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Abstract

Recent years, a larger number of DG’s are being employed especially at the critical load ends to reduce the burden on the main feeder.
One of the benefits of employing DG that it improves the system voltage stability even with load increment. The primary focus of this
paper rests on creating a novel line voltage stability index. The line stability index approach is proposed based on Thevenin theory to
gauge the DG level impact on transmission line. Transmission issues due to the overloading of lines in high DG penetration areas during
the outage scenarios taking place earlier. The rationale for the proposed strategy will be experimented on a standard IEEE 30 bus test

system compared with other line voltage stability indexes.
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1. Introduction

Increase in power consumption can cause serious problems in
electric power systems if there are no on-going construction pro-
jects of new power plants or transmission lines. Additionally, such
increase can result in voltage regulation, current and large power
losses in the system (1, 2). Experts worldwide have regarded the
system protection as the major threat to transmission networks. To
date, with the reduced investment of power system expansion,
load growth particularly in areas with weak transmission and gen-
eration that cause unusual load patterns, the protection system
assessment has become of utmost importance and therefore, ef-
forts have been made to develop the theories to facilitate the ex-
planation and analysis (3, 4).

Transmission issues are mainly linked with the overloading of the
transmission lines, when all the DG generated cannot be delivered
as a whole due to the outage conditions noted previously. In gen-
eral, DG resources are located at a remote location and this means
that they are far from main load centers (5-11). The areas will
have restricted transmission capabilities, as they were designed
mainly to serve small loads in the area. Under such a scenario, one
of the protection issues from a system’s point of view lies in the
overloading of the transmission lines. The current planning crite-
rion is to weigh upon the DG with high capacity and to curb the
capacity or to put in other words, upgrade the constrained trans-
mission interface throughout the system impact study taking into
account the N—1 contingencies (10, 12). The system impact study
also necessitates the assessment of double (scheduled and/or
forced) contingencies close to the proposed generators to deter-
mine any operating restrictions under the outage conditions.

Many researches all over the world have labelled system protec-
tion as the main threat imposed to transmission networks. In re-
cent times, transmission issues are mainly linked with the issue of
the overloading of the transmission lines, when all the wind power

generated cannot be fully delivered due to the outage conditions
noted earlier. In general, high wind resources are located at a se-
cluded location and are far from the main load centres (13, 14).
Different control techniques have been adopted to improve the
wind power generation in wind areas that have limited transmis-
sion capability. Such a scheme can be applied only for the case
where wind farms are located at the tip of interconnection and it is
definite that all the power from wind farm is going to flow only
via the interconnected transmission line identified. The areas will
have scarce transmission capabilities, as the primary aim is to
serve small loads in the area. The intense penetration of wind
power has turned those areas into large generation areas. Admin-
istering such large generations in a weak network with changing
generation patterns has contributed to a real operational issue,
especially in prior outage scenarios. The cost of spilling of wind
energy is weighed against the cost of grid reinforcement that is
integrated in the system economically. This brings us to the devel-
opment of distributed generator (DG) with fault ride through ca-
pability either via the control modification and full converter de-
sign or through external dynamic reactive support for the squirrel
cage machines (6-10) As it is, we cannot run from the limitations
in traditional security assessment tools and methods to cater for
such characteristics which are specific to wind power.

Distribution systems are operating mostly without installed gener-
ation units and radial in nature. The amount and location of power
supplied from DG units into the distribution network can deter-
mine its operation and they can either lower or add to the system’s
stability and efficiency. Huge power provided from the DG units
can reverse the direction of the power flow. As an instance, the
non-optimal location of the DG may induce excess amount of
power in the system and this can explain the undesired voltage
profiles and an increase in power losses. Therefore, suitable rating
and position of the DG units are very critical in ascertaining the
system performance (15, 16).
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That said, the use of distributed generators has changed the char-
acteristics of network. The conventional distribution system has
been designed for a unidirectional power flow; however with the
existence of DG; the possibility is that the power flows in both
directions. Despites being advantageous, DG could potentially
create problem as it alters the technical characteristics of the net-
works and brings system operation closer to the security limits
(17-19). Thus, advanced analysis tools and techniques must be
adopted to study the impact of DG accurately.

