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Optimal Generation Direction Method with SVC
Installation for Loading Margin Improvement
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Abstract In order for transmission systems to accommodate more power transfer with less network expansion by building
new transmission lines, it can be a good measure to operate under optimal generation direction (GD) under existing networks.
In this paper, the problem considering static voltage stability to determine the optimal GD is solved by a PSO algorithm, in
which the continuation power flow (CPF) process is used to calculate the loading margin (LM) for each particle. Three
objective functions are suggested for different purposes, including maximum loading margin (LM), minimum generation cost,
and minimum generation cost and maximum LM as well. In the tests, to validate the effectiveness of the proposed method,
the results derived with the respective objectives and from the cost participating factor (Cost PF) approach are made com-
parison. And, under each GD, with an SVC installation on the specified critical bus, how much the LM that can be increased

is also investigated.

Keywords
Vector Technique

Continuation Power Flow, Loading Margin, Particle Swarm Optimization, Static Voltage Stability, Tangent

1. Introduction

The voltage instability problem is recently among the
widest attentive problems that many power utilities were
recently attracted to[1]. Owing to the difficulties in building
new generators and transmission facilities to accommodate
the regional load increase, over-utilization of the existing
facilities or any contingency would result in voltage insta-
bility more easily. Eventually, the present power systems are
operated gradually closer to various stability limits and be-
come vulnerable to voltage instability[2].

Among the main factors for voltage instability, power
system configuration, generation and load patterns could be
the most vital ones. The power systems can be properly
modified to release voltage instability and thus increase the
loading margin by flexible transmission systems (FACTS) at
the weakest buses and/or transmission lines[3-4]; however, a
poorly scheduled generation or load pattern can reduce a
system’s ability to transfer power while maintaining system
stable. Furthermore, in an open transmission access envi-
ronment, poorly scheduled generation and/or load patterns
will be brought about to the systems more frequently due to
the increasingly competitive biddings. The generation pat-
tern, however, has more flexibility to control by system
operators than the load pattern for the relatively uncontrol-

* Corresponding author:

ycchang@mail.csu.edu.tw (Ya-Chin Chang)

Published online at http://journal.sapub.org/ece

Copyright © 2012 Scientific & Academic Publishing. All Rights Reserved

lable nature[5].

To maximize the ability of supplying power to the loads
before reaching a system limit, as can be a voltage collapse
point, a low voltage or a thermal limit, etc, a good GD (or
generation pattern) should be maintained. In general ap-
proaches, the generation of each participating generator is
raised at a predefined rate, or proportional to their spinning
reserves.

To avoid the system limits, several works had been done
to the load pattern[5-6]; however, the generation direction
cannot be determined by simply changing the objective
function. The method proposed in[5] relating the LM to only
one generation parameter, hence it is not suitable for seeking
the best GD. A maximum LM search method developed in[7]
is based on a normal vector to indicate the hypersurface of
the boundary intersects with a hyperplane tangent to the
hypersurface at the point of maximum generations. It is used
to solve for the maximum LM without the intermediate load-
ing points and economic concerns. In[8], using the genera-
tion participation factors derived from a modal analysis, the
impacts of generators around the critical point were in-
spected. Because the analysis can only be manipulated near
the critical point, it cannot be used to anticipate or estimate
the maximum LM prior to voltage instability.

While in[9], with technical concerns, a polynomial func-
tion is used to approximate the respective maximum LM for
the individual participating generators and the maximum LM
for all participating generators is then estimated by a linear
combination of the respective maximum LM. On the other
hand, it would be beneficial for the competitive markets to
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find a permissible GD to maximize the LM for economical
concerns. Accordingly, in[10], an economical GD method is
developed to search the best GD for the maximum LM while
minimizing the generation cost. A two steps optimization
procedure is employed to do with the convergence problem
when achieving a critical bifurcation point.

