
 

 

Abstract — Ever growing voltage stability 
concerns as well as the lack of accurate, reliable 
and timely security level evaluation methods force 
system operators to decrease loading levels.  
Typically operational loading level has a minimum 
stability margin to voltage collapse point so as to 
prevent and minimise the risk of voltage instability 
occurrence. This leads to underutilising the 
existing assets such as transmission lines, 
generators and transformers .In this sense many 
researches has been conducted in purpose of 
developing fast accurate methods for dynamic 
voltage security assessments. Most of which have 
found time-domain simulations unpractical for 
online applications. This paper discusses dynamic 
voltage security assessment using different 
methods such as P-V and Q-V curves, modal 
analysis and Thevenin Impedance. Simulations 
have been done on two IEEE test networks (11 bus 
and 145 bus) using VSAT module of DSATool 
software. Using output results for each network, 
some variables have been proposed to be 
monitored online and used as voltage insecurity 
indicators. 
 

Index Terms — DSATool software, Dynamic 
voltage security assessment, Stability margin, 
Voltage collapse point, Voltage stability.  
 

1. INTRODUCTION  

owadays power systems are predominantly 
operating under stress, meaning they are 

being operated close to their planned limits.  
Several factors contribute to this increase in 

power transfer such as decoupling of electrical 
power industry which would force network 
operators to raise the utilization of their 
equipment [1]; this is inevitable due to the 
competitive environment. Another reason is the 
global trend toward decreasing carbon footprints 
by gradually decreasing the dependency on fossil 
fuels which leads to more distributed generators 
connecting to the network, causing further stress 
on power systems. 

A desire to increase opportunities for trading in 
electricity has led to power systems becoming 
more interlinked via tie lines to neighbouring 
networks. This increased meshing has caused 
them to become more prone to stability issues; 
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the different types of power system stability are: 
voltage stability, small signal stability, frequency 
stability and transient stability.  

In light of these changes it has become 
increasingly important to develop new tools that 
will allow power system operators greater 
awareness of how far the system is from its 
stability limits. This is mainly due to two reasons 
first to avoid system failure and blackouts and 
second to utilize the system more economically 
by operating closer to limits with an acceptable 
safety margin [2].  

The voltage stability problem is dynamic in 
nature; it can either be modelled by differential 
equations (continuous dynamics) or with 
difference equations (discrete dynamics) that can 
be viewed as static equations related to 
snapshots of the system in different time 
framesError! Reference source not found.. The 
latter is the method used in this paper, in which 
the VSAT module of the DSATool software is 
used to perform simulations and extensive 
voltage security assessments of the IEEE 11 and 
145 bus networks. Furthermore, output results of 
different methods (P-V, Q-V curves and modal 
analysis) regarding voltage security status of the 
system were compared and analyzed. 
Furthermore, some measurable indicator 
variables, which were proved to correctly reflect 
voltage security status, were introduced for each 
specific network. These variables could help 
facilitate the design of fast early-warning systems 
based on real time data, specifically in the case 
were comprehensive steady state calculations for 
different time frames is not an option due to time 
limitations (Fig. 1). 

 

2. THE IMPORTANCE OF VOLTAGE STABILITY 

Likelihood of voltage stability problems is 
progressively increasing. The construction of new 
generation assets would be a powerful tool for 
overcoming voltage stability issues. However, 
building new power plants near load areas is 
subject to many environmental and economic 
considerations. Furthermore, the construction of 
long transmission lines to remotely-cited 
generators is problematic [3], as the losses 
incurred when transmitting reactive power over 
long distances would further increase the reactive 
power demand. Due to strong coupling between 
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reactive power and voltage level, this increase in 
reactive power demand would then push the 
system closer to voltage instability. Another 
reason is excessive use of shunt capacitor banks. 
While extending transfer limits and improving long 
term voltage stability, shunt capacitors can result 
in networks becoming more prone to voltage 
collapse [3]. This is because the reactive power 
generated by shunt capacitor banks is dictated by 
the square of their supply voltage. Therefore, 
their contribution to system voltage stability will 
be significantly reduced during voltage dips, a 
condition in which more support would be 
desirable, so excessive dependence on shunt 
capacitors may leave a system vulnerable to 
short term voltage instability [4]. The lack of an 
ideal plant based solution for ensuring voltage 
suitability means that there is a growing need for 
systems or methods capable of calculating the 
voltage security level for each system condition 
when it is subjected to a set of viable 
contingencies. These methods should be reliable 
and generate accurate outputs that can consider 
different voltage collapse scenarios.  
 

