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This paper investigates the loadability of power systems. A voltage stability assessment is performed
using the worst-case reactive power margin as an index. In addition, the influence of active power load
increment on the voltage stability assessment is also examined. Based on these results, a messy genetic-
algorithm optimization scheme is proposed for optimal static VAR compensator (SVC) placement aimed
at the voltage stability enhancement of power systems under the most critical operation conditions. The
SVC planning is formulated as a multi-objective optimization problem in terms of the maximum worst-
case reactive power margin, highest load voltages towards the critical operating points, minimum real
power losses, and lowest SVC device costs. During the genetic algorithm search for the optimal solution,
the most critical disturbance scenario is estimated using each SVC placement and the configuration of the
original power system. The candidate solution thereby obtained is further checked against the N — 1
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1. Introduction

Recent years have witnessed quite a number of large-scale
blackouts of power systems, among which, voltage instability is
one of the main reasons leading to the outage [1-4]. While voltage
stability is affected by factors such as voltage regulation, reactive
power compensation and management, rotor angle stability, pro-
tective relaying and control center operations, it can be regarded
as a phenomenon associated with inability of power systems to
meet reactive load demands, which may be owing to inadequate
VAR supports or violation of reactive power transmission limits
[4]. From the viewpoint of security, the load demands of a power
system should be restricted within a range to maintain certain
reactive reserve. Otherwise the power system may be unable to
sustain a desired voltage profile and become unstable even under
small disturbances. Intuitively, the reactive loadability, or the reac-
tive power margin can be used to define a proximity index of volt-
age stability [5,6].

One possible method of evaluating the reactive loadability is to
stress the power system by increasing the loads progressively and
perform the load flow calculation at each step. Unless some mod-
ifications are made to conventional load flow programs, this meth-
od may fail to find the exact critical point due to the numerical
problem. The other more sophisticated alternative is to directly
locate the critical point by solving an optimization problem, which
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is much more efficient and accurate by taking into account various
control variables and operating constraints. The method seeks the
reactive loadability by maximizing the loads in the whole or a
specified area of the power system. A number of algorithms based
on nonlinear programming or the like techniques have been devel-
oped for solving such type of optimization [7-9]. The maximum
loadability method has a clear physical meaning and the estima-
tion results can be directly applied in planning and operating
power systems. However, existing methods contain certain limita-
tions. They were either based on simplified power flow models
thus inadequate in considering some pertinent constraints, or
assumed specified disturbance modes without reflecting the most
critical operation conditions.

Since the capability of a power system to transfer reactive
power from production sources to consumption sinks during stea-
dy operating conditions is a primary requirement to avoid voltage
instability, static VAR compensators (SVCs) have been widely used
in electric power systems, and SVC planning therefore has been a
major concern of power utilities. Up to date, significant efforts have
been engaged in this field with most of the developed methods
addressing optimal VAR placement with respect to voltage and
reactive power [10-16].

Because voltage stability is associated with reactive power sup-
port, for voltage stability reinforcement, therefore, the optimal SVC
placement can be obtained by seeking a compensation scheme that
maximizes the system reactive power margin. Transmission limits
of feeders are another main reason resulting in voltage instability.
Likewise, operating limits may be exceeded due to line overloading
before draining of reactive power reserves. Guarding against feeder
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line overloads through minimizing real power losses is thus impor-
tant in SVC planning, not only for the benefits of economical oper-
ation but also for security considerations. Yet another cause of
voltage instability is voltage sags. In addition to power quality
problems, voltage sags can directly bring about voltage collapse
of power systems [4]. Hence, ability of a power system in main-
taining load voltages is taken into account in the SVC planning.
As done by most of the planning problems, the minimum cost of
the SVC scheme is taken as one of the objectives as well. The
N — 1 criterion in SVC placement expresses the ability of a power
system to lose a transmission line without causing voltage instabil-
ity elsewhere. Apart from the above considerations, therefore, the
SVC placement should also ensure a certain N — 1 reactive power
margin.

This paper extends authors’ previous work [7,10] to investigate
the maximum loadability by employing the full power flow model
of power systems. The voltage stability is performed in terms of the
worst-case reactive power margins with or without incremental
active power demands. Based on the defined voltage stability
index, SVC planning is conducted aiming at the optimal placement
for voltage stability reinforcement under the most critical opera-
tion states, including the N — 1 security criterion.