The problem to determine the optimal GD for a maximum
LM of the network considering static voltage stability is
proposed in the paper. The PSO algorithm involving in the
CPF process[11] is used to solve the problem. Three objec-
tive functions for possibly different purposes are suggested.
With the loading factor taken as the first objective, the
maximum LM can be determined. The second objective is
specified as the generation cost function, and thus a maxi-
mum LM associated with the minimum generation cost can
be derived. Combined with the two objectives above, the
third objective can be used to maximize the LM and mini-
mize the generation cost as well, and thus a compromise
between the maximum LM and minimum generation cost
can be determined.

The rest parts of the paper are organized as: Section II in-
troduces the problem to determine the maximum LM for a
specific objective with optimal GD. The tangent vector
technique to determine the critical buses for SVC installation
is described in section III. And, in section IV, three objective
functions suggested to determine the optimal GD and the
PSO-based solution algorithm is also given. A modified
IEEE 14-bus system is used for testing in section V, and the
test results computed from different objectives are compared
with each other and those derived with Cost PF approach.
Also, the effects of an SVC installation on a critical bus are
inspected. Section IV concludes with a brief discussion.

2. Problem Description

The power system model including the system nonlinear
real and reactive power flow balance equations is expressed
in a vector form as follows:

F0,V)=0 (1)

where the vectors of the state variables O and V denote

the system bus phase angles and load bus voltage magnitudes.

A base-case power flow can be obtained with the system
equations.

When an uncontrollable loading factor A associated with
a loading margin (LM), that would drive the system from one
stable equilibrium point to another, is inserted into the power
flow equations, the system equations become:

F@©,V,4)=0 2)

The real and reactive power balance equations at bus 7 can

be described as:

2 B(0,V) =P, — A(AP,; —AP;) =0 3)
j=l

30, (0,V) -0, + (AQ;) =0 @)
=

where P,~j and QU are the real and reactive power flows
=P, gio
case injections at bus 7; as related to the future load increase,
the loading increments AP,;, AF; and AQj are respec-
tively generation real, and load real and reactive powers on
bus i, ie u, pu being the set of the PQ buses associated

on line i-j; P.

io

+P,, and Q, =0, are the base

with the additional system load. If increases are not allowed,
AP,;, AP; and/or AQ; will be zero.

For a specific value of A, the LM=1> AP, and
ey
maximum LM = 2.0 > AP; . Ay being the maxi-
ieu

mum value of A will be obtained when system state
reaches a saddle-node bifurcation point for additional power
supply due to increased system load. The maximum LM can
also be referred to as the maximum static voltage stability
margin (VSM).

In the proposed strategy, the generation increments,
AP, Viev, where v being the set of the real power sup-

plies from the participating generators for the additional
system load, are regulated to seek the maximum LM, formed
as a vector as follows:

AP, =[AP,,...AP, .. ]" 5)

where all generation increments must be bounded within the
permissible incremental ranges, i.c.,

0<IAP, <PE™_P. . Vi (6)

In computation, in order not to overestimate each genera-
tion increment, the respective searching ranges are given
below:

0<AP, <(1+1m) Y AP, Vi (7)
Jeu
where letting 0<7.
Then, the system equations can be reformulated as:
F(0,V,AP,,1)=0, 1>0 ®)

If a set of generation increments is determined, the GD for
the participating generators can be calculated by:

gd; = )

8

ZAP gl
i=l&iev
where gd; represents the percentage of the total generation
increments provided by generator i.

On the other hand, simply determined by the cost par-
ticipating factor (Cost PF) approach[9], the GD through the
solution process for each participating generator is main-
tained as:

APy /(]

d, = :
SR T 7
i=l&iev i=1&iev

(10)

3. Identification of Critical Buses
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The tangent vector technique[12] is used to estimate how
the state variables are changed along a loading increment
path. With a unit change of 4,i.e. A=1,in(2)and based on

the base-case state (J, ), the tangent vector can be expressed

ol

The tangent vector provides an early identification of the
critical buses, thus playing an important role in voltage col-
lapse analysis. The buses with bigger negative voltage
magnitude deviations AV due to the specific power in-
crements [AP AQ]" are considered to be critical. After the
critical buses identified, some of them can be suitable for
SVC installation. In the tests, an increase in LM will be made
with an SVC installation on the specified critical bus.