 
 
Fig. 1. Dynamic voltage security assessment flow chart 

3. MAXIMUM POWER TRANSFER 

In order to make calculations simpler, we 
assume that R=0 (which is acceptable since 
R<<X).The  voltage source is assumed to be 
ideal with zero angle (E).And the receiving end 
voltage is V with angle of θ. Based on Fig. 2 we 
have[5]:  

 

Fig. 2. Single line representation 

 
 

 

IjXEV   (1) 
 

)sincos( 2
**

*

VjEVEV
X

j

jX

VE
V

IVjQPS









 (2) 

 





cos

sin

2

X

EV

X

V
Q

X

EV
P




                               (3) 

 
Equation (3) is the power flow equation for a 

single load infinite bus system, by eliminating θ 
from (3) we will have: 
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By solving (4) separately for P, Q and V the 

three dimensional surface of PQV can be plotted 
[6]. For (4) to have answer for voltage we should 
have: 
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Simplifying (5) gives: 
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3.1 Active power and voltage relationships: 

Under condition where power flow solution 
exists ((5) holds), the two solutions of (4) would 
be as follows: 
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By assuming constant power factor (constant 
tan(θ) ), (7) becomes: 
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  The solutions of (8) are depicted in Fig. 3.  
    

 
 

Fig. 3. P-V curves for a system with E=1 p.u. and a power 
factor varying from -0.447 to 0.447, for the left group of curves 
x=0.1pu, for the right group of curves x=0.05 p.u., the upper 
curves correspond with lower power factors. 



 

 
These are the P-V nose curves that are widely 

used for determining the voltage stability margin 
in power systems. The blue and red curves in Fig. 
3 correspond to the positive and negative signs in 
(8), respectively. 
 

3.2 Thevenin impedance approach for voltage 
stability using online data: 

By substituting Thevenin impedance seen from 
load bus with R and X in single load infinite bus 
network (Fig. 2), same method of voltage stability 
analysis can be applied to all systems. Another 
approach is to compare Thevenin impedance 
seen from load bus with load impedance. In that 
case, network is voltage stable when Thevenin 
impedance is bigger than the load [7][8]. 
Calculating Thevenin impedance can be done 
online using data gained from PMUs (voltage and 
current phasors)[7][8][9].The method suggested 
in [8] calculates Thevenin impedance and 
Thevenin voltage of the network from load bus 
utilizing Z matric of the network and load 
impedance(ZL) which can be obtained online 
from SCADA and state estimator. Although these 
methods promise to substantially decrease the 
computational effort and simplify the whole 
voltage stability analysis, but they all have 
fundamental short comings when it comes to 
none load buses and meshed networks since the 
impedance based method are only applicable to 
radial networks and load buses. Hence there is a 
growing need for a fast general method capable 
of assessing voltage security of the network for 
online applications. 

3.3 Voltage stability margin 

The voltage stability margin is one of the most 
commonly used criteria for evaluating the voltage 
stability of a power system. The voltage stability 
margin is the difference between the existing 
active power transfer and the maximum active 
power that can be transferred (the value of P at 
the nose of the P-V curve) [4] (Fig.  3). In voltage 
stability analysis, voltage stability margin can be 
defined to be more than P(VSM)	value for both 
pre and post contingency conditions (9).  
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Reducing the power factor (tan θ	 < 0) would 

increase the voltage stability margin. This 
reduction in the power factor can be achieved by 
adding reactive power compensation, such as: 
shunt capacitors, series capacitors and SVCs. 

If the Zeq of the network, as seen from the load 
bus, is equal to the impedance of a load with 
constant power factor, then the conventional 
steady state maximum power transfer would be 
[5]:                                 
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Substituting (10) into (9) gives the following 
expression: 
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3.4 Disadvantage of P-V curves method 

P-V curves are usually used to analyze long 
term voltage stability and are based on offline 
power flow simulations for several possible 
system conditions when subjected to different 
contingencies. These simulations are used to 
create a series of snapshots of the system that 
represent it for different moments in time 
following an outage or during load build-up. This 
method can be used to determine the steady-
state loading limits imposed on the system by 
voltage stability [3]. The disadvantage of this 
method is that it is time consuming and power 
flow simulations tend to diverge when the system 
is operating close to the nose point (this can be 
addressed by using the power flow continuation 
method [9]) A further disadvantage of the 
conventional power flow method for determining 
voltage stability margins is that it is incapable of 
reflecting the dynamic behaviour of the different 
equipment in the network, such as: generators, 
over excitement relays (OXL), SVCs, induction 
motors and on load tap changers during short 
term events (transient voltage instabilities). 

