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measurements in Neplan
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Resumen

Los problemas de estabilidad de 
voltaje representan uno de los mayores 
riesgos para la seguridad operativa de 
sistemas de potencia. Por consiguiente, 
es importante contar con indicadores 
que alerten sobre la presencia de 
problemas relativos a la estabilidad de 
voltaje en tiempo real. Las Unidades 
de Medición Fasorial –PMU– permiten 
considerar fasores de voltaje y corriente 
en cualquier barra donde ellos estén 
ubicados, incluyendo una estampilla 
de tiempo para garantizar el mismo 
escenario de trabajo. A partir de estas 
mediciones, el cálculo de índices 
se hace más exacto y su inclusión 
en herramientas de monitoreo de 
estabilidad de voltaje se hace posible 
en tiempo real. Este artículo presenta 
la implementación de índices basados 
en medidas locales sincronizadas, 
obtenidas de los PMU, para el 
monitoreo de estabilidad de voltaje en 
línea usando Neplan. Al final, a partir 
de simulaciones, incluyendo cambios 
de carga y salidas de generadores, se 
encontraron algunas limitaciones en los 
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índices para monitorear la estabilidad de 
voltaje en-línea propuestos en la literatura. 
Estas limitaciones pueden conducir a los 
operadores a tomar decisiones operativas 
erradas si ellos las basan en estos índices 
para monitoreo de estabilidad de voltaje.

Palabras clave: Unidades de Medición 
Fasorial (PMU), monitoreo de estabilidad 
de voltaje, medidas locales sincronizadas.

Abstract

The voltage stability problem poses 
as one of the greatest risk for operational 
safety in power systems. It is, therefore, 
important to have indicators to warn about 
the presence of voltage stability problems 
in real time. Phasor Measurement Units 
– PMU – allows the consideration of 
the voltage and current phasors at any 
bus, where they are located, including 
a time stamp to guarantee the exact 
same working scenario. From these 
measurements, the calculation of these 
indices are more accurate and its inception 
in voltage stability monitoring tools 
becomes possible in real-time. This 
article presents the implementation of 
indices based on synchronized local 
measurements, obtained from PMU, for 
online voltage stability monitoring using 
a power system analysis tool - Neplan. 
At the end, from different simulations, 
including load changes and generator 
outputs, some limitations were found in 
the indices for on-