The main motivation for our current work is derived transmission
line stability index through the interaction with the utility. To
address the issue of transmission lines overloading in distrusted
generator for regulating the generation, increase load and line
contingency to check the Maximum line stability index (MLSI)
reliability for efficient manner compared with other index. Then,
(MLSI) and the continuation power flow are combined to deter-
mine the most sensitive load buses to voltage collapse. Lastly, a
simulation is conducted on the IEEE 30-bus distribution network
with MATLAB to validate the effectiveness of the proposed
method. The simulation results indicate that the technique is feasi-
ble for practical implementation.

2. Background

There has been an increase in the installation of DG units; there-
fore, it is very important to look into the impacts towards power
system when it comes to the stability, security and reliability.
These system parameters are very much affected by DG’s size and
location hence it is vital to properly select optimal the DG location
and size. (10), suggest that the allocation of DG at unsuitable loca-
tion and beyond particular capacity can have a reverse impact on
losses. In several other cases, DGs are located within or close to
substation because of accessibility.

2.1 Distributed Generation and Its Impact

Recently, the power industry sector have experience some re-
markable changes on its electrical power system due to the incre-
mental implementation of the distributed generation (DG). Alt-
hough the DG technology was introduced decades ago, it is gain-
ing popularity due to higher demands, more modern technology,
better network reliability, economics and environmental concerns.
There is a sum of DG technology prevalent in the market today.
Distributed generators can use either the renewable or non-
renewable energy resources (20-22). The non-renewable DG
technologies can be the diesel engine, micro-turbines and fuel
cells; while renewable DG technologies include photovoltaic,
wind turbines and biomass. DG with renewable technology offers
a great opportunity for human exploitation, however often the
abundant renewable resources only exist at inaccessible locations
thus limits its feasibility as opposed to the non-renewable based
DG.

The modern power system is challenged with increasing load de-
mands from the industrial, commercial and residential sectors. The
diversity of the load on a system increases as the number of new
users increased. Uncertainty and variations in the load demand
from different sectors pose additional challenges to be faced by
power systems. For heavily loaded system, voltage instability may
occur due to lack of power reserves, subsequently, causes the sys-
tem to lose to maintain the required voltage level. (23).

At present, the number of disruptions occurring in the power in-
dustry sector has increase, possibly due to congestions in trans-
mission and distribution systems. The continuous increase in load
demand causes the power system to work closely to the system’s
critical point (24, 25).. To ensure that consumers get constant
supplies, some preventive measures have been in the agenda, like
improvements in the controlling mechanisms and technology,
regular equipment inspection, proper system maintenance and
execution of penalties. Nevertheless, it is still common for the
disturbances to occur occasionally in the system especially during

peak hours when the power demand is very high. Thus, many
organizations need to think for the long sustainable solution with
sound flexibility and practicability features. One of the strategies
recommended is to generate electricity near to the users’ zones.
This concept has exuded some appeal in the use of distributed
generation technologies as the main choice in the production of
electricity in future. Additionally, because of the congestion in the
transmission system, the number of occurring disruptions also
shows an increase; under these ailing circumstances the scenario
might get even graver and further affect the network stability and
security. The installation of distributed generation will offer sup-
port to the electrical system before, during and after disruptions.
Many studies and investigations have illustrated that distributed
generation enhances the stability of electric power systems (26-
28). Other alternatives like the capacitor placement and feeder
reconfiguration can also be instrumental in optimizing the power
system, but DG has the tendency to be more economical and it
gives additional benefits when compared to some of these alterna-
tives (29).