 

3.5 Reactive power and voltage relationship  

Q-V curves show the relationship between the 
reactive power injected at a given bus and the 
voltage of the same bus. The equation for Q-V 
curves is given in (12).  Q-V curves are usually 
plotted for fixed active power. The reactive power 
at a load bus with fixed P can be calculated using 
(4) and examples of its variation with voltage, 
network impedance and power factor are shown 
in Fig.  4: 
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Fig. 4. Q-V curves for (P=0, 2, 4, 6,8pu) with E=1pu, for red 
curves X0.05pu, for blue curves X=0.1pu, P3=8pu, P2=6pu, 
P1=4pu. 



 

 
These curves can be used to calculate the 

reactive power margin by determining the 
minimum amount of reactive load increase (or 
equivalent generation decrease) for which no 
operating point would be found [5]. (Note: in Fig. 
4 X is the reactance of the line, also Q is the 
reactive power injected at the load bus). As it can 
be seen in Fig. 4, the reactive power margin for 
P3 is negative and there is no intersection. 
Hence, voltage stability is lost unless a reactive 
power compensation device that is capable of 
injecting Q3 is used. As with the P-V curves, for 
which the curve below the nose is the unstable 
region, the Q-V curve is separated into a stable 
and an unstable region by the nose point. 
Specifically, the curve to the left of the Q-V nose 
point is the unstable region. QV curves can be 
used to determine the amount of reactive 
compensation needed to either restore the load 
or obtain the desired voltage at the load bus [5].  

In the event of a line outage or other types of 
voltage critical contingencies, the equivalent X of 
the network seen from the load bus falls, causing 
the system to have a lower maximum 
transferrable active power regarding voltage 
stability issues. The impact of a change in X can 
be observed by comparing the two groups of 
curves in Fig. 4, which can be viewed as pre and 
post contingency conditions of a network for 
different active power levels. This is equally true 
for the two sets of P-V curves presented in Fig. 3. 
 

3.6 Disadvantages of the Q-V curve method 

Calculating the whole Q-V curves for each 
loading level and for all contingencies is time 
consuming and needs lots of effort. Hence, 
traditional Q-V curve method is not suitable for 
online dynamic security assessment. 
Nevertheless, offline analysis of Q-V curve results 
can help choosing the most indicating variables to 
be monitored and served in online applications. 
For instance, Q-V curves slop and their 
steepness for a given bus can represent the level 
of criticality of the given bus in voltage stability. 
This can be inferred from the basic definition of 
voltage stability which is having positive V-Q 
sensitivity for all the buses in the network. 

3.7 Voltage stability assessment using modal 
analysis 

 Easier approach for using V-Q sensitivity at 
different buses in the system is to first identify 
critical buses by using modal analysis and 
participation factors and then calculate the V-Q 
sensitivities only for critical buses. This method 
would substantially increase the computational 
speed. Modal analysis method involves 
calculating eigenvalues and eigenvector of the 
reduced Jacobian matrix of the network. 
Linearized power flow equation is as follows: 
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By assuming ∆P=0 and by using (13), reduced 

Jacobian matrix (JR) is defined (14) (15)[10].The 
mentioned assumption is valid since voltage 
stability is almost entirely dependent on reactive 
power. Therefore, active power influence is 
negligible. 
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Eigenvalues of JR will then be calculated and 

each one of them represents a mode of reactive 
power variation in the system. The magnitude of 
each eigenvalue (λi) determines the weakness of 
the corresponding modal voltage. If | λi |= 0, the 
i
th

 modal voltage would collapse, since any 
change in that modal reactive power will cause 
infinite modal voltage variation [11].In case of 
having negative eigenvalues, system has passed 
the critical point of voltage stability; this is 
because λi changes from positive to negative as 
the system gets more loaded [11].In other words, 
a system is voltage stable if the eigenvalues of 
the Jacobian matrix are all positive [3]. 
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Where αi is the ith column of the right 
eigenvector and βi is the ith row of the left 
eigenvector of JR, also K stands for the bus. 
Pki is the participation factor of bus k to mode i, 
which indicates the contribution of the ith 
eigenvalue (mode) to the V-Q sensitivity at bus K. 
the bigger the value of Pki  , the more λi effects   
V-Q sensitivity at bus K. For all the small 
eigenvalues, bus participation factors determine 
the areas close to the voltage instability [11]. 
 