The paper is organized as follows. Section 2 investigates the loa-
dability of a power system. By stressing the power system with
extra active and reactive power demands, the most critical
disturbance scenario and the associated worst-case reactive power
margin of a power system is identified. Section 3 discusses closed
related factors in voltage stability analysis, formulates four sub-
objectives and defines a fuzzy performance index for the SVC
placement. The N — 1 reactive power margin is also discussed in
this section to assess the performance of the candidate SVC place-
ment in this regard. Section 4 describes the optimization tech-
niques of nonlinear programming and the messy genetic
algorithm (GA) adopted in this research. Numeric simulations
and discussions are given in Section 5. Section 6 concludes the
paper.

2. Loadability of a power system

Voltage collapse and related instability problems can be caused
by single or simultaneous occurrence of unusual conditions such as
unexpected load increase, loss of important transmission lines,
transformers, or generators, and inappropriate actions of control
devices. In most if not all of these cases, voltage instability is char-
acterized by inadequate reactive supports either system-wide or
locally. For secure operations, power systems must remain stable
following these unusual conditions. Otherwise, load demands
may have to be curtailed in order to maintain sufficient reactive
reserve so as to withstand even a small disturbance. Estimating
the reactive power margin is thus an important task in monitoring
power systems’ operation. In evaluating the system VAR margin,
conventional methods use a pre-specified disturbance scenario to
distribute the load increases for stressing the power system, i.e.,
the extra reactive power demands are added to each participating
bus according to a given distribution. Different disturbance modes
will stress the power system towards different critical points, and
the conventional methods therefore cannot provide a well-defined
voltage stability index.

Consider an N-Bus Power System with Bus-1 as the swing bus.
By applying the de-coupling method, the active and reactive power
flow equations, around an initial operating point, can be expressed
by:

N
Pgi = Pi+ » uitY;cos(di — 6 — ¢y) i=2,3,...,N (1a)

=

N
Qe =Qu + Zuiujyz‘j sin(d; — J; — ¢1j) i=23,...,N (1b)

j=1

where u;/9; is the ith node complex voltage, Y;j/¢; is the (i, j)th entry
of the power system admittance matrix, Pg; and Py; and Qg; and Qy;
respectively denote the active and reactive power generations and
load demands at the ith node.

Suppose that a certain amount of extra reactive power loads > ;.
AQy; is imposed to a given area of the power system, with AQy; as
the increment at Bus-i. Each individual AQ;; can be related to the
total increment via a participating factor: I'=[y1, 72,..., VAl
(>~iyi=1). Thus while AQq;=7:Qu is added to a certain bus-bar,
the total load increment is calculated by > 7iQnm= Qumd Vi = Qum,
where Qy is the parameter to be maximized in searching for the
reactive power margin. Similarly, an SVC placement can be repre-
sented by a vector = =[¢y, &,. .., &n] (3oi&i=1), where >7Qq = 3 iéi.
Qsvc = Qsyc with the Qs; as the SVC allocation at Bus-i and the Qgyc
as the overall SVC capacity.

Using the participating factors, the reactive power margin of a
power system can be easily assessed in terms of system VAR reser-
vation under the given disturbance scenario and SVC placement,
which can be evaluated through solving the following optimization
problem:

To maximize Qy, (2)
N
— Pgi + Pyi + APy + > 05y C0S(8i — 6 — by) = 0 (3)

j=1

Subject to

N
—Qqi — Qsi + Qi +7:Qu + Zuiuiyij sin(d; — 9 —¢;) =0 (4)
=

rg"ii" <Qa < Qg™ (5)
0 < Qsi < &Qsvc (6)
u™ < up < u (7)
a™ <@ < a™ (8)

where the active and reactive power equation constraints are
referred to Bus-2 to Bus-N (i=2, 3,..., N, except for the swing
bus), a; is the tap position of a load tap-changing (LTC) transformer.
Since it is inappropriate to assume a constant voltage or a constant
VAR support for each of the generator (condenser) and SVC nodes,
say the ith bus, both u; and Qg; (or Qs;) are not specified. In the opti-
mization, constraints to these three variables in addition to the tap
positions (a;) are represented by the two-side inequalities (5)-(8).
The unknowns of the optimization are the node voltages {u;/J;},
the VAR generations {Qg;} and {Qs;}, the tap positions {a;}, and the
parameter Qy, the critical VAR increase. As shown in (6), the allo-
cated SVC support ¢;Qsyc at each selected bus may not be fully en-
gaged due to the voltage constraint.