2.2 Power System Voltage Stability

A power system enters a state of voltage instability when a dis-
turbance results in a progressive and uncontrollable voltage de-
cline. Often the primary causes of this problem are sudden load
increase, outages of major generator, outages of transmission line,
or a combination of multiple events. The voltage instability inci-
dents have increased widespread with serious power interruptions
causing substantial amount of losses and disgrace society approval
at large. Voltage stability is defined as the ability of a power sys-
tem to maintain acceptable voltages at all buses both under normal
operating conditions and after being subject to contingency condi-
tions (30-33).

Voltage stability is also the stability of load. Voltage instability is
often associated with an increase in load. When there is an in-
crease in the load power demand, the voltage control mechanism
in the power system will try to restore the voltage level to normal
while meeting the increased load demand. The load restoration
continues until further stresses and overloads power system result-
ing in voltage instability. Voltage collapse often occurs during the
final stage of voltage instability when very low bus voltages lead
to a partial or total blackout in the system (32).

In electrical, two most common methods been employed for ana-
lyzing voltage instability can be distinguished into two categories
i.e static and dynamic analysis (24). The objective of the static
approach is to determine the system proximity to voltage collapse
using either conventional or modified power flow. On the other
hand, dynamic analysis is a time domain simulation approach
which provides information on mechanisms leading to voltage
instability. The dynamic analysis does not provide information
regarding the sensitivity or stability margin of a system to collapse
point.

Static analysis which also referred to as load-flow or steady-state
analysis reveals equilibrium points of a system under study. In
static analysis, assessment of power system stability is done using
scalar magnitudes, or index. Stability index is a mathematical
formulation for estimating the current status of power system and
distance to instability, thus development of voltage stability indi-
ces is a major concern (34, 35).

On the other hand, the dynamic analysis involves extensive mod-
eling of power system elements through algebra and differential
equations approach. The system differential equations are then
solved in time domain using various numerical integration meth-
ods such as Euler and Range-Kutta methods (31). For a large-scale
power system, the dynamic simulation is a time consuming pro-
cess and relies heavily on computer capacity or performance.
Generally, this type of analysis is useful to gain insight into volt-
age collapse mechanisms and also for coordination of protection
and control equipment.
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Voltage stability study often requires examination of a wide range
of system conditions with various contingency scenarios. Study of
stability from static approach becomes attractive as it allows the
problems to be examined as a parametric load flow problems that
involves much simple computation and shorter time. The method
provides a practical and effective solution for many voltage stabil-
ity problems. A number of static analysis approaches have been
initiated by researchers to analyze and to restrict voltage collapse
phenomenon for a better power system operation. The various
efforts can generally be categorized into a few common schemes
such as sensitivity analysis, modal analysis and index based analy-
sis.

voltage stability indices particularly could be subdivided into two
parts, which are Jacobian matrix based voltage stability indices
and system variables based voltage stability indices. The differ-
ences between Jacobian matrix based voltage stability indices and
system variables based voltage stability indices is provided in
Table 1.

Table 1. Differentiation between Jacobian matrix based voltage stability
indices and system variables based voltage stability indices

Jacobian matrix based System variables based voltage
voltage stability indices stability indices

Require more amount of Require less amount of compu-
computing time ting time

Suitable for offline monitor- Suitable for online monitoring
ing purpose purpose

Discover voltage stability Discover weak buses and lines
margin

(Proximity towards voltage (Mechanism of voltage instabil-
collapse) ity)

3. Line Voltage Stability Indices

There are a number of voltage stability indices that can assess the
degree of voltage stability and measure the severity of the voltage
stability problem. These indices are used to determine the close-
ness of an operating point to the critical point (36). In voltage
stability analysis it is useful to know a given particular operating
point of the power system, how far this operating point is to volt-
age instability. This enables the operators to anticipate and take
precautionary measures to avoid any pending voltage instability.
Several voltage stability indices derived from static power flow
analysis were proposed for utility power systems. The values of
the indices were calculated for each distribution line based on load
flow results. The line with the largest value was taken as the
weakest line in a system and received special attention to maintain
voltage stability. A voltage stability index (LQP) that neglected
line resistance was proposed by Kumar & Raju (37).

e o \
= 4] 2| Zps = 1
A fast voltage stability index (FVSI) was derived by Musirin &
Rahman (38). The fast index neglected the angle difference be-
tween the voltages at both ends of a line. A voltage index was
represented by the power injected by the load on a local bus and
the power injected from the other buses in a system in Verbic &
Gubina (39). The value of FVSI that is evaluated close to 1.00
indicates that the particular line is closed to its instability point
which may lead to voltage collapse in the entire system. To main-
tain a secure condition the value of FVSI should be maintained
well less than 1.00.