3.8  Reactive power reserve of generator buses:  

In conventional power flow programs, 
generators buses are represented as “PV” buses, 
in which active power and voltage of the bus is 
specified and reactive power can vary between a 
minimum and maximum value regardless of the 
active power output, this would result in a 
rectangular generator capability curve. For 
generators the maximum reactive power is 
typically the reactive power output at the rated  
 

 
 



 

power factor [4]. Reactive power reserve of the 
generator bus is defined as the maximum 
reactive power minus actual reactive power 
output. As soon as reactive power limit is 
reached, the generator bus would be treated as a 
“PQ” bus with the fixed reactive power equal to 
maximum Q, from this point on the voltage of the 
bus can no longer stay constant and would start 
to fall. If this situation persists it would be usually 
followed by voltage instability in the system. With 
that being said, reactive power reserve changes 
in generator buses can be a good indicator of 
impending voltage instability and can be 
considered as voltage stability criteria. 
                                                                            

4. VOLTAGE SECURITY ASSESSMENT ALGORITHM 

FROM THE DSA TOOL SOFTWARE 

The algorithm used in VSAT module of 
DSATool software is illustrated in Fig. 5. This 
general algorithm implements different steady 
state based methods to find the maximum power 
transfer from one or more generating areas to 
one or more load areas without violating any 
voltage security criteria for all the pre and post 
contingencies. The contingency selected for this 
testing process should be the most critical 
contingencies. These contingencies can be 
selected from a set of credible pre-defined 
contingencies through screening process prior to 
the execution of the general method. 

Share is defined for each generation area as 
the ratio of the increase in that generation area to 
the whole generation increase. These shares are 
defined on incremental steps not the net 
generation of the areas.  These shares would add 
up to one. 

Load and generation would be increased 
incrementally with fixed steps (ΔP) and at each 
step all the voltage security criteria for the pre 
contingency and all the post contingencies would 
be checked. If none of the voltage security criteria 
are violated that load level with its specific share 
would be classified as secure operation and the 
next load and generation step would be 
investigated. 

 If any voltage security criteria are violated that 
load and generation level with their specific 
shares would be classified as voltage insecure 
operation and voltage security assessment would 
stop at that active load level. 

 In two dimensional diagrams with two areas of 
generation (Fig. 10 and Fig. 11) different regions 
are made up of several lines starting from origin 
of the graph. 

 Each line slope is equal to the ratio between 
the shares of the two generation areas. In the 
algorithm as two generations are increased by 
their specific share the line corresponding to that 
specific share would expand. The line colour 
would change to represent the kind of security 
criteria violation. When all of the security criteria  
 

got violated, then the algorithm would be 
repeated for the next ratio between generation 
shares, meaning moving to the next line slope. 
This procedure continues till the whole X-Y plain 
gets covered (Fig. 10 and Fig. 11). 

 

  

 

Fig. 5. Voltage security assessment algorithm used in this 
paper by DSATool software 

5. VOLTAGE SECURITY ASSESSMENT  
FOR IEEE 11 BUS SYSTEM  

IEEE 11 bus system consists of three 
independent generators at buses 2, 3 and 4.Bus 
number 1 is the swing bus. There are two loads 
one at bus 8 with fixed P&Q and the other one at 
bus 11 with fixed power factor or constant 
impedance load (cosθ=0,Q=0)(Fig. 6).Voltage 
sensitivity of the loads has a critical importance in 
voltage stability issues [3]. For voltage dependent 
loads (constant impedance) voltage stability is 
much better than the voltage independent loads 
(constant P&Q) [4].Therefore, load increase at 
bus 8 was chosen as a target rather than bus 11, 
since load increase at bus 8 would be more 
constraining. 

5.1 Scenario definition: 

In simulations scenario 8 was assumed to be 
the load increase at bus 8(with fixed P steps of 20 
MW) with simultaneous generation increase at 
buses 2, 3 and 4.Two generation areas were 
defined as buses 3 and 4 for area 1 and buses 2 
and for area 2.The two generation areas had the 
same shares of 50% at each load level increase. 
At first no voltage range criteria were assigned as 
well as any minimum Q reserve criteria at 
generators and stability minimum margin. Hence 
the only limiting factor for transfers, where system 
becomes voltage insecure, was the actual point 
of voltage instability. Contingency screening 
process was performed for the outages of one 
branch at the time (n-1). For the base loading  
 



 

level these critical contingencies are the outage 
of the branches between buses: 4-7, 6-7, 7-8, 
and 5-6 sorted from the most severe to the least 
respectively. 

 
Fig. 6. IEEE 11 bus system single line diagram 

5.2  P-V curves analysis and generators reactive 
reserves: 

One of the most significant factors in 
determining the voltage stability of power systems 
is the capability of the power system to generate 
enough reactive power to support the voltage 
level at the desired active power level. Therefore, 
reactive reserves of generators are of paramount 
importance. 

 Based on Fig. 7 for contingency 4-7 the slope 
of the P-V curve suddenly increases at the point 
where reactive power reserve of generator 2 
becomes zero (2150MW).This verifies the fact 
that the capability of synchronous generators to 
provide reactive power in overexcited mode plays 
a critical role in preventing voltage instabilities. 
The existing restriction on the reactive power 
output of a synchronous generator is due to the 
maximum allowable heating of the armature or 
field windings.   