as:

(11)

4. Optimal GD Method

The generation cost is formulated as follows:
2
Cy= 2 agPsi+byPy +cy (8/Hour)
i=1&iev

where P, = P, + AAP,; is the real power generation of

(12)

generator i. ay, b, and ¢, are the coefficients of the

gi> g
generation cost.
4.1. Problem Formulation

Under a base-case state, the problem to seek an optimal
GD for LM improvement is formulated as follows:

Max S (13)
s.t. (6)'(8)
Qgi[n SQgi Sanx Vie{l,Z,...,ng} (14)

There are three different objective functions suggested for
testing:

a). f =4 tomaximize the LM.

b). f=-C, to minimize the generation cost with an
allowable LM

¢). f=-C,/A to maximize the LM and minimize the
generation cost at the same time

The PSO algorithm involving in the CPF process is used to
solve the problem. The bus voltages and 1 are sought

through the CPF process along the loading path each itera-
tion.

4.2. Solution Algorithm

The individual particles of population in the PSO algo-
rithm are denoted as a set of generation increments (GD)
respectively and will be randomly reproduced in each itera-
tion. Particle X; is defined as a vector below:

xi:APé, i=12,..,n, (15)

where n, is the particle number, and the members in

particle x; are denoted as ith candidate set of generation
increments as shown in (5).

The proposed solution algorithm is shown below:

1. Give the base-case and a set of loading increments.

2. Set iteration and particle numbers (100 and 30 in the
tests), and then randomly initialize a set of particles within
the limited ranges.

3. For each particle, first make a power flow analysis for
A =0, and then using CPFLOW program calculate the LM,
and evaluate the fitness of (13).

4. If iteration =1, the fitness value of each particle is set to
its own pbest and the members of the particles set to the
location associated with the pbest; else, if a particle’s current
fitness is better than its own pbest, update the pbest and the
location associated with the pbest, and finally, update the
ghest and set the global location as the best associated with
all particles’ pbest.

5. If iteration is fewer than the number set, then update the
particles and back to step 3; else, the best GD and the asso-
ciated LM are recorded.

5. Numerical Results

In the tests, the modified IEEE 14-bus system shown in
Fig. 1 is used for testing. The base data and the specific
loading increments for load buses 12, 13 and 14 are shown in
Table 1, while the generation increments (or GD) for gen-
erators G1, G2 and G6 are to be determined using the pro-
posed method. For simplicity, the voltage magnitudes of the
PV buses (including an AVR on bus 8), shown on the second
column of Table 1, are all set to be stationary.

13

14

3
7
=2
G : Generator _3
C : Synchronous Compensator —>

Figure 1. Modified IEEE 14-bus system

The parameters for the three generators are given in Table
2. The generation increments, 4., LM and generation

costs derived from the propose method using the three ob-
jective functions respectively and Cost PF approach are
shown in Table 3. As seen that the maximum LM can be
obtained with objective f =1 while the LM computed
from Cost PF approach is the minimum. As performance
index (PI), namely 005% , applied to evaluate the perform-

ance of each LM obtained, the minimum PI value is 585.3
with objective f=-C,/4 used in the proposed method,

which is better than 590.5 computed from Cost PF approach,
even though the LM obtained from the former is also larger
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than the latter. Therefore, in the test, the proposed method
performs better than Cost PF approach. Using the proposed
method with objective f=-C,, the GD determined are
0.38, 0.41 and 0.21 for G1, G2 and G6 respectively, while
computed from Cost PF approach, they are 0.46, 0.39 and
0.15 respectively.

