability violations on
other lines. Therefore, the iteration index £ must
be used to check whether the preventive control
result in iteration can absolutely guarantee the
system satisfies the desired static voltage
stability margin and thermal stability in various
contingency conditions.

Resorting the solvability of power flow, which
generally uses the minimizing load shedding
model, is usually considered as a corrective
control. However, the corrective control isn’t
explicitly addressed in this paper. We mainly
focus on the preventive control. Here, resorting
the solvability aims at calculating the ELSI and
apparent power of each line to recognize the
weak braches which possibly result in the static
voltage instability and/or thermal stability.
Honestly, the preventive control probably leads
to relatively large control cost when it considers
the unsolvable case.

3 Simulation Result
The correctness and effectiveness of the proposed
preventive control model is demonstrated using the
simulations for the IEEE 30-bus system, I[EEE
57-bus system and IEEE 118-bus system. The
following assumptions are made to ensure that the
three test systems possibly become to loss static
voltage stability and/or thermal stability in some
contingency conditions.
® In the IEEE 30-bus system, the loads at bus 29
and bus 30 are respectively increased to be
8.8+j3.3 M-VA and 21.2+j3.8 M-VA with an
assumption of a constant power factor;
In the IEEE 57-bus system, the loads at buses 19,
53 and 54 are respectively increased to be
16.5+3 M-VA, 30+j15 M-VA and 20.5+j7 M-VA
with an assumption of a constant power factor.
In the IEEE 118-bus system, the loads at buses
43, 44 and 45 are respectively increased to be
36+ 14M-VA, 62+j31M-VA and 140+j58M-VA
with an assumption of a constant power factor.
In order to guarantee power system can
respectively satisfy the minimum static voltage
stability margin of 15% and 10% in normal operating
condition and contingency condition, the threshold o
of ELSI is respectively set to be 1.15 and 1.1 in
normal operating condition and contingency
condition.
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3.1 Simulation analysis of the proposed
preventive control
Before the proposed preventive control, the
information  of  critical  contingencies  and
corresponding weak branches is shown in Table 1.
The transfer capabilities of weak branches, which are
shown in the sixth column, are determined according
to Equation (3). The calculated results indicate that
for the IEEE 30-bus system, the transfer capability of
the weak branch 1-2 is its thermal limit in outage of
branch 1-3, whereas the transfer capability of the
weak branch 29-30 is the static voltage stability limit
which is the products of ELSI and actual apparent
power in outage of branch 27-29 or 27-30. For the
IEEE 57-bus system, the transfer capabilities of weak
branches all are determined by the static voltage
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stability limits. For the IEEE 118-bus system, the
transfer capability of the weak branch 43-44 is its
thermal limit in outage of branch 44-45; whereas in
outage of branch 34-43 or 45-46, the transfer
capabilities of the corresponding weak branches are
the static voltage stability limit which is the products
of ELSI and actual apparent power. It can be seen
that the start points for the three test systems are in
the insecure operation state since the apparent
powers on weak branches in contingency condition
exceed their transfer capabilities. Particularly, the
IEEE-57 bus system is so near the voltage collapse
point following the branch 55-54 outage because the
ELSI of the weak branch in this contingency is very
close to 1.0.

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

. . . Apparent ELSI of Thermal limits The transfer
Critical contingencies / -
Systems Weak branches powers of weak weak of weak capacities of weak
branches(p.u.) branches branches(p.u.) branches(p.u.)

IEEE 30-bus branchl1-3 @n outage/ branch1-2 2.8522 3.1385 2.8338 2.8338
system branch27-29 in outage/ branch29-30 0.0980 1.0901 0.2737 0.0971
branch27-30 in outage/ branch29-30 0.2454 1.0794 0.2737 0.2408
branch18-19 in outage/ branch20-19 0.1803 1.0182 0.2688 0.1669
IEEE 57-bus branch18-19 %n outage/ branch21-20 0.2265 1.0229 0.2445 0.2106
system branch29-52 in outage/ branch54-53 0.4310 1.0103 0.4759 0.3958
branch55-54 in outage/ branch52-53 0.6023 1.0352 0.6708 0.5668
branch55-54 in outage/ branch54-53 0.2456 1.0006 0.4759 0.2234
IEEE 118-bus branch34-43 %n outage/ branch43-44 0.4043 1.0607 0.7392 0.3899
system branch44-45 in outage/ branch43-44 0.7789 1.0499 0.7392 0.7392
branch45-46 in outage/ branch45-49 2.0436 1.0552 2.0712 1.9604