Hence in the IEEE 11 bus network the MVAr 
reserve of generator 2 is both easy to measure 
and an effective indicating variable for assessing 
the voltage security of the system in online 
applications. Furthermore, the maximum 
transferable power and voltage stability can be 
improved by increasing the ability of the 
generators, especially the ones near the load 
centres, to generate reactive power and operate 
with lower lagging power factors. This can be 
achieved by improving the generator cooling 
systems to allow higher field and armature 
currents and also by having more 
intelligent/adaptive over excitation limiters in 
coordination with dynamic security assessment 
modules and smart protection schemes. 

5.3 Modal analysis: 

Bus 11 was identified as the most critical bus in 
the system, as it had the highest participation 
factor for the lowest eigenvalue. Therefore, in 
section 5.4 (Fig. 8) Q-V curves are only plotted 
for bus 11 at the most sever contingency (outage 
of branch 4-7).  

5.4 Q-V curve analysis: 

The main purpose of Q-V curve analysis is to 
find the maximum transferable load to the load at 
bus 8 without any voltage security issues. 

As it can be seen in Fig. 7 as active generation 
(load) increases Q-V curves at bus 11 move 
upward until they reach a point when another 
step of active power increase would move their 
lowest point above horizontal line of 
Q=0mVAr(P=2249 MW). This means for the next 
power step there would be no intersections 
between horizontal line of Q=0MVAr and Q-V 
curves, hence this point is the maximum load and 
generation level for voltage secure operation. 

5.5 Short coming of voltage range security 
criteria in presence of ULTCs:   

Based on VSAT simulations of the IEEE 11 bus 
system, enabling the ULTCs (Under-Load -Tap-
Changers) of the transformers increases the 
maximum power transfer of the IEEE 11 bus 
system (Table 1.).This is due the fact that ULTCs 
try to restore the voltage to the target value as 
load increases. 

However, case with ULTC has the voltage 
instability violation type even with voltage range 
security criteria (Table 1), this means that in case 
with ULTCs being enabled voltage range security 
criteria fails to identify the voltage insecure 
operation and warn the system when entering the 
alert state .Hence, there is a substantial need for 
a security criteria other than conventionally used 
voltage range criteria (Fig. 9). 

In Table 1 maximum secure active power level 
is defined in terms of the generation of area1 plus 
the generation of area 2. 
 

TABLE 1. 
Maximum secure active power levels and limiting 

contingencies for scenario transfer 8 with and without voltage 
range criteria, for cases without ULTC and with ULTC 

Scenario 8 with voltage range criteria(0.92pu<V<1.08pu) 

TRANSFER 8 
Maximum 

secure 
level(MW) 

Limiting 
contingency 

Violation 

Without ULTC   1989     4-7 Voltage 

With ULTC       2289 4-7 Instability 

Scenario 8 without voltage range criteria 

Without ULTC 2249         4-7     Instability 

With ULTC 2289         4-7     Instability 

 

5.6 Self-suggested remedial actions 

In order to improve voltage security capacitors 
were installed once at bus 8 and once at bus 11. 
The capacitors had nominal MVAr of 600MVAr 
and capacitance equal to 1.01013 mF. Due to the 
extra reactive power generation provided by 
capacitors, maximum voltage secure level of 
operation has increased comparing to the case 
with no capacitors (Table 2.)   Furthermore, the 
improvement is larger for bus 11 than it is for bus  
 

 
 
 



 

8, which is consistent with the participation 
factors identified by the modal analysis.

In conclusion, using the results of modal 
analysis to install shunt capacitor banks at the 
buses with the largest participation factors allows 
a greater increase in the maximum secure 
loading level to be achieved using the same 
capacitor bank. This form of support would allow 
the system operator to make more efficient 
investment decisions. 
 

TABLE 2. 
Maximum transfer levels and limiting contingencies for 
scenario 8 without C, with C at bus 8,with C at bus 11 

( Nominal MVAr of C=600MVAr,C=1.01013 mF)

 

TRANSFER 8 
Maximum 

secure 
level(MW) 

Limiting 
contingency 

Without C 2249 4-7 

With C at bus 8 2669 4-7 

With C at bus 11 2849 4-7 

 
 

Fig. 7. P-V curves at bus 11 for different contingency and pre
contingency conditions for scenario 8 

Fig. 8. Q-V curves for different active power at bus 11 for 
scenario 8 for the most sever contingency (outage of 4

8, which is consistent with the participation 
modal analysis.  

sing the results of modal 
analysis to install shunt capacitor banks at the 
buses with the largest participation factors allows 
a greater increase in the maximum secure 
loading level to be achieved using the same 

ank. This form of support would allow 
the system operator to make more efficient 

Maximum transfer levels and limiting contingencies for 
scenario 8 without C, with C at bus 8,with C at bus 11               

C=600MVAr,C=1.01013 mF) 

Violation 

Instability 

Instability 

Instability 

 

V curves at bus 11 for different contingency and pre-

 

V curves for different active power at bus 11 for 
scenario 8 for the most sever contingency (outage of 4-7) 

Fig. 9. P-V curves and tap positions at 
at contingency 4-7 for scenario r 8 with voltage range criteria 
and enabled ULTCs (0.92pu<V<1.08pu).

