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Reports of various committees set up to review the 2003 North American major power outages pointed
out that a major exacerbating factor has been lack of situational awareness by power system operators.
To improve reactive power compensation and contribute to the mitigation of power outages associated
with the present near-limit operated commercialized grid, a bus voltage stability (BVS) index based reac-
tive power compensation scheme has been developed. BVS index is a hybrid voltage stability computa-
tion model involving the two machine modeled L-index and a complex power P-transmission line
structure modeled Ls-index developed by the authors. The current regional wheeling of power across
transmission distance far beyond the two machine model has necessitated the development of a novel
Ls-index model suitable for long lines. The composite scheme was then incorporated into Newton–
Raphson’s (N–R) power flow which encompasses multiple shunt devices (multi-shunt). This arrangement
provided a knowledge based system for power system monitoring. Results obtained from applying the
developed models and schemes in the IEEE 300 bus system with zoning and under varying operating con-
ditions showed the system’s capability to provide improved system monitoring and optimal compensa-
tion based on availability.

� 2015 Elsevier Ltd. All rights reserved.
Introduction

With growing concern for voltage instability and the need to
improve power system performance to meet load demand occa-
sioned by deregulation, the industry has focused attention on pro-
viding greater reactive support to the distressed grid [1–3].
Consequently, Flexible AC Transmission Systems (FACTS) and dis-
tributed energy resources (DERS) in the form of microgrids have
also been utilized [4–15]. The basic categories of precipitating
events or causes of the August 14th 2003 North American blackout
were: (i) ‘‘inadequate situational awareness’’ on the part of
FirstEnergy; (ii) FirstEnergy’s failure to ‘‘manage adequately tree
growth in its transmission right-of-way’’; and (iii) ‘‘failure of the
interconnected grid’s reliability organizations to provide effective
diagnostic support’’ [16]. In view of this report and those of other
large scale power system outages [17–22], which started occurring
since this period of deregulation and inception of modern reactive
compensation schemes there is the utmost need to develop an
improved power system status indicator. The status indicators
could be in the form of thermal stability or voltage stability.
However, since this research is focused primarily on reactive
power compensation which is directly related to the power system
voltage, this work dwells on the voltage stability based index.
Existing voltage stability index models have been presented in
[23,24].

Considering the medium and long distance bulk wheeling of
power between various independent system operators (ISOs),
regional transmitting organizations (RTOs) and over international
boundaries, a novel bus VSI (Ls-index) suitable for medium and
long transmission line application using the P-complex transmis-
sion line model was developed [25–27]. The results obtained from
applying Ls-index had been compared with L-index developed
using two-machine transmission line model [24,26]. The results
showed the effect of interconnecting transmission line distances
on power system stability status [24]. In this paper, a hybrid volt-
age stability index scheme will be presented after combining the
applications of L-index and Ls-index since most power system net-
works are composed of a mix of short, medium and long transmis-
sion lines.

This hybrid scheme will be applied with the Newton Raphson’s
(N–R) power flow model to determine the weak buses that require
compensation. Thereafter, shunt FACTS device will be included in
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Fig. 1. Transmission line complex pi-model [25].
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the N–R power flow model. With this new model, a new load flow
result will be obtained and used to compute the hybrid voltage sta-
bility index. This will give an independent indication of power sys-
tem status which can be read to determine the impact of the
reactive compensation on the entire network. The compensation
device can be set appropriately and if it is not given the desired
support, it may be replaced.

The same philosophy may be applied to the transmission line
voltage stability index models [26] and used to determine the lines
which need compensation, the level of compensation required, and
the effects on a selected portion, or the entire interconnected net-
work. Some of the formulations and selection criteria as discussed
by the authors earlier [26,27] with IEEE 14 and 30 bus system was
modified and incorporated in the IEEE 300 bus system. The algo-
rithm developed here also includes a feature to sub-divide large
networks into groups to enhance faster operation and closer mon-
itoring. It is hoped that the outcome of this work will provide effi-
cient tools for the determination of power system status, ensure
optimal utilization of the dynamic reactive power compensation
devices, and reduce system outages through improved system
monitoring.