As mentioned in Introduction, in some nonlinear
preventive control models, the power flow equality
constraints with load parameter and transmission
current constraints are respectively used as the static
voltage stability constraints and thermal stability
constraints, which has limitation when the preventive
control considers multi-contingency conditions. Here,
the number of static voltage stability and thermal
stability constraints in the proposed preventive
control model is compared with the static voltage
stability constraints and thermal stability 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 and
transmission current constraints, which can greatly
reduce the size of the preventive control problem.
This advantage will become more significant for a
larger power system.
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After the first iteration of the proposed preventive
control, the control variables in the base case are
adjusted. In the coordinated systems, under the
contingency conditions shown in Table1, there are no
static voltage stability violation and thermal stability
violation on the weak branches indicated in Table 1,

which can be seen from Table 3. The Table 3 shows

that the ELSI of these branches become larger than
the threshold 1.1 and the apparent powers on these
branches become lower than their transfer
capabilities shown in Table 1.

For the coordinated systems, the ELSI and
apparent power of each branch under various
contingency conditions are calculated. The result
shows that there is no violation on voltage stability
and thermal stability. This suggests that the systems
become secure from an insecure state through the
proposed preventive control model, and the entire
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preventive control process for the three test systems
ends after the first iteration of 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 shown in Table4.

It can be observed from Table 4 that one iterative
process of preventive control is needed for each of
the three systems to satisfy all the combined static
voltage stability and thermal stability constraints in

Wei Yan, Xiugiong Hu, Juan Yu, Wenyuan Li

both the normal operating condition and contingency
conditions. The iteration numbers of the PCPDIPM,
the active network power losses and load
curtailments are also given in Table 4. It can be seen
that the load curtailment is not required to ensure the
static voltage stability and thermal stability in all
contingency conditions for the three test systems
with the proposed preventive control.

Table 2. The comparison in the number of static voltage stability constraints
and thermal stability constraints

The number The The number of static voltage stability constraints and thermal stability
of critical number of constraints
Systems contingencies weak The number of apparent The number of power flow equality
branches power constraints in this constraints with load parameter and
paper transmission current constraints
IEEE 30-bus 3 3 9 121
system
IEEE 57-bus 3 5 15 342
system
IEEE 118-bus 3 3 9 708
system
Table 3. Information of critical contingencies and weak branches
illustrated in Tablelafter the first iteration of the proposed preventive control
- . . Apparent powers of ELSI of weak
Systems Critical contingencies/ Weak branches weak branch (p.u.) branch
branch1-3 in outage/ branch1-2 2.7961 3.2273
IEEEsie()I;Ib“S branch27-29 in outage/ branch29-30 0.0970 1.1681
Y branch27-30 in outage/ branch29-30 0.2393 1.1598
branch18-19 in outage/ branch20-19 0.1775 1.3193
branch18-19 in outage/ branch21-20 0.2175 1.5010
IEEESf;;b“S branch29-52 in outage/ branch54-53 0.3791 1.2521
Y branch55-54 in outage/ branch52-53 0.5542 1.4918
branch55-54 in outage/ branch54-53 0.2335 1.2154
branch34-43 in outage/ branch43-44 0.3863 1.1405
IEESE sltii;bus branch44-45 in outage/ branch43-44 0.6687 1.3582
Y branch45-46 in outage/ branch45-49 1.9257 1.2004
Table 4. Result of the entire preventive control process
System: Iteration number of  Iteration number ~ Network active power  Load curtailment
ystems preventive control of PCPDIPM loss (p.u.) (p.u.)
IEEE 30-bus 1 19 0.1987 0.0000
system
IEEE 57-bus 1 18 02737 0.0000
system
IEEE 118-bus 1 13 1.3565 0.0000
system