Fig. 10. Two dimensions transfer diagram with voltage criteria, 
reserve criteria (500MVar) and margin criteria

Fig. 11. Two dimensions transfer diagram with voltage criteria, 
reserve criteria (1300MVar) and margin criteria

TABLE 
 Maximum voltage secure load (source D) with different 

voltage security criteria

 
*QR=Q Reserve, LC=Limiting Contingency, PC=Pre
 
 

VOLTAGE SECURITY 

CRITERIA 
Source 

X 
Source  

Y

voltage range 1236 1093

Stability margin 1441 1148

Voltage instability 1481 1243

QR(500 MVAR) 1913 1246

QR(1300MVAR) 1443 1152

 

V curves and tap positions at the most critical buses 
7 for scenario r 8 with voltage range criteria 

and enabled ULTCs (0.92pu<V<1.08pu). 

 
Two dimensions transfer diagram with voltage criteria, 

reserve criteria (500MVar) and margin criteria 

 

dimensions transfer diagram with voltage criteria, 
reserve criteria (1300MVar) and margin criteria 

TABLE 3. 
Maximum voltage secure load (source D) with different 

security criteria 

*QR=Q Reserve, LC=Limiting Contingency, PC=Pre-Contingency 

Source  
Y 

Source 
D 

Point 
on Fig 

LC 

1093 6288 A PC 

1148 6588 B 4-7 

1243 6683     C 4-7 

1246 7118 D PC 

1152 6553 E PC 



 

5.7 Secure range of operation in two dimensions: 

For two dimensional plots (Fig. 10 and 11) 
source Y was defined as MW output of 
generators 3 and 4, source X as MW output of 
generator 2 and sink D as active load at bus 8 
and 11.For the sake of simplicity of the graphs, 
sink D has not been included as a third 
dimension. Each radial direction stands for a 
specific share between source X and Y. At each 
radial direction D, X and Y would increase 
incrementally (∆P=20MW) and for each loading 
level voltage security analysis would be done for 
all the screened contingencies, the algorithm is 
depicted in Fig. 5. 

 In case 1, the results for which are in Fig. 10, 
the Q reserve criteria for all the generators was 
set to 500 MVAr for all the pre-contingency 
conditions and voltage range criteria was set to 
(0.92p.u.<V<1.08p.u.) and voltage stability 
margin was set to 100 MW for both loads(bus 8 
and bus 11) with equal shares. In case 2, the 
results of which are in Fig. 11,the  Q reserve 
criteria for all the generators was set to 1300 
MVAr for all the pre-contingency conditions and 
all the other parameters were exactly the same 
as case 1.  

Table 3 shows the maximum secure level of 
operation for different voltage security criteria. 
Based on Table 3 for Q reserve equal to 500 
MVAR, the maximum secure level of operation 
before the Q reserve criteria gets violated is 
bigger than the actual maximum secure level 
before voltage instability (7118MW>6683MW) 
,meaning that a Q reserve criteria equal to 500 
MVAr is insufficient for this network so it fails to 
identify the voltage insecure region. This failure 
means that the yellow area in Fig. 10 is outside of 
the red area. In order to mitigate this problem the 
Q reserve limit was increased to 1300 MVAr (Fig. 
11). In this case, the maximum secure level of 
operation before the Q reserve criteria violation 
occurs would become smaller than the actual 
maximum secure level before voltage instability 
(6553MW<6683MW), which means minimum Q 
reserve criteria equal to 1300 MVAr can be used 
to identify the alert state. We can also see that in 
Fig. 10 the yellow area is located inside of the red 
area. 

Another observation is that the voltage range 
criteria, the green area in Figs. 10 and 11, is the 
most conservative voltage security criteria. The 
stability margin is the least conservative criteria, 
apart from the voltage instability point. Based on 
stability margin criteria, the voltage secure region 
of operation is green area plus blue area for Fig. 
10 and for Fig.111 voltage secure region of 
operation is green area plus blue area plus yellow 
area.  