It is known that voltage stability is closely related to the viabil-
ity of a power system in reactive power support whereas the angle
stability as well as the angle delta is mainly affected by the active
power generation and transmission. During stressing the power
system for voltage stability analysis and the pertinent SVC place-
ment, consequently, the active power load at each bus-bar is as-
sumed unchanged (APj; = 0) in one of the case studies presented
in the paper. For a more accurate estimation of the voltage stability
margin, however, the paper also takes into account the increase of
active power demands in the loadablity analysis, with each AP;;
being calculated in accordance with the reactive power load incre-
ment and the power factor:

APy = pfi + 71Qu / V1 pf? 9)

where pf; is the power factor obtained from the original power
demands at each node.



J.S. Huang et al./Electrical Power and Energy Systems 45 (2013) 167-174 169

Obviously, the worst-case VAR margin corresponds to the
smallest VAR demand required to drive the power system into
voltage instability. Such a margin is uniquely associated with the
most critical point of voltage stability [6]. By performing a system-
atic search, the worst-case VAR margin of the power system can be
obtained by:

To minimize Q,, through searching for the worst
participating factors set I'

(

Subject to  Qy is the solution of (2)—(8) (
(

(

,ymin < Vi < Vmax
Z"/i =1
1
To ensure feasibility, y;, i.e., each entry of the participating
factor set, is limited by its upper and lower bounds. Once the
worst-case VAR margin Qj, is solved, the accompanied participat-
ing factor set I'* indicates the most severe disturbance scenario
during which the weakest bus-bars will be imposed the largest
portion of the load increment. Consequently, the bus-bar corre-
sponding to the largest worst-case participating factor should be
chosen as the weakest bus-bar. Other smaller participating factors
also contain useful information for demonstrating the relative
strengths of bus-bars against the worst-case VAR disturbance.

3. SVC placement

SVCs are usually installed in heavily loaded areas to alleviate
stressed power systems. On such a basis, the SVC planning can
be modeled by a problem of assigning the appropriate capacity
to the selected bus-bars of a power system so as to reinforce the
system under the most critical operation conditions. However,
the worst-case disturbance scenario denoted by I'*, in general, will
be different under different SVC placements. As a result, the pro-
posed optimal SVC placement can only be obtained through solv-
ing a three-level optimization problem:

(i) Maximizing Qy for a given SVC placement (determined by
the =) and a disturbance scenario (determined by the I')
to evaluate the VAR margin.

(ii) Searching for the participating factor set I'* leading to the
minimum (worst-case) VAR margin under a certain SVC
compensation =.

(iii) Seeking the optimal SVC placement =* that maximizes the
worst-case VAR margin.

The SVC planning, due to the three-level optimization, will be
extremely difficult, if not impossible, to solve. For a practical SVC
planning, the optimization problem should be significantly simpli-
fied. It appears that the I'* can be estimated from I (the normal-
ized critical participating factor before installing the SVC), the
overall SVC capacity Qsyc and the candidate SVC placement =:

* " Qsve ~>
I'~|(I'y——"—F
( % Qwc+Qc

where Qg is the total maximum reactive power support before the
SVC installation. The estimated critical disturbance scenario is fur-
ther processed by a repairing program to make it conform to the
constraints as given in (12) and (13). Eq. (14) shows that the esti-
mated most critical participation factor set, while based on the
Iy, is affected by the SVC compensation at each bus-bar. The SVC
compensation will decrease the corresponding participating factor
since the strength of the node has been increased. The influence
of the SVC placement is proportional to the overall compensation
capacity compared with the total VAR reserve.

(14)

By taking the approximation made in (14), the three-level opti-
mization can be simplified into 2-level optimization problem. The
original worst participating factor set and the VAR reserve, i.e., the
I'y and Q,, can be first evaluated before installing SVC by solving
(10)-(13) with Qsyc=0 in (2)-(8). Then, in the first sub-problem,
the worst-case VAR margin is calculated by solving (2)-(8) with
the estimated I"". In the main sub-problem, the optimal SVC plan-
ning is sought to maximize the worst-case VAR margin and the
other sub-objectives summarized below.