3.2 Validating the static voltage stability after
the proposed preventive control

A further simulation analysis using the continuation

power flow (CPF) method is carried out to validate

ISSN: 1109-2734

153

the correctness and effectiveness of the proposed
preventive control. Due to limitation of space, only
one contingency case for the IEEE 30-bus system,
which is the outage of branch 27-30, is illustrated.
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The PV curves at bus 30 after the outage of branch
27-30, which is for the two cases without and with
the proposal preventive control, are plotted in Fig.2.
In the CPF method, the load parameter A, which
represents the distance from the current operating
point to the voltage collapse point, is defined as
voltage stability margin [8, 14]. The system is
assumed to be voltage secure if this margin is greater
than a specifically required value which generally is
0.1 in a contingency condition [8, 14]. In this
example, “4=0" denotes the operating point right
after the outage of branch 27-30. Point A and point B
respectively denote the operating points following
the contingency without and with the proposed
preventive control. Without the proposed preventive
control, the critical value of load parameter A is
0.0794 following the outage of branch 27-30, which
cannot satisfy the desired margin of 0.1 in the
contingency condition. Also, the voltage magnitude
of bus 30 at the point A is lower than 0.85 p.u. and is
not allowed in real power system operation. With the
proposed preventive control, on the other hand, the
critical value of load parameter 4 is increased to be
0.1609 which meets the requirement of the desired
static voltage stability margin in the contingency
condition, and the voltage magnitude of bus 30 at the
point B becomes higher than 0.9 p.u. and is
acceptable in actual real power system. The results in
Figure2 verified that the proposed preventive control
model could correctly and effectively bring the

system from an insecure state to a secure state.
0.95
B
0.9F
with the proposed
preventive control
0.85+
A without the proposed
> preventive control
0.8+
0.75} }
07 L L L :\ L L L \:
0 0.02 004 0.06 0.08 0.1 012 014 016 0.18
A
Fig . 2. PV curves at bus 30 after the outage
of branch 27-30
4 Conclusion
This paper proposed a new preventive control
optimal model for both static voltage stability and
thermal stability. And the proposed model has the
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following 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 and
thermal stability constraints are represented by the
apparent power constraints on weak branches which
can be easily identified by a local voltage stability
index. This can greatly reduce the number of
preventive control constraints since the number of
weak branches causing thermal instability and/or
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 computational efforts.

The IEEE 30-bus system, I[EEE 57-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 three test systems and
verified by the results obtained from the continuation
power flow method.

It should be pointed out that the proposed
preventive control applies to the static voltage
stability and thermal stability problem, rather than
voltage instability and thermal instability caused by
the dynamic problem of the system.

5 List of Symbols

by actual susceptance of weak branch ij

b susceptance between the ground and bus i

S inverse matrix of coefficient matrix B in
the PQ decoupled method

S inverse matrix of coefficient matrix B in
the PQ decoupled method

N3 number of buses

Ng number of generators

N¢ number of shunt capacitors

Nr number of shunt reactors

Nr number of loading tap changers (LTC)

Sy set of line branches or un-load tap changers

connected to bus i

Sti set of LTC branches connected to bus i

St weak Weak branch set

Pp; active power load at bus i

Opi reactive power load at bus i

C; active power load curtailment at bus i

Pg; active power output of generator i

Ogi reactive power output of generator i

Oci reactive power injection of shunt capacitor

Ori reactive power injection of shunt reactor i

k; turn ratio of tth LTC

e; real part of voltage at bus i
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f; imaginary part of voltage at bus i
U, amplitude of voltage at bus i

a threshold value of ELSI
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Appendix:

Using the static security analysis based on the PQ
decoupled method, the active power increment AP,
AP, and reactive power increment AQ,, AQ; at bus k
and bus / in the contingency state of branch A/
outage can be calculated by Equations (A.l) and

(A.2).
[API{} :|:a11 a12:|{P,do(e,f):| (A1)
AR ay  ay || Frolef)
|:AQk:|:|:cll c12:||:QkIO(e’f):| (A2)
AQ, G o || Onole f)
where
agp, ap | 10 —b, by S/L S/; B
ay 4y Lo 1 b, by, S; Sly
(A.3)
G G |1 0__(@1""2171(0) by Se Sy X
G G o1 by B, +20) | S S
(A4)
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where, by, represents the susceptance of outage
branch kl; by, or by represents the susceptance
between the ground and bus & or bus /.

For the weak branch ij, the voltage angle
increment A¢,,Af, and the voltage magnitude

increment AU;,AU; at bus i and bus j can be
calculated by Equations (A.5) and (A.6).

86 [s, s, an

=| , (A.S5)
A0 || S |Lan
AU, ARV
{ ’} e [ Q"} (A.6)
AU./’ Sjk Sjl AQI

Using Equations (A.5) and (A.6), the active
power increment AP; (e, f)and the reactive power
increment AQ; (e, f)of weak branch #j in the
contingency state of branch A/ in outagecan be
calculated by Equations (A.7) and (A.8).

Ab,
AP, (e, f)=[~b, b[j][ } (A.7)

A9,

AU,
AQ, (e. f) =] ~(b; +2b, b,.j]LU} (A.8)

Combining Equations (A.1)-(A.8), Equations (7)
and (8) can be obtained.
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