The paper is arranged in the following manner.
Section ‘Justification for the use of voltage stability index in facts
schemes’ presents justifications for the introduction of an indepen-
dent monitoring index in the power system compensation scheme.
In Section ‘Modeling of long transmission system bus voltage sta-
bility index’, modeling of both the bus voltage stability index and
the selected transmission line stability indexes are depicted.
Section ‘Scheme implementation algorithm’ contains the develop-
ment of implementation algorithm. Section ‘Results and discus-
sions’ exhibits simulated results for the test system and
accompanying discussions. Finally, the conclusions are given in
Section ‘Conclusion’.

Justification for the use of voltage stability index in facts
schemes

To be able to address the two critical issues stated as the major
causes of the 2003 blackout – ‘‘inadequate situational awareness’’
and ‘‘failure of the interconnected grid’s reliability organizations
to provide effective diagnostic support’’ [16], it is important to
examine further the operational limitations of reactive power com-
pensation devices as applied to the present power system.

Cost of FACTS devices

The cost of procurement, installation and maintenance of most
of the FACTS devices are exorbitant and therefore, economically
non-viable. Though SSSC, UPFC, IPFC and GUPFC have been tested
in pilot projects [28,29], cases of practical installation are very
insignificant. This has left system operators to continue making
use of the simple and relatively cheap compensation devices like
the SVC and the STATCOM as well as their offshoots [30–36].
Therefore, there is a need to incorporate status monitoring devices
which will also guide in the appropriate utilization of these pre-
ferred devices.

Compensation devices not suitable for faulty operating conditions

Most compensation devices like the TCR, SVC STATCOM, TCSC
and SSSC are designed to operate under specified limits. These lim-
its correspond to their normal operating conditions. However, dur-
ing faulty conditions in the network which are outside the
operational limits, these devices give unreliable results. Due to
the fast varying load types and near limit operating conditions of
current power systems, there is a need to incorporate an additional
status monitoring scheme. Doing this will help in the early deter-
mination of some of these abnormal situations.

Effect of reactive power compensation not localized

Generally, the present day power systems are composed of
interconnected complex transmission lines, transformers, network
compensators and varied types of load and generator buses span-
ning regional and international barriers. To ensure that the realiza-
tion of the two basic objectives of power system compensation,
namely, increasing the power transfer capability of transmission
systems and keeping power flow over designated routes [29],
thyristor switches are utilized to control the combined reactive
impedance of both the capacitor and reactor banks.

Modeling of long transmission system bus voltage stability
index

In an earlier effort to estimate the voltage stability of a power
system, a two machine transmission line structure was used to
develop a short line voltage stability indicator (L-index) [23]:

Lj ¼max
j2aL

1�
P

i2aG
FjkVk

Vj

����
���� ð1Þ

where Fjk ¼ �½Y� Yjj

�� ���1 ð2Þ

The L-index was validated when it was compared with the volt-
age ratio index to determine the strength of each of the buses in
IEEE 14 bus network [24]. However, the authors went further in
[26] to develop an algorithm which made it possible to consider
the effect on longer transmission line distances in the voltage sta-
bility of a given network.

In view of the long distance bulk wheeling of power between
different ISOs and RTOs due to seasonal and hourly difference in
power generation and peak load demand as well as reduced cost
in remote generations, it became necessary to further consider
the effect of transmission line distances on the voltage stability
index models [25]. Therefore, a complex long transmission line
structure as presented in Fig. 1 was used to develop a new
Ls-index.

The line parameters are defined hereunder. Modified total line
series impedance,

Z0 ¼ Zc sinh cl ¼ Z
sinh cl

cl

Modified total line-neutral admittance Y 0

2 ¼ yl ¼ Y
2

tanhðcl=2Þ
cl=2

The characteristic impedance and propagation constant are:

Zc ¼
ffiffi
z
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q
c ¼ ffiffiffiffiffi
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For typical power lines,

sinh c
cl
� 1

When detailed line data are not known, the modified total ser-
ies impedance and line-neutral admittance are taking approxi-
mately equal to the total line series line impedance and
line-neutral admittance respectively.

Single-node model

With the above definitions, the sending end and receiving end
complex power are given from [25] as:

S2 ¼ S21 ¼
Y 0�

2
V2j j2 þ

V2j j2

Z0�
� V2V1

Z0�
ð3Þ

The receiving end complex power becomes:

S1 ¼ S12 ¼
Y 0�

2
V1j j2 þ

V1j j2

Z0�
� V1V2

Z0�
ð4Þ

Eq. (4) represents the complex power at node 1 (load bus)
whose voltage is of interest. The basic equations developed in
the derivation of medium and long transmission line voltage sta-
bility index (Ls-index) using similar approach adopted in [26] are
presented hereafter.

S1

V1
¼ Y 0�

2
V1j j2V�1
V1V�1

þ V1j j2V�1
Z0�V1V�1

� V2

Z0�
ð5Þ

S1

V1
¼ V�1

Y 0�

2
þ 1

Z0�

� �
� V2

Z0�
ð6Þ

Letting

M11 ¼
Y 0�

2
þ 1

Z0�

M12 ¼
1

Z0�

Then,

S1

M11
¼ V�1V1 �

M12V2

M11
V1 ¼ a1 þ jb12 ð7Þ

Letting V01 ¼ �M12
M11

V2, Eq. (7) gives,

V1j j2 þ V01V�1 ¼
S1

M11
¼ a1 þ jb1 ð8Þ

Defining V01 ¼ x0 þ jy0 and V1 ¼ x1 þ jy1

Eq. (8) gives:

V1j j2 � a1 þ x0x1 � y0y1 ¼ jðb1 � x0y1 � y0x1Þ ð9Þ
x0x1 � y0y1 ¼ a1 � V1j j2 ð10Þ
x0y1 þ y0x1 ¼ b1 ð11Þ
x2

0x2
1 þ y2

0y2
1 � 2x0x1y0y1 ¼ a2

1 � 2a1 V1j j2 þ V1j j4 ð12Þ
x2

0y2
1 þ y2

0x2
1 þ 2x0x1y0y1 ¼ b2

1 ð13Þ

Adding Eqs. (12) and (13) gives:

x2
0x2
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0y2

1 þ x2
0y2

1 þ y2
0x2

1 ¼ a2
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V1j j2 V01j j2 ¼ a2
1 þ b2

1 � 2a1 V1j j2 þ V1j j4 ð16Þ

V1j j2 ¼
ð2a1 þ V01j j2Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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V1j j ¼
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From [23], it was deduced that the stability limit of the
two-node system, which is of interest, lies at the border line satis-
fying the discriminator of Eq. (18) given as:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V4
01

��� ���
4
þ a1 V01j j2 � b2

1

0
@

1
A

vuuut ¼ 0 ð19Þ

With the aid of complex transformation, Eq. (19) gives:

1þ V01

V1

����
���� ¼ 1 ð20Þ

Eq. (19) is used to define an index for computation of closeness
of load buses to voltage stability limit given as:

L1 ¼ 1þ V01

V1

����
���� ð21Þ

 

Multi-node system voltage stability index

Since a typical power system involves a large number of load
buses, the above two machine model has to be extended to cover
such a large system. To achieve this, the hybrid (H) matrix scheme
has been severally adopted. H-matrix is represented as [23]:

VL

IG

" #
¼ ZLL FLG

KGL YGG

" #
IL

VG

" #
ð22Þ

where

H ¼ ZLL FLG

KGL YGG

" #
ð23Þ

H11 ¼
P

k2aL
Zjk represents the aggregate impedance connecting

other load buses to load bus of focus. H12 ¼
P

k2aG

Yjk

Yjj
is a dimension-

less ratio of the net-admittance to the sum of the admittance link-
ing the generator buses to the load bus of interest. With this hybrid
matrix, we get the load bus voltage as:

Vj ¼
X
k2aL

ZjkIk þ
X
k2aG

Yjk

Yjj
Vk ð24Þ

Defining V0j ¼ �
P

k2aG

Yjk

Yjj
Vk, the present derivation is given by:

V0j ¼ �
X
k2aG

Mjk

Mjj
Vk ð25Þ

Vj

�� ��2 þ V0jV
�
j ¼

S�j
Yj

ð26Þ

Therefore, for a given load bus j in a multi-system, its proximity to
collapse could be computed similar to that for two machine model
as:

Lj ¼ 1þ V0j

V j

����
���� ð27Þ

Hence, a new generalized index for computation of proximity to
voltage collapse for load buses in medium and long lines which
are the predominant cases in power pooling could be written as:

Lsys ¼
X
l2aL

max 1�
P

k2aG

Mlk
Mll

Vk

Vl

�����
����� ð28Þ
Modification of the original L-index

To further make the computation of the bus voltage collapse
index L-index, consideration of the fact that the net contribution
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resistance to the impedance of the medium and long transmission
lines to the self-admittance of each bus is negligible when com-
pared with that of the reactance. Therefore, the hybrid term of

Fji ¼ � Yjj
� 	�1Yji was reduced to F1

ji ¼ � Bjj
� 	�1Yji. When this was

substituted in the formulation for the L-index, we now obtain:

LS ¼max
j2aL

Lj

 �

¼max
j2aL

1�
P

i2aG
F1

jiVk

Vl

�����
����� ð29Þ
Inclusion of shunt facts devices in the Newton–Raphson’s load flow
model

Newton’s power flow model
The basic real and reactive power flow equations for a transmis-

sion line between buses ‘p’ and ‘q’ as:

Pp ¼
XN

q¼1

Vp

�� �� Vq

�� �� Gpq cos hpq þ Bpq sin hpq
� �

ð30Þ

Q p ¼
XN

q¼1

Vp

�� �� Vq

�� �� Gpq sin hpq � Bpqcospq
� �

ð31Þ

For p = 1,2,3 . . .N.
The Newton power flow equation in polar coordinate is written

as:

@Pp

@hp

@Pp

@Vp

@Qp

@hp

@Qp

@Vp

2
4

3
5 Dhp

DVp

� 
¼ �

DPp

DQ p

� 
ð32Þ
Multi-STATCOM structure in Newton power flow

Fig. 2 represents a simplified power system having multiple
STATCOM devices (herein referred to as Multi-STATCOM).
Equations representing real and reactive the power exchange
between the bus and STATCOM are given by:

Psh ¼ V2
pGsh � VpVsh Gsh cos hp � hsh

� �
� Bsh sin hp � hsh

� �� �
ð33Þ

Q sh ¼ �V2
pGsh � VpVsh Gsh sin hp � hsh

� �
� Bsh cos hp � hsh

� �� �
ð34Þ

Because STATCOM is primarily utilized for reactive power com-
pensation or bus voltage enhancement, a major consideration is to
ensure that the net active power exchange is made close to zeros as
much as possible to ensure maximum reactive power flow. Hence,
active power exchange (PE) becomes a control given as:
=

~

Bus j   Bus k

 Bus l

  C or B

Fig. 2. Multi-STATCOM in power system network.
PE ¼ Psh

¼ V2
pGsh � VpVsh Gsh cos hp � hsh

� �
� Bsh sin hp � hsh

� �� �
¼ 0 ð35Þ

Eq. (34) is one of the two equations required for the inclusion of
STATCOM in the power flow model of Newton’s equation.

Utilizing STATCOM power system control functions

The second important equation is selected from one of the
STATCOM control functions F(x) given in Eqs. (36)–(42).

(a) Control of reactive power injection to connected bus given
by:

 

Q sh � Q spec
sh ¼ 0 ð36Þ

where Qsh is as stated in Eq. (34).

(b) Control of load bus voltage magnitude:
Vp � Vspec
p ¼ 0 ð37Þ
(c) Control of equivalent STATCOM injected voltage magnitude
Vsh � Vspec
sh ¼ 0 ð38Þ
(d) Control of STATCOM reactive impedance
Xpq � Xspec
pq ¼ 0 ð39Þ
(e) Control of leading or lagging current magnitude
The capacitive (leading current) control mode is given by:
Re Ispec
sh \ hsh þ 90�ð Þ
� �

¼ Re Vp � Vsh

� �
=Zsh

� �
) Im Ispec

sh \ hspec
sh þ 90�

� �� �
¼ Im Vp � Vsh

� �
=Zsh

� �
ð40Þ
Inductive (lagging current) control mode is represented as:
Re Ispec
sh \ hsh � 90�ð Þ
� �

¼ Re Vp � Vsh

� �
=Zsh

� �
) Im Ispec

sh \ hspec
sh � 90�

� �� �
¼ Im Vp � Vsh

� �
=Zsh

� �
ð41Þ
(f) Control of local load bus apparent power:
Spq � Sspec
pq ¼ 0 ð42Þ
The control functions of the STATCOM of Eqs. (36)–(42) are
combined to get the generalized control function denoted as:
DEðxÞ ¼ EðxÞ � EðxÞspec ð43Þ

where x ¼ hp;Vp; hsh;Vsh

� 	
.

Derivation of the STATCOM Jacobian matrix

In the formulation of the Jacobian matrix of the STATCOM, the
equations used are the active power net-zeros exchange of Eq.
(35) and the STATCOM reactive power given in Eq. (36). Adding
the partial derivatives of these two equations into the Newton’s
Jacobian matrix of Eq. (32), we obtained the generalized
multi-STATCOM Jacobian as indicated in Eq. (44).

½J� ¼
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Fig. 3. Voltage stability index FACTS scheme implementation algorithm.
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where ½J� ¼

J1 J2 J3 J4
J5 J6 J7 J8
J9 J10 J11 J12

J13 J14 J15 J16

2
664

3
775.

The unique arrangement of the multi-STATCOM Jacobian matrix
above to ensure a complete load flow program for implementation
of a power system network having more than one STATCOM inter-
connected is illustrated by the expansion of the Jacobian of (44)
into (45).

However, to consider situations where more than one STATCOM
are installed in networks, each of the J terms in Eq. (45) should be
made to vary according to the number of buses in the network. To
speed up computation and save storage space, the program was
developed to avoid computations involving zeros and the each
result stored in sparse form.
0 50 100 150 200 250 300
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Bus Number

C
om

pl
et

e 
N

et
w

or
k 

B
us

 In
de

x 
V

al
ue

← FlashPoint

Complete Network Max Index is = 0.95592
Weakest Bus is = 94

Fig. 4. Bus voltage stability index for IEEE 300 bus.
½Jexp� ¼

@P1
@h1

� � @P1
@hN�1

@P1
@V1

� � @P1
@VN�1

@P1
@hsh

@P1
@Vsh

� � � � � � � � � �
� � � � � � � � � �

@PN�1
@h1

� � @PN�1
@hN�1

@PN�1
@V1

� � @PN�1
@VN�1

@PN�1
@hsh

@PN�1
@Vsh

@Q1
@h1

� � @QN�1
@hN�1

@Q1
@V1

� � @Q1
@VN�1

@Q1
@hsh

@Q1
@hsh

� � � � � � � � � �
� � � � � � � � � �

@QN�1
@h1

� � @QN�1
@hN�1

@QN�1
@V1

� � @PN�1
@VN�1

@QN�1
@hsh

@QN�1
@Vsh

@PE
@h1

� � @PE
@hN�1

@PE
@V1

� � @PE
@VN�1

@PE
@hsh

@PE
@Vsh

@E
@h1

� � @E
@hN�1

@E
@V1

� � @E
@VN�1

@E
@hsh

@E
@Vsh

2
666666666666666666664

3
777777777777777777775
ð45Þ
0 10 20 30 40 50 60
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Bus Number

Zo
ne

 "A
" B

us
 In

de
x 

V
al

ue

←  FlashPoint

Max Index is = 0.91321
Weakest Bus is = 1

Fig. 5. Bus voltage stability index for IEEE 300 bus (Zone A).
 



60 70 80 90 100 110 120
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Bus Number

Zo
ne

 "B
" B

us
 In

de
x 

V
al

ue

← FlashPoint

Max Index is = 0.95592
Weakest Bus is is = 94

Fig. 6. Bus voltage stability index for IEEE 300 bus (Zone B).

D.O. Dike, S.M. Mahajan / Electrical Power and Energy Systems 73 (2015) 734–742 739 
With this arrangement of the Jacobian, the Newton power flow
equation in polar coordinate now becomes:
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Fig. 7. Bus voltage stability index for IEEE 300 bus (Zone C).
In the above derivation, the known quantities are:

Pp ¼ Pgen
p � Pload

p ð48Þ

Qp ¼ Q gen
p � Qload

p ð49Þ

Pcal
p ðxÞ ¼

XN

q

VpVqðGpq cosðhp � hqÞ þ Bpq sinðhp � hqÞÞ ð50Þ

Qcal
p ðxÞ ¼

XN

q

VpVqðGpq sinðhp � hqÞ � Bpq cosðhp � hqÞÞ ð51Þ

DPp ¼ Pp � Pcal
p ðxÞ ð52Þ

DQp ¼ Q p � Q cal
p ðxÞ ð53Þ

DE ¼ EðxÞ � EðxÞspec ð54Þ
DPE ¼ PEðxÞ � PEspec ð55Þ

In the matrix form, this can be written as:
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This was then checked for limits. If violated then reset the limits
and the load flow run till convergence was achieved. In running
the program, the row and column entries relating to the slack bus
were deleted since its voltage was already known.

 

Scheme implementation algorithm

The implementation process involved development of the
power system Newton–Raphson’s load flow model equations with
both the load bus voltage stability indexes. Then an associated
MATLAB based program was developed and simulated to deter-
mine the stability status of the required load bus or the transmis-
sion line. A summarized operational algorithm is shown in Fig. 3.
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Fig. 8. Bus voltage stability index for IEEE 300 bus (Zone D).
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Fig. 9. Bus voltage stability index for IEEE 300 bus (Zone E).
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A decision was made based on the computed status from index
value whether there is any bus or line within the zone of interest
that requires compensation. If there is, then appropriate shunt
device was incorporated into the N–R load flow model. The next
step involved checking for the settings of the FACTS devices. At this
point the system asks if the operator requires dynamic simulation
or a re-run of the load flow steady state simulation. The FACTS val-
ues continue thereby ensuring that the power system runs in opti-
mal conditions. The simulation stops when prompted.

Results and discussions

The bus voltage stability status obtained from the steady state
MATLAB power flow program using Newton Raphson’s approach
for the entire IEEE 300 bus system is depicted in Fig. 4.

An index of ‘1’ indicates that the bus is definitely unstable while
a value of ‘0’ indicates extreme stability. The weakest bus is
denoted as ‘‘Flashpoint’’, and it is prone to initiate system outage.
The corresponding bus number and its operating status are indi-
cated at the top of the plot.

To increase the efficiency of the computation scheme and show
the dynamism of the developed model to adequately provide wide
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Fig. 10. Bus voltage stability index for IEEE 300 bus (off Zone part of B).
area monitoring of any network size, the entire network was
grouped into five zones. Each of the zones had a span comprising
60 buses and the zones were arranged sequentially from ‘A’
through ‘E’. The results obtained are classified under normal sys-
tem, 10% overloaded with base STATCOM setting and overloaded
with increased STATCOM magnitude.

 

Normal system loading

The results obtained for the five zones under base loading are
depicted in Figs. 5–9. Provision was also made to accommodate
further zonings or special interest re-arrangement of the network.
This feature is ably captured in the result displayed in Fig. 10
where only part of zone ‘‘B’’ ranging from bus 100 to bus 120 is
shown.

As in the result for the entire network, the developed scheme
also shows the weakest load bus, its index values and gives a
‘‘FlashPoint’’ for each zone or off-zone selected. The scheme has
the capability of ensuring that the compensation is directed at
the actual weakest bus in case the operator was not able to give
the correct value. It picks up the weakest bus for the entire
network.

The data acquisition component of the program has subroutines
that automatically change the status of a bus from generator bus to
load bus and vice versa depending on the net loading value and
takes care of the double lines in the network. The buses with zero
index values are either generator buses or close to the generators.
As expected, the load buses close to the generator buses gave very
stable values.

The buses with zero indexes are those whose net generations
are greater than their current load demand, while those close to
zero are very stable. Based on the preliminary results displayed
under the current loading arrangement, the buses that required
immediate compensation and their zones are displayed in Table 1.

Based on Table 1 and the work done by the authors in
[26,27,37], only buses 1 and 94 may be compensated as their
indexes are pretty close to the stability margin which each control-
ling authority may set according to the level of system security
desired.
STATCOM with 10% increased loading

With a STATCOM placed in buses 1 and 94 respectively, and 10%
increased system loading, a new set of voltage stability indexes
were computed for the entire system as presented in Fig. 11.

The summary of the status of all the zones with the 10%
increased loading and installation of STATCOM in buses 1 and 94
are as indicated in Table 2. The indexes of buses 1 and 94 dropped
to very stable values, while bus 174 became the new weakest bus
for the entire system.

So the effect of placing STATCOM at buses 1 and 94 and
increased loading were felt by the entire system. Other zonal sta-
bility values presented subsequently further confirmed these
findings.
Table 1
Instability of IEEE 300 bus system by zone.

Focus area Bus no. Max index Bus range

Entire N/W 94 0.955920 1–300
Zone A 1 0.910210 1–60
Zone B 94 0.955920 61–120
Zone C 142 0.830630 121–180
Zone D 219 0.885360 181–240
Zone E 241 0.781660 241–300

Off-Zone ‘‘B’’ 109 0.863600 100–120
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Fig. 12. Bus voltage stability index for IEEE 300 bus with 20% increased loading.
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Fig. 13. Bus voltage stability index for IEEE 300 bus with 20% increased loading and
STATCOM on bus 191.
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Fig. 11. Bus voltage stability index for IEEE 300 bus with STATCOM and 10%
increased loading.

Table 2
Instability of IEEE 300 bus system by zone with STATCOM and 10% increased loading.

Focus area Bus no. Max. index Bus range

Entire N/W 174 0.972820 1–300
Zone A 48 0.971351 1–60
Zone B 93 0.945930 61–120
Zone C 174 0.972820 121–180
Zone D 183 0.971110 181–240
Zone E 276 0.957030 241–300
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Fig. 12 shows results obtained when the loading was increased
to 20% with the other operating conditions unchanged as com-
pared to those in Fig. 11. Such a loading produced a voltage col-
lapse situation on bus 191 with an index value of 1.05. The
situation was remedied in the simulation for Fig. 13 when
STATCOM was on added bus 191.

An optimal voltage stability limit of 0.97 was chosen based on
previous results obtained in related works [23,24] and which were
corroborated by authors in the earlier work [26,27,30]. Zones ‘B’
and ‘E’ had maximum index of 0.94593 and 0.95703 respectively.
The status indicator continues to flash that these two zones do
not need any further compensation. Further simulation performed
with STATCOM installed on buses 48, 174 and 183 of zones ‘A’, ‘C’
and ‘D’ respectively indicated a fairly improved stability levels of
not just the load buses were installed but had much more effect
on the adjoining buses and on the entire network.
Conclusion

A voltage stability-index based shunt compensation scheme
and its accompanying algorithm have been developed and applied
to rank the load buses of the IEEE 300 bus system according to their
vulnerability to outages. It was observed that by splitting the entire
network into five zones the simulation speed increased thereby
indicating the practical applicability of the developed scheme.
Results obtained agreed with similar work done previously.

The results presented in this work demonstrate the best loca-
tions and ratings for the FACTS devices. The proposed scheme
may reduce problems faced by network operators in regulating
future interconnection of FACTS devices and monitoring the per-
formances of their power grid. Apart from system monitoring, it
will also enhance proper system planning and control. The scheme
can easily be adapted to dynamic operation and also indicate the
effect of applied compensation in all parts of the network.

Further research work will be required to implement this
scheme in a parallel computer simulation system where each pro-
gram segment will be performed by different processors with a
master controller co-coordinating the overall decision making pro-
cess of the VSC. The simulation should also be performed under
diverse power system operating conditions to reaffirm its
robustness.
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