MVAr reserve and voltage range are static 
security criteria which do not adapt to the system 
conditions which might fail to alert the insecure 
operation of the system or lead to underutilizing 
of the system equipment and additional cost for 

extra lines. On the other hand, voltage stability 
margin is flexible and in other words smart, which 
can adapt to the dynamic nature of the power 
systems.  

6. VOLTAGE SECURITY ASSESSMENT  
FOR IEEE 145 BUS SYSTEM  

There are no parallel lines or branches in IEEE 
145 bus network which makes it more prone to 
voltage insecurity issues in the event of single 
branch outage. Voltage security analysis done, 
helps identifying the most severe single line 
contingencies in the network. The outcome of this 
analysis can be used to weigh the benefits of 
preventing the most critical contingencies against 
the cost of doubling their associated lines. The 
main benefit would be the increased maximum 
load level before voltage insecurity occurrence. 

Therefore, voltage security assessment done 
on this network is mainly aimed for improving 
voltage security at planning stage rather than 
online operational aspects. However, based on 
IEEE 145 bus network output results, some 
measurable variables are suggested to be 
monitored to serve as an indicating parameter for 
online voltage security assessments. 

       

6.1 Contingency screening and scenario 
definition: 

All scenarios was assumed to be the total load 
increase at area 1 (with fixed P steps of 200 MW) 
which is matched by an increase of generation in 
area 1.Furthermore, voltage range criteria was 
set to (0.91pu<V<1.3pu) with no Q reserve and 
stability margin criteria. 

Contingencies 119-130,135-136,137-139,137-
145 and 139-140 are the five most severe 
contingencies, all of which make the base point 
voltage insecure (they correspond to scenarios 1 
to 5 in Table 4.). At the base point, the active 
power generation in area 1 is 292132 MW and 
active power load in Area 1 is 277116 MW. 
Moreover ,the second list of the most sever 
contingencies are the individual outages of lines 
139-145, 137-140, 136-139 and 139-140 
(corresponding to scenarios 6 to 9 in Table 4) 
which are sorted from most severe to least.  

The second list of contingencies is the ones 
which does not make the base point of operation 
voltage insecure, whereas the first list of 
contingencies (1 to 5 in Table 4.) do.  

The ranking of contingencies is based on the 
maximum load level that they would allow before 
voltage instability would occur (Table 5). 

According to Table 5 doubling the lines that 
form the most severe contingencies  ( 119-
130,135-136,137-139,137-145,139-140) in order 
to remove their limiting effects on operational 
loading level due to their potential outage would 
substantially enhance the voltage stability of the 
system (makes the base point voltage secure) 



 

and increase the maximum secure load level to 
304316MW(Table 5.). 

Based on Table 5. , doubling the 139-145 line 
increases the maximum voltage secure load level 
from 304316 MW to 325916 MW, which 
constitutes an increase of 7 %.  

However, doubling the 137-140 would offer a 
far smaller improvement in voltage stability (from 
327916MW to 328516MW) which constitutes an 
increase of less than 0.6%.This would probably 
makes the cost of the additional line 
uneconomical. Nevertheless, during the actual 
planning stage the benefits of improved voltage 
stability and increased transmission line utilization 
should be weighed against the cost of doubling 
those lines. 

 Another point that is worth mentioning is that 
the P-V curves for IEEE 145 bus network showed 
almost no considerable  voltage changes at any 
of the buses for any contingency or load level. 
Therefore, voltage range security criteria could 
not be used in this network as a voltage stability 
indicator, which is due to the fact that bus 
voltages in this network are not sufficiently 
sensitive to load changes. 
 

TABLE 4. 
 Scenarios definitions and list of contingencies  

for each scenario 

 
TABLE 5. 

Maximum transfer level and limiting contingencies  
for different scenarios 

 

6.2 Q-V curve analysis for scenario 6: 

In this part Q-V curves for scenario 6 are 
plotted for buses 68, 107, 92, 84 and 85 at the 
maximum secure load level (304316MW) for 
contingency 139-145(Fig. 11.).  

The Q-V curve at bus 68 is almost flat, which 
means the sensitivity of the voltage at bus 68 to 
its MVAr injection is extremely high. This means 
that a small change in the Q injection at bus 68 
would cause a large voltage change at bus 68, 
which is indicative of low voltage stability at bus 
68 and is consistent with the modal analysis 
results. The Q-V curves for the other four buses 
also indicate that these bus voltages are also  
very sensitive to Q (Fig. 12.). When the buses in 

Fig.12 are sorted based on the flatness of their Q-
V curves or their reactive power stability margin 
the result is: bus 68,107,92,84,85. This means 
buses 68, 107, 92, 84 and 85 are the first, 
second, third, fourth and the fifth most critical 
buses respectively. This confirms the modal 
analysis results regarding the most critical bus 
bars.  

Surprisingly Q-V curves for scenario 6 at the 
five most critical bus bars were the same for base 
load and maximum active power level for 
contingency 139-145.  

This is in contrast to the Q-V curve of bus 137, 
shown in Fig.13, that changes as the load 
increases. At the maximum secure load level, the 
Q stability margin at bus 137 becomes zero (Fig. 
13), indicating that for the next active power step 
voltage stability would be lost. 

 
Fig. 12. Q-V curves at area1 max load for sub scenario 6 at 
the five most effective buses (contingency 139-145) 

 
Fig. 13. Q-V curves at bus 137 with three different load levels 
for scenario 6 at contingency 139-145 

 

Fig. 14. MVAR reserve at bus 137 for scenario 6 for 
contingency 139-145 

 

SCENARIO 

NUMBER 

List of contingencies for each scenario 

(119-130/135-
136/137-139/137-

145/139-140) 

139-
145 

137-
140 

136-
139 

139-
141 

1/2/3/4/5     √ √ √ √ √ 
6 				× √ √ √ √ 
7 				× × √ √ √ 
8 				× × × √ √ 
9 				× × × × √ 

SCENARIO 

NUMBER 

Maximum secure 
level(MW) 

Limiting 

Gen. of 
Area1 

Load of 
Area1 

Contingency Violation 

1/2/3/4/5 292132 277116 
One of the 5 
most severe 

Instability 

6 319332 304316 139-145 Instability 

7 340932 325916 137-140 Instability 

8 342932 327916 136-139 Instability 
9 343532 328516 139-140 Instability 



 

Fig. 14 shows the reactive power reserve at 
bus 137 versus the active power generation of 
area 1 for contingency 139-145.Based on Fig. 14, 
the slope of the reactive power reserve curve at 
bus 137 gets steeper as the active power 
generation of area 1 approaches the maximum 
secure level of operation (MW generation of area 
1=319332 MW).Finally, at the maximum voltage 
secure level of operation, the reactive power 
reserve curve would experience an almost 
vertical drop. This fast depletion of reactive power 
reserve at bus 137 is in fact a sign of impending 
voltage collapse. Therefore, we can conclude that 
in the IEEE 145 bus system the changes  in the 
MVAR reserve at bus 137 can be used as a 
simple indicating variable for assessing the 
voltage security of the system as a part of the 
online applications. Furthermore this can also 
suggest that installing SVC at bus 137 would 
substantially improve the voltage stability status 
of the system. In other words, by removing the 
most limiting reactive reserve constraint (Q 
reserve at bus 137) more active power could be 
transferred using existing transmission lines.   

7. CONCLUSION  

This paper tried to lay a practical foundation for 
the analysis of the outputs generated by different 
voltage stability assessment methods. For this 
goal, the voltage security of two different 
networks was analyzed using different steady 
state methods available in the DSATool software. 
This analysis gave some insight into the value of 
these different analysis methods for online 
application as part of dynamic voltage security 
assessment.  

Simulations have shown that the static and 
inflexible nature of conventional voltage security 
criteria mean that they can fail to reflect the 
voltage security status of the system as part of 
online applications unless they are updated 
based on online data gathered from SCADA. 

The conservative nature of the voltage range 
security criteria means that it may be possible to 
augment protection schemes by using an online 
DSA module to help improve the exploitation of 
assets and avoid further investment in the 
construction of new transmission lines. 
Furthermore, modal analysis has been shown to 
offer many promising features for the online 
assessment of voltage security, such as: avoiding 
long calculation times, helping to identify the most 
critical bus bars for voltage stability analysis, 
providing insight into the most vital and effective 
parameters for understanding the voltage stability 
problem and helping to suggest the most effective 
remedial actions.  

For each network, comprehensive voltage 
security assessment results were used to suggest 
a number of measurable variables that could be 
used as voltage security indicators. However, it 
must be remembered that, due to the online 
nature of VSA, any indicator variable must be 

easy to measure in a reliable fashion. In the 
future, and with the proper definition of a set of 
indicator variables, suitable thresholds on these 
variables could be defined that can serve to 
indicate the proximity of the system to voltage 
instability. These thresholds could be updated on 
a “day ahead” basis using the probability of 
different contingencies for the next day and, 
based on the scheduled load, the maximum load 
fluctuations in a given time – specifically the 
minimum time needed for the system operator to 
take action in the event of the violation of security 
limits. 

Voltage stability margin was proved to be 
flexible and in other words smart, which can 
adapt to the dynamic nature of the power 
systems. Nevertheless, stability margin criteria for 
online application would only be possible in 
presence of the powerful DSA module in 
conjunction with wide area measurement units 
and PMUs as well as system-wide state estimator 
unit. 
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