The effectiveness of each proposed SVC placement, for voltage
stability reinforcement, should be assessed by its performance in

(i) increasing the worst-case power system reactive margin,
(ii) reducing the total real power losses,
(iii) preventing low voltage profiles,
(iv) minimizing the cost of the SVC devices, and
(v) maximizing the N — 1 voltage stability under a normal dis-
turbance scenario.

Thus, upon obtaining the reactive margin and the correspond-
ing critical point, i.e., the solution of (2)-(8), two of the other
sub-objective functions can be evaluated accordingly. The total real
power loss denoted by P is calculated by:

Pross = Z [u? +u? — 2u;u; cos(d; — 6)] Yy COS ¢y
ij=121..N

(15)

The P, provides a measure to the real power loss when the
power system being heavily loaded towards the critical point.

In maximizing the reactive margin, the minimum voltage mag-
nitudes of all buses have been ensured by introducing constraints
in the optimization (7). Furthermore, the average voltage is taken
as one of the criteria in assessing the performance of the SVC
reinforcement:

Uare = average{u;}
ieSy

(16)

where Sy is the set of participating bus-bars. Without this criterion,
the evaluated critical point and the VAR margin may give mislead-
ing result as mentioned earlier. The Py, and Uaye in (15) and (16)
are calculated with the data {u;, 6;, a;} of the power system at the
critical point. The optimal SVC placement should minimize Ppyss
and, at the same time, maximize Ugye.

The cost of SVC compensation can be estimated by the capacity
and location of each selected SVC node. In this paper, the SVC
scheme cost E¢,s is determined by the number of SVC nodes only.
For a total compensation capacity, in general, the more the number
of the SVC nodes, the higher the SVC system will cost.

For each candidate SVC placement, the N — 1 reactive power
margin will be calculated by assuming a typical disturbance sce-
nario related to the original distribution of reactive power
demands. A search program may be performed to find the most
critical line to trip off.

To obtain a single objective function, the multi-objective opti-
mization addressed above can be transformed to an optimization
problem with a single objective function by virtue of assigning
each sub-objective function with a fuzzy goal. The fuzzy goals
are quantified by selected membership functions and reference
membership values. For the sub-objective functions to be maxi-
mized or minimized, the membership functions shown in Fig. 1
are introduced, where U(f;), i=1-4 is the membership values of
Qs Pross, Uave, OF Ecose With f0 and f;! respectively as the unaccept-
able- and desirable-level. To achieve an overall optimal SVC com-
pensation with respect to all the four sub-objectives, therefore,
the SVC placement is transformed into a fuzzy decision problem
described by the following optimization model:
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Utf)

u(f)

/! !
(a) Membership function for
values to be maximized

f;] ﬁ()

(b) Membership function for
values to be minimized

Fig. 1. Fuzzy performance index: f; represents Qu, Pross, Vave, O Ecosr; f is an unacceptable level, f! is a desirable level.

To maximize F = 'I}‘lzil314{U(ﬁ)} by searching for the
1=1,2,5/

optimal SVC placement = (17)

Subject to  Qyis the solution of(2)—(8)for estimated I'*  (18)
Ei v émin P AE  Emax, 1=2,3,...,N (19)

g1 (20)

where ¢nin and &nax are the lower and upper bounds of the SVC
capacity assigned for each single bus, and A¢ is the step size of
the compensation adjustment. The decision variables of the optimi-
zation is the vector = = [¢4, &3, .. ., En]. In the above optimization, all
SVC nodes are treated as PV nodes.

Optimization (17)-(20) is to seek the optimal SVC placement in
terms of reactive power margin, real power losses, average volt-
ages and cost of the SVC scheme. The thereby obtained SVC place-
ment is further checked against the N — 1 stability criterion. With
the candidate SVC reinforcement, the power system losing a link-
age should possess a certain reactive power margin under a normal
disturbance scenario. In the proposed SVC planning, the N — 1 reac-
tive power margin Qy_; is evaluated by tripping a critical linkage
and stressing the power system with the disturbance proportional
to the original reactive power demands. In general, this N — 1 reac-
tive power margin is required to be larger than Qu obtained in
(17)-(20), so that the Qy can provide a reliable estimation of volt-
age stability margin, under either the worst-case disturbance sce-
nario or an incidence caused by tripping out of a critical linage.
Fig. 2 outlines the whole course of the SVC planning.

4. Optimization techniques

In light of the discussion in the preceding section, the challenge
of SVC planning lies in the evaluation of the reactive margin
whereas all the other objectives can be obtained accordingly.

4.1. Lagrange multiplier method

The optimization scheme adopts Lagrange multiplier method
for the computation of the VAR margin. For each ith node the un-
knowns of the optimization are: the node voltage u;/§; (u; and §;),
the reactive generation Qg; and Qs;, and the tap position a;, in con-
junction with the reactive power margin Qy over the concerned re-
gion. The algorithm removes each of the two-side constraints by
introducing the multiplier. Expressing the vector of the variables
to be solved as X = [U", 47,QL, QL,a",Qy]", the equality constraints
of (3) and (4) as E;=0 (i=1, 2, 3,..., 2N—2) and the two-side
inequality constraints as o; < G < fj (j=1, 2,..., N, with N as
the number of inequality constraints), the augmented Lagrange is
obtained by converting all the inequality constraints into the

Set Initial SVC

—
&=
—o

P 4

y
Estimate Worst

Disturbance '*

Repair 2 \b

N

Feasible? Repair '*

CalculateQu*,
Po, U, Es

v

CalculateQy.1,
fuzzy index F

\
Update E *
with F & QN-l

Regenerate=

No

Yes

Fig. 2. Optimal SVC planning scheme.

equality ones. The modified optimization problem can then be
solved as a sequence of unconstrained problems [17].

4.2. Messy genetic algorithm for SVC planning

Obviously, normal optimization techniques are insufficient in
searching for the optimal SVC placement described by (17)-(20).
A GA based method is adopted for the optimization. During the
GA search, each candidate solution denoted by = is encoded with
a binary string termed a chromosome [18]. Since the number of
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bus-bars selected for the SVC installation is not fixed, the optimiza-
tion uses a messy genetic algorithm [19], while a normal GA
method is used for the worst-case reactive power margin problem
(10)-(13).

A particular scheme is proposed for the messy encoding, where
the chromosome length is variable and each gene is represented by
a pair of numbers, i.e., the location of a SVC node and the corre-
sponding allocation of the SVC capacity. With this encoding meth-
od, genes can be arranged in any order. A set of candidates at a
given searching stage (generation) forms the population. With a
randomly selected initial population conforming to the constraints
(19) and (20), the GA carries out the optimization process. In the
messy GA method, a single point crossover operation adopted.
Whilst the crossover point can be arbitrarily chosen from the first
chromosome, the point at the second chromosome is determined
at the corresponding position but in an arbitrary gene, as illus-
trated in Fig. 3. A uniform mutation operation is used as done by
many normal GA methods.

Because the chromosome for each SVC bus is randomly distrib-
uted, the messy GA will not introduce any bias to any particular
bus-bars. Apart from this, the messy GA method can effectively
avoid pre-mature termination. In the developed genetic algorithm,
the size of the population is set 50 for searching the worst-case dis-
turbance and 40 for the optimal SVC placement, the crossover rate
is 0.6, and the mutation rate is 0.01. In addition, the tournament
selection is used in the reproduction and the tournament size is
2. In the GA search, the best candidate (the SVC placement having
highest fuzzy index and meeting the N — 1 criterion) is always re-
corded but not included in the next generation at early stage to fur-
ther prevent from the pre-mature termination.

Due to the adoption of a variable length, the messy GA approach
may suffer under- or over-specified string problems. In the SVC
placement, the messy GA may cause the total SVC installation less
than the total given capacity (under specification), or a single node
is allocated with a different SVC capacity (over specification). In the
proposed SVC planning, the ambiguity in the latter is solved on the
basis of a first-come, first-served rule while the SVC shortage in the
former is solved by randomly allocating the absent SVC capacity to
the un-selected bus-bars. In addition, a repairing algorithm is ap-
plied in case any resulted offspring in a new generation violates
the constraints imposed on the SVC placement.

5. Simulation and discussions

As shown in Fig. 4, the IEEE 30-Bus System is used in the case
study [20]. In this paper, the participating nodes include all the
load buses. Assuming that the total capacity of the SVCs to be in-
stalled is 1.0 p.u., the compensation assigned at each selected node
is within the limits of 0.1 p.u. (&min = 1/10) and 1.0 p.u. (Emax=1),
and in a multiple of 0.1 p.u. (A¢=1/10).

Arbitrarily chosen

crossover point in S1

@1: EN

Fig. 4. Study power system (IEEE 30-Bus System).

5.1. Original worst-case VAR margin

Using the method described in Section 2, the worst-case VAR
margin and the corresponding participating factor set are evalu-
ated. As shown in Table 1, the Q;, = 0.1494 and each entry of I
is given in the right most column. Since y,6=729="730=1 is the
largest participating factor, Bus-26, 29 and 30 are identified as
the weakest bus-bars (Bus-30 can be regarded as the weakest since
the voltage is the lowest). The other weak bus-bars include Bus-16
and Bus-23. The worst-case VAR margin and the accompanied par-
ticipating factors can be used to find the bus-bar most vulnerable
to voltage collapse. Fig. 5 shows the GA search for the most critical
disturbance scenario. In general, the optimization converged in less
than 80 generations.

The above case study assumes that the active power demand at
each node keeps unchanged based on the consideration that the
voltage stability is mainly affected by the reactive power load
and support. It is nonetheless necessary to study the influence of
extra active power demands to the reactive power margin and
the worst-case disturbance scenario. By employing (9), the corre-
sponding incremental active power load is imposed at each node
and the same search is carried out to estimate the reactive power
margin and the participating factors. The results are given in Ta-
ble 2. It can be seen that the reactive margin is much smaller
now while the worst-case disturbance scenario (the participating

Allocation Allocation Allocation

Possible crossover points in S2

Allocation Allocation Allocation Allocation

Fig. 3. Crossover operation of the messy GA.
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Table 1 Table 2
Worst-case VAR margin of the IEEE 30-Bus System (AP, = 0). Worst-case VAR margin of the IEEE 30-Bus System (AP, x pf).
Node Qi (pu)  w(pu) 5 (°) a; (100%) i Node Qi (pu)  w(pu) 5 (°) a; (100%) 7y
1 - 1.0600 0 - - 1 - 1.0600 0 - -
2 0.5000 1.0298 -0.0930 - —0.2000 2 0.5000 1.0185 -0.1063 - —0.2000
3 - 1.0020 -0.1329 - 0.1041 3 - 0.9910 -0.1539 - —0.2000
4 - 0.9904 -0.1645  0.9236 —0.2000 4 - 0.9763 -0.1915  0.9074 0.2627
5 0.4000 0.9903 -02540 - —0.2000 5 0.4000 0.9654 -0.2911 - 0.4836
6 - 0.9793 —-0.1946  0.8500 0 6 - 0.9631 —02299  0.8500 0
0.8855 0.8791
7 - 0.9763 -02289 - —0.2000 7 - 0.9557 -02640 - —0.2000
8 0.4000 0.9768 —-0.2078 - —0.2000 8 0.4000 0.9598 —0.2459 - —0.2000
9 - 1.1066 -02471 - 0 9 - 1.1066 -02790 - 0
10 - 1.1093 -02736 - —0.2000 10 - 1.1086 -03039 - —0.2000
11 0.2400 1.1500 -02471 - 0 11 0.2400 1.1500 -02790 - 0
12 - 1.1208 -02602 - —0.2000 12 - 1.1208 -02829 - —0.2000
13 0.2400 1.1500 -02602 - 0 13 0.2400 1.1500 -02829 - 0
14 - 1.1092 -02767 - —0.2000 14 - 1.1103 -02950 - —0.2000
15 - 1.1005 -02763 - —0.2000 15 - 1.1015 -03002 - —0.2000
16 - 1.1022 -02678 - 0.4677 16 = 1.1102 -02943 - -0.2000
17 - 1.1040 -02755 - —0.2000 17 - 1.1053 -03038 - -0.2000
18 - 1.1007 -02897 - —0.2000 18 - 1.0992 -03058 - —0.2000
19 - 1.1002 -02931 - —0.2000 19 = 1.0978 -03091 - —0.2000
20 - 1.1032 -02897 - —0.2000 20 - 1.1008 -03076 - —0.2000
21 - 1.0927 -02806 - —0.2000 21 - 1.0932 -03151 - —0.2000
22 - 1.0910 -02801 - 0 22 = 1.0922 -03165 - 0
23 - 1.0702 -02772 - 0.4282 23 - 1.0776 -03214 - 0.2537
24 - 1.0538 -02803 - —0.2000 24 - 1.0602 03411 - —0.2000
25 - 0.9793 -02575 - 0 25 - 1.0005 -03957 - 0
26 - 0.8956 -02226 - 1.0000 26 - 0.9446 -04191 - 1.0000
27 - 0.9775 -02555 - 0 27 - 0.9936 -04185 - 0
28 - 0.9562 —0.1993  0.8500 0 28 - 0.9386 —02519  0.8500 0
29 - 0.8740 -02374 - 1.0000 29 - 0.8895 -05204 - 1.0000
30 - 0.8500 -02512 - 1.0000 30 - 0.8500 -05803 - 1.0000
Qy (pu) 0.1494 Qy (pu) 0.0455
P} (DU 0.0730 P}y (DU 0.0776
Ujpe (P12 1.0394 Us,e (P02 1.0390
be a negative value, i.e., the system would be unable to maintain
08 . : . . even the original loading level should the load demands obey the
identified worst-case distribution.
a7t :
= 5.2. Optimal SVC scheme
2 o8 .
5 The most critical participating factors obtained in the two case
2 sl J studies are very similar, verifying that the reactive power margin
g and the voltage stability are not much influenced by the active
B oal | power demands. Thus, based on the I'y obtained in the first case
2 study, the proposed messy GA based algorithm is applied to eval-
g oal | uate the optimal SVC placement such that the fuzzy satisfying in-
2 dex is maximized. With the Iy, the worst case disturbance is
e estimated for each SVC candidate and the corresponding reactive
02t 1 . . - .
w margin and the other sub-objectives are calculated. The simulation
results are shown in Table 3. Under the optimal SVC placement,
D 20 a0 50 a0 100 Bus-26, Bus-29 and Bus-30 are selected as the SVC sites with the
Ganeratioh capacity assignment respectively as 0.3 p.u., 0.3 p.u. and 0.4 p.u.

Fig. 5. GA search for the worst-case disturbance scenario.

factor) is very similar to that obtained without introducing the
incremental active power loads.

It should be pointed out that the case study with extra active
power loads is based on the assumption that Bus-1 (the swing
bus) can pick up the entire extra active power load imposed on
the node. Under the identified critical disturbance, however, the
active power injection at Bus-1 exceeds 2.6 p.u. (260 MW) given
by the specification of the study system. By introducing this con-
straint in the optimization (2)-(8), the reactive power margin will

Under the SVC reinforcement, the performance of the power sys-
tem has been significantly improved from Qj, =0.1494 p.u,,
P;, =0.0776 p.u., and U,,, = 1.0390 p.u,, to Q;, = 0.5686 p.u.,
P}, = 0.08312 p.u., and Uy, = 1.0486 p.u. The right-most column
lists the estimated participating factors corresponding to the most
critical disturbance scenario.

It is observed that the three weakest bus-bars are selected as
the SVC nodes. Furthermore, the line loss is slightly higher than
the original value and the improvement of the reactive margin is
much lower compared with the capacity of the installed SVCs.
While the first observation seems to match what has been
expected, it is not always the case since the strength of each node
can be quite different before and after the SVC placement. The
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Table 3
Reactive margin, power losses, load voltages under optimal SVC reinforcement.
Node Qe (pu)  ui(puw) 5 (°) a; (100%)  yP
2 0.5000 1.0357 -0.1710 - -0.1829
3 - 1.0158 —0.1806 - 0.1212
4 - 1.0108 -0.2241 0.9733 -0.1829
5 0.4000 1.0155 -0.3243 - -0.1829
6 - 1.0027 —0.2598 0.8500 0
0.9304
7 - 1.0042 -0.2969 - -0.1829
8 0.4000 1.0022 -0.2730 - —0.1829
9 - 1.1066 —-0.3148 - 0
10 - 1.1253 -0.3414 - —0.1829
11 0.2400 1.1500 —-0.3148 - 0
12 - 1.1208 -0.3236 - —-0.1829
13 0.2400 1.1500 -0.3236 - 0
14 - 1.1221 —0.3462 - -0.1829
15 - 1.1102 —0.3434 - -0.1829
16 - 1.0891 -0.3268 - 0.4848
17 - 1.1151 -0.3412 - -0.1829
18 - 1.1329 -0.3651 - -0.1829
19 - 1.1374 —0.3698 - -0.1829
20 - 1.1384 -0.3654 - —0.1829
21 - 1.1100 —0.3493 - -0.1829
22 - 1.1071 —0.3485 - 0
23 - 1.0577 —0.3343 - 0.4454
24 - 1.0606 —0.3459 - -0.1829
25 - 0.9694 -0.3179 - 0
26 0.3000° 0.8500 -0.2600 - 0.9092
27 - 0.9770 -0.3202 - 0
28 - 0.9766 —0.2635 0.8500 0
29 0.3000° 0.8596 -0.2944 - 0.9092
30 0.4000° 0.8580 -0.3211 - 0.8732
Qy (pu.) 0.5686
Ppogs (pou.) 0.0831
Ujpe (1) 1.0486
Qn_q (pu)* 1.3182
* Qsi.

b Estimated worst-case disturbance scenario.
¢ N — 1 reactive power margin.

higher real power loss is due to the much higher loading level at
the critical point after the SVC reinforcement. The last observation
can be explained by the characteristics of the worst-case distur-
bance scenario. In addition, the SVC placement is a multi-objective
optimization and is assessed by the fuzzy performance index and
the N — 1 security criterion, instead of a single sub-objective.

The convergence performance of the main sub-problem is illus-
trated in Fig. 6, where each point of the curve represents the fuzzy
performance index value.
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Fig. 6. GA convergence plot for optimal SVC placement.

5.3. N — 1 reactive power margin

For N — 1 stability analysis, one critical linkage between Bus-1
and Bus-2 was selected in the case study. It is assumed that one
of the two feeders between the two generation nodes is tripped
out. Before the SVC installation, the original system had an N — 1
reactive power margin of 0.7309 p.u. under a normal disturbance
(extra loads proportional to the original power demands). With
the SVC reinforcement, the N — 1 reactive power margin has been
increased to 1.3182 p.u. that is much higher than the worst-case
reactive power margin (0.5686 p.u.). In the GA searching for the
optimal SVC placement, the best candidate at each generation is
checked again the N — 1 security criterion and only those that sat-
isfy the requirements Qn_; > Qy and Qu_1 > Qsyc Will be kept.

The selection of the linkage to trip off in evaluating the N — 1
reactive power margin is based on the consideration to the influ-
ence of the linkage to the entire power system. In fact, the most
critical linkage in terms of reactive power margin can be easily
identified by repeatedly solving the optimization (2)-(8) under
the given normal disturbance and with one of the candidate link-
ages being tripped off each time.

6. Conclusions

The paper investigates the loadability of power systems. With
or without active power load increment in stressing the study sys-
tem, a voltage stability assessment defined by the worst-case reac-
tive power margin is performed. Based on this assessment, an
optimization scheme using the messy GA and the Lagrange multi-
plier techniques have been developed for SVC planning. The
scheme optimizes the performance of an SVC scheme with respect
to the five identified sub-objectives. The fuzzy satisfying method
provides a good tradeoff for planners’ requirements related to volt-
age stability enhancement. While focusing upon system perfor-
mance under the most critical conditions and the N — 1 security
margin, the optimization takes into account the reactive limits of
generators, allowable voltage working ranges, lower and upper
transformer tap limits, the influence of the active power loads,
the feasibility of disturbance scenario, and other system con-
straints and nonlinear effects. As a result, the proposed optimiza-
tion scheme provides a more accurate and reliable guidance in
SVC planning. By estimating the most critical disturbance scenario
with the original operation conditions and each candidate SVC
placement, the complex SVC planning has been greatly simplified.
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optimization and Lagrange multiplier

algorithms + data structures = evolution



http://www.ee.washington.edu/research/pstca/pf30/pg_tca30bus.htm

	Loadability of power systems and optimal SVC placement
	1 Introduction
	2 Loadability of a power system
	3 SVC placement
	4 Optimization techniques
	4.1 Lagrange multiplier method
	4.2 Messy genetic algorithm for SVC planning

	5 Simulation and discussions
	5.1 Original worst-case VAR margin
	5.2 Optimal SVC scheme
	5.3 N−1 reactive power margin

	6 Conclusions
	References