47: .
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Moghavvemi & Omar (40) proposed Line Stability Index (Lmn)
method for calculating voltage stability factor based on a concept

of power flow through a single line. Adopting the technique of
reducing a power system network into a single line, the voltage
stability factors Lmn is derived and used to examine system stabil-
ity. If Lmn exceeds the value 1.00, the system will lose its stability
under any contingency. In Moghavvemi & Omar (40) an intercon-
nected system is reduced to a single-line network and the applied
to assess the overall system stability. Utilizing the same concept
but using it for each line of the network, a stability criterion is
developed.
4x@, 3)
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4. The Proposed Index

This section introduce a brief overview of index-based analysis for
an assessment of power system condition and also it defines a new
line voltage stability index to evaluate the global system voltage
stability. The derivation of the proposed index begins by simplify-
ing a large power network and starting on some discussions con-
cerning the principal of voltage stability.

The load-flow analysis involves in calculation power flows
through transmission line at specific bus load conditions. Each
bus is associated with four quantities: voltage magnitude and an-
gle (V, 0), reactive power Q, and active power P. The node equa-
tions used to represent the relationships between network flow
currents and bus voltages using the based on Kirchoff Current
Law (KCL). The network equations, in terms of network admit-
tance matrix, are given by Equation 4:

I=VpuoV (4)
Where

Ybus is the network bus admittance matrix

V is the node voltage vector

For bus k, the node injection current is the sum of all admittances
connected to bus Kk, which is written as:

N
I, = Z VinVo; kon=12..N ®)
n=1

At bus k, the link between real and reactive power supplied and
the current injected into the system at that bus is given as:

S, =WV I, =P, +jQ, (6)

And the current is

P.+j

f;i _ Tk @ @
Vk

Where

V is the voltage at specific bus k
Q is reactive power at specific bus k; P is real power at specific
bus k

Extending the power Equation (6) to n-bus system produc-

€es:
n

Py Qi = sz Y

=1
The foreground representation of the network and load as
viewed from the load bus is shown in Figure 1.
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Figure 1.Representation of reduced local network viewed from load bus j

If we look at Figure 1 after the network transformation, the power
flow equation at load bus j in the local network can be written as
follows:

v [x]vl =57 ®

where
5; is the apparent load power

"i.-'i is the voltage magnitude at the load bus
The network Ej equivalent voltage obtained can be determines by:

i Yix Vi

' Y

)

Substituting Eq. (8) into Eq. (9) will give the load flow equation
of the reduced network:

Vi (E —V,)Y; =S5/ (10)

The phenomenon of line voltage collapse has an association with
operation at a limit where the maximum power is to be transmit-
ted. A simplified theory of voltage stability of a two-bus system
can be derived from the optimal impedance solution. We assume
that a load impedance Z££@ is fed source Vs as constant voltage,
with internal impedance Z £ as in Figure 2.

Vi v

Vs Zr=f Vi

Figure 2. Simple two bus system

The assumption to be made is that constant power factor for the
modelled load as where the magnitude of the load impedance may

be varied- Z varies while its angle.£@ constant. Voltage at the
terminal of the load decreases in proportion to the current. As the
load increases, current | that circulates in the system increases
leading to the voltage drop. The absorbed maximum power from

the source depends on equivalent impedance between load and
source. The active power transmitted to the load is expressed be-
low (41):

V.
[ = : (11)

y (Zrcosp + Zp cos 0)F + (Zrsing + Z;sind)*

The short circuit current Icc at the terminal of the load equals:

Vg

—— (12)
Iee 7

Through several mathematical manipulations, the current | expres-
sion can be rewritten as follows:

= Icc
T ; (13)
Ly 2Z
; =L ==L
\J|L-|— (Z--) + 7 cos(p — @)
Accordingly the load voltage V. can be calculated as:
Vi=2.1
— | ZI.[:'.:'. (14)
l1+ {—L} +—'-cuslﬂ )
"1.
T
hus the active power at load PLis:
P, =V, Icos0
Z
_ _ Llce cos@
Zive 22
|:l+ (ZT) + Z-T- CDS(B EIJ:I (15)
(Vs)=/Zs Zy,

= —cns@

[1 — (gq]:) 22]‘ cos(p — E‘]]

The plots of current, voltage and active power curves as a function
of load demand variation for case tan § =10and tan ¢ =0.1, shown
in Figure 3.In this plot, the parameter values are normalized to
enable the results to be applicable to any value of load demand Z..
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Figure 3. Electrical characteristics of a two bus system.

Figure 3 shows, the load active power PL calculated from (15)
increases when Z.>Zr. The maximum power transferred to the
load is obtained when O0P./0Zi= 0 which also corresponds to
Z./Z1=1. Beyond this maximum point, the voltage at load terminal
VL decreases below the satisfactory operational limit. The corre-
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sponding point is known as the critical loading point of the local
load bus.

In DC circuits theorem, the states of MPT is that load resistance is
equal to the internal source resistance to reach the maximum pow-
er is transferred. Analogous to AC circuit condition, the maximum
power transfer condition can be achieved when the load imped-
ance Z. is a conjugate of source impedance or the venin imped-
ance Zth (42, 43) as shown in Figure 2. The magnitudes of the
source and load are equal for both resistance and reactance alt-
hough the reactance carries an opposite sign. The focus of this
work rests in the application of the MPT theorem on AC circuit.
Both resistance and reactance are taken into account in the imped-
ance calculation. The source impedance Zs can be written as:

Zr =Ry +jX; (16)

The interest is to look for the value of load resistance R. and load
reactance XL such that the amount of active power that can be

delivered to the load. The active transfer power P, at the load can
be written as follows:

V¥ sind

T Tk

d

()

Form Figure 1, the interest in power flow calculation is to know
the maximum transferable active power Pmax from the source to
the load. As established from the theorem, the maximum load
active power is achieved when the load impedance is equal to the

complex conjugate of source impedance i.e. R;__ = Rs and

X; = —X ;. Therefore, the maximum real power absorbed by
the load Prmax can be expressed as:

P‘!’ﬂ;cx = Fll_i'l:ﬁl * 1"}] (18)

The formulation of the proposed voltage stability index called
maximum power stability index (MLSI) starts with the transfor-
mation of a multiple-node network into a two-node equivalent as
shown in Figure 1. In reference to the theory of voltage stability,
Chebbo (44) pointed out that there is a maximum limit of power
transferable by the network. The condition speaks for a critical
loading point that must be avoided to preserve the stability. At
critical loading point the amount of load active power PL and
maximum load active power PLmax has come to the same level.
As such, this critical condition is used to define the collapse crite-
rion of the stability index established as

P;
— =1 (19)

P’THLEI

Insert Eq.(9) into Pumax from Eq.(18) and replacing it and Pt from
Eq.(17) and into (19) resulting in the final expression of the pro-
posed index:

¥ sind
MLST = (20)
Xl'l' * EE:]_ k=j Fic_i' VF;

The MLSI index value offers some information on the power sys-
tem voltage stability. As voltage instability normally begins from
local areas, different load buses may have a variety of index val-
ues. A weak bus with a high index value is deemed the most sus-
ceptible to voltage collapse. Consistent with other VSI indices,
two distinct conditions carried by the index suggest that the evalu-
ated load bus:

1. Isunstable when MPSI value is close to 1.

2. Isstable when MPSI value is close to 0.

5. Results And Discussion

The IEEE 30-bus test systems have been used for evaluating the
performance and accuracy of all voltage stability indices. The
IEEE 30-bus system as shown in Figure 4, consist of 6 generator
bus, 24 loads bus and 41 transmission lines (45). For simulations,
the indices are used to study the test systems stability for different
disturbances, load increase and line disconnections. Line contin-
gencies of the systems are studied to show that the indices are
useful for line contingency ranking. Some additional aspects of
firefly algorithm to optimize for load shading and DG reschedul-
ing are identified. Transmission line overloading analysis was
adopted to identify the most critical line have been selected dis-
trusted system. All the results are produced with the help of a
program developed in the Matlab software.

“\
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Figure 4. IEEE 30-bus system

Generally, all the implemented tests have 25 levels or stages of
load increase and each stage of increment represents 0.1 multi-
plied by the base case load of the selected load bus. The increment
begins from the base case load of a certain load bus and then
gradually increases until reach to the maximum loadability of that
load bus. For the IEEE 30-bus system, bus number 24 was chosen
as an example to show the effect of the load change contingency
on that bus.

5.1 Load change contingency

In this test, load change contingency was implemented on the load
buses of the IEEE 30-bus System. The loadability of the system
was investigated when considering the three different loading
cases. For static approach, the voltage stability indices are good
indicators for ranking the critical lines and buses. All indices are
calculated under the increase of load is continued until the load
flow is diverged. In the first case, single bus active power and
reactive power changes for each load level at bus 24 and running
continuation power flow to get the corresponding voltages of the
buses. The load at bus 24 has increased slowly varied from its
base value (P24 & Q24) by steps at 2.5%(P2s & Q24). Tests were
conducted by gradually increasing the active power and reactive
power loading at selected bus and the indices values for lines con-
nected to that bus were increased and have highest values com-
pared to other lines to indicate that it is the most critical one.

From Figure 5 (a,b,c and d) , it is observed that the indices values
at the lines connected to bus 24 were increasing accordingly as the
active and reactive power loading at bus 24 were gradually in-
creased. It can be seen that at the maximum active and reactive
power loading, the indices values for lines 31, 32 and 33 reach
their maximum values. At this point, line 31 gives the highest
value for all indices. Thus, this line is close to its voltage stability
limit and any further increase in active and reactive power loading
at bus 24 would cause the MLSI value at line 31 to exceed unity



160

International Journal of Engineering & Technology

since this line is connected directly to bus 24. This implies that
MLSI is the most sensitive index among the proposed indices and
line 31 has reached its unstable condition, which may lead to volt-
age collapse to the entire system. Bus 24 is expected to operate at
the loading condition less than this point so that secure operation
could be maintained. The trend of indices values at each line con-
nected to bus 24 when active and reactive power loading at this
bus was increased has been illustrated in Figure 5(¢) that indices
values were increased accordingly to the loading increment. It is
also observed that line 31 has the highest value for all indices and
then can be considered as the most sensitive line.

In Figure 5, the indices values on line 31 were tabulated to com-
pare all indices for the same line. It is clear that MLSI has the
highest value among other indices. Also, it is observed that FVSI
value was the highest one after MLSI, and then LQP was coming
in the sequence.

mMLSI mFVSI mLQP

- 21

7 11 13 15 17 23 2
Load Increment

Figure 5. Effect of increasing (P2s & Q,4) at Bus 24 to MLSI, FVSI
andLQP evaluated for Line 31.
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In the second case, single bus active power change for each load
level at bus 24 and running continuation power flow to get the
corresponding voltages of the buses. The load at bus 24 has in-
creased slowly varied from its base value (P2s) by steps at
2.5*(P24). Tests were conducted by gradually increasing the active
power loading at selected bus and the indices values for lines con-
nected to this bus were increased and have highest values com-
pared to others lines to indicate that it is the most critical one.
From the Figure 6 (a,b,c and d), it is observed that the indices
values at the lines connected to bus 24 were increasing according-
ly as the active power loading at bus 24 were gradually increased.
It can be seen that at the maximum active power loading, the indi-
ces values for lines 31, 32 and 33 reach their maximum values. At
this point, line 31 gives the highest value for all indices. Thus, this
line is close to its voltage stability limit and any further increase in
active power loading at bus 24 would cause the MLSI value at line
31 to exceed unity since this line is connected directly to bus 24.
This implies that MLSI is the most sensitive index among the
proposed indices and line 31 has reached its unstable condition,
which may lead to voltage collapse to the entire system. Bus 24 is
expected to operate at the loading condition less than this point so
that secure operation could be maintained. The trend of indices
values at each line connected to bus 24 when active power loading
at this bus was increased has been illustrated in Figure 6(e) that
indices values are increased accordingly to the loading increment.
It is also observed that line 31 has the highest value for all indices
and then can be considered as the most sensitive line.

In Figure 6, the indices values on line 31 are tabulated to compare
all indices at the same line. From that table it is clear that MLSI
has the highest value among other indices. Also, it is observed that
LQP has a highest after MLSI, and then FVSI was coming in the
sequence.

ENMLSI ®EFVSI LQP

7 9 11 13 15 17 19 21 23 25

—
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o
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<
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<
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o
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Figure 6. Effect of increasing (P24) at Bus 24 to MLSI, FVSI and LQP
evaluated for Line 31.

In the third case, single bus reactive power change for each load
level at bus 24 and running continuation power flow to get the
corresponding voltages of the buses. The load at bus 24 is in-
creased slowly varied from its base value (Q2s) by steps at
2.5*(Q24). Tests were conducted by gradually increasing the reac-
tive power loading at selected bus and the indices values for lines
connected to this bus were increased and have highest values
compared to others lines to indicate that it is the most critical one.
From the Figure 7 (a,b,c and d), it is observed that the indices
values at the lines connected to bus 24 were increasing according-
ly as the reactive power loading at bus 24 were gradually in-
creased. It can be seen that at the maximum reactive power load-
ing, the indices values for lines 31, 32 and 33 reach their maxi-
mum values. At this point, line 31 gives the highest value for all
indices. Thus, this line is close to its voltage stability limit and any
further increase in reactive power loading at bus 24 would cause
the MLSI value at line 31 to exceed unity. This implies that MLSI
is the most sensitive index among the proposed indices and line 31
has reached its unstable condition, which may lead to voltage
collapse to the entire system. Bus 24 is expected to operate at the
loading condition less than this point so that secure operation
could be maintained. The trend of indices values at each line con-
nected to bus 24 when reactive power loading at that bus was in-
creased has been illustrated in Figure 7(e) that indices values were
increased accordingly with respect to the loading increment. It is
also observed that line 31 has the highest value for all indices and
then can be considered as the most sensitive line.

In Figure 7, the indices values on line 31 were tabulated to com-
pare all indices at the same line. From that table it is clear that
MLSI has the highest value among other indices. Also, it is ob-
served that FVSI has a highest after MLSI, and then LQP was
coming in the sequence.
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Figure 7. Effect of increasing (Q.4) at Bus 24 to MLSI, FVSI and LQP
evaluated for Line 31.

5.2 Line Contingency

Line contingency was implemented on two lines connected to the
bus 24 in the IEEE 30-bus System. These two lines are line 31,
which connecting between bus 24 and bus 22, and line 32, which
connecting between bus 24 and bus23. The loadability of the sys-
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tem was investigated when considering the loading cases. In the
first case, line contingency was implemented on line 31, which
means disconnecting line 31, and then single bus active power and
reactive power changes for each load level at bus 24 and running
continuation power flow to get the corresponding voltages of the
buses. The load at bus 24 has increased slowly varied from its
base value (P22 & Q2s) to the level of voltage collapse at 2.5%(P24
& Qq24). Tests were conducted by gradually increasing the active
power and reactive power loading at selected bus and the indices
values for the remaining lines connected to that bus which in-
creased and had highest values when compared to others lines.
That indicates the remaining lines showed the most critical situa-
tion.

From the Figure 8 (a,b,c and d), it is observed that the indices
values at the remaining lines connected to bus 24 which increased
accordingly as the active power and reactive power loading were
gradually increased. It can be noticed, at the maximum active
power and reactive power loading, the indices values for lines 32
and line 33 reached their maximum values. At this point, line 32
gives the highest value for all indices. Thus, this line is close to its
voltage stability limit and any further increase in power loading at
bus 24 would cause the MLSI value at line 32 to exceed unity.
This implies that MLSI is the most sensitive index among the
proposed indices and line 32 has reached its unstable condition,
which may lead to voltage collapse to the entire system. The trend
of indices values at lines 32 and line 33 connected to bus 24 was
illustrated in Figure 8(e) that indices values were increased ac-
cordingly to the loading increment. It is also observed that line32
has the highest value for all indices and then it can be considered
as the most sensitive line.

In Figure 8, the indices values of line 32 were tabulated to com-
pare all indices at the same line. From that table it is clear that
MLSI has the highest value among other indices. Also, it is ob-
served that FVSI value was the highest one after MLSI, and then
LQP was coming in the sequence.
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Figure 8. Line Contingency Effect of Line 31 to MLSI, FVSI and LQP
evaluated for Line 32.

In the second case, line contingency was implemented on line 32,
which means disconnecting line 32, then single bus active power
and reactive power change for each load level at bus 24 and run-
ning continuation power flow to get the corresponding voltages of
the buses. The load at bus 24 was increased slowly varied from its
base value (P24 & Q2a) by steps at 2.5%(P2a & Q24). Tests were
conducted by gradually increasing the active power and reactive
power loading at selected bus and the indices values for the re-
maining lines connected to that bus were increased and have high-
est values compared to others lines to indicate that it is the most
critical one.

From Figure 9 (a,b,c and d), it is observed that the indices values
at the remaining lines connected to bus 24 were increasing accord-
ingly as the active power and reactive power loading at bus 24
were gradually increased. It can be seen that at the maximum ac-
tive power and reactive power loading, the indices values for
lines31 and line33 reach their maximum values. At this point, line

31 gives the highest value for all indices. Thus, this line is close to
its voltage stability limit and any further increase in power loading
at bus 24 would cause the MLSI value at line 31 to exceed unity.
This implies that MLSI is the most sensitive index among the
proposed indices and line 31 has reached its unstable condition,
which may lead to voltage collapse to the entire system. The trend
of indices values at lines 31 and line 33 connected to bus 24 when
active power and reactive power loading at that bus were in-
creased is illustrated in Figure 9(e) that indices values were in-
creased accordingly to the loading increment. It is also observed
that line 31 has the highest value for all indices and then can be
indicated as the most sensitive line.
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Figure 9(a). Line Contingency Effect of Line 32 to MLSI evaluated for
Lines 31 and 33.
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Figure 9(b). Line Contingency Effect of Line 32 to FVSI evaluated for
Lines 31 and 33.
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Figure 9(c). Line Contingency Effect of Line 32 to LQP evaluated for
Lines 31 and 33.
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In Figure 9, the indices values on line 31 were tabulated to com-
pare all indices at the same line. From that table it is clear that
MLSI has the highest value among other indices. Also, it is ob-
served that LQP has a highest after MLSI, and then LVSI and

FVSI were coming in the sequence, respectively. All these indices

values for line 31 are illustrated in Figure 4.12.
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Figure 9. Line Contingency Effect of Line 32 to MLSI, FVSI and LQP
evaluated for Line 31.

6. Conclusion

In this study, the improved line voltage stability is introduced as

proposed MLSI index. Maximum line stability index is a fast and

reliable tool to analyze the state of voltage stability in power sys-
tem. The index is used to identify critical line that determine the

maximum power transfer in the system. The critical lines which
represent optimum DG level are identified. The impact of load
level is evaluated based on the function which minimizes the total
active power loss. The simulation results indicated that the overall
impact of the DG units on line voltage stability is achieved.
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