Table 1. Base data and specific loading increments

Base Load Load Increments
Bus | Vol P 0, AP AO
1 1.060 0.5746 0.2026 - -
2 1.045 0.8086 -0.0908 - -
3 1.0032 | -0.7065 | -0.1425 0.000 0.000
4 | 1.0231 | -0.3585 0.0293 0.000 0.000
5 1.0289 | -0.0570 | -0.0120 0.000 0.000
6 | 1.0000 | 0.3559 -0.1014 - -
7 | 1.0256 0.000 0.000 0.000 0.000
8 1.070 0.000 0.2698 0.000 -
9 09994 | -0.2213 | -0.1245 0.000 0.000
10 | 0.9930 | -0.0675 | -0.0435 0.000 0.000
11 [ 0.9930 | -0.0262 | -0.0135 0.000 0.000
12 1 09893 | -0.0457 | -0.0120 | -0.0457 | -0.0120
13 1 09853 | -0.1012 | -0.0435 | -0.1012 | -0.0435
14 | 09787 | -0.1117 | -0.0375 | -0.1117 | -0.0375

* :slack bus; **: PV bus; 1 p.u. =100 Mva

The P-V curves derived from the proposed method with
f =4 and Cost PF approach are depicted in Fig. 2. As can
be seen that, both LM obtained with the proposed method
and Cost PF approach are almost consistent with the results
shown in Table 3.

When using objective f =-C,,
the minimum generation cost and the associated LM is de-
picted in Fig. 3. As seen that the minimum cost is obtained at
the 24™ iteration.

The LMs for various generation increments of G2 versus
G6 are expressed as a curve surface in Fig. 4. It can be seen
that a larger LM is mainly correspondent with a bigger gen-
eration increment for G6. Therefore, to improve LM, it is
available to increase the generation of G6.

The critical buses obtained from the tangent vector in (11)
with A=1 are shown in Table 4. In order to further improve
LM, an SVC with 2 p.u. reactive power is installed at bus 14
and the effects for each GD are shown in Table 5. As found
that, although the contribution of the GD, expressed as the PI
value, obtained with the Cost PF approach is larger than
other GD derived from the proposed method, however, they
are very close to each other, among which 513.6 is the
smallest with the maximum LM (=3.64 p.u.) obtained from
using objective f = 1 in the proposed method.

the curves for searching

Table 2. Generation cost coefficients and limits
G a b C Pmin Pmax
1 0.001562 7.92 561 150 500
2 0.001940 7.85 310 40 500
6 0.004820 9.97 78 40 500

4990

4985} i

4980} :

cost
"""" e 588*lamda

Table 3. Generation increments, A maximum LM and costs for the

critical >

three objectives and Cost PF approach

A ) -C, ~Cy!h | Cost PF
1 0.0901 0.1361 0.1116 0.1665
2 0.0792 0.1455 0.1214 0.1400
6 0.1814 0.0768 0.1210 0.0554
Aeritical 8.5218 8.4513 8.4993 8.4181
LM (p.u.) 2.205 2.186 2.199 2.178
Cost (10°) 5.020 4.965 4.9743 4.971
1 - - - -
0.98} g
o 0.961 ——— f=-lambda 1
g s Cost PF
@ 0.94F g
s
5 092} g
=
g 0.9f g
% 0.88} g
=
g 0.86| g
@
= X: 2205
> 0.84f Y:0.8306 )\ E
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Figure 2. P-V curves for the GDs found with objective function f =1
and Cost PF approach.
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Figure 3. Course for minimum generation cost and corresponding LM
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Figure 4. Maximum loading margins for various generation increments of
G2 vs. G6
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Table 4. Critical buses

[ Bus 9,12, 13, 14

Table 5. The effects as an SVC installation on bus 14

f A -C, —Cg /2 Cost PF
Aeritical 14.069 13.673 13.920 13.488
LM (p.u.) 3.6400 3.5372 3.6011 3.4894
Cost (10%) 7.226 7.152 7.174 7.207
PI 513.6 523.1 515.3 534.3

6. Conclusions

In this paper, an optimal GD searching problem is pro-
posed to determine the optimal GD such that the transmis-
sion system can be operated on the maximum LM under
different objectives. With each particle representing a can-
didate GD, a PSO algorithm involving in the CPF process is
used to solve for the maximum LM. Also, in the test results,
with an SVC installation on the critical bus determined from
the tangent vector technique, the LM under each GD can be
largely improved is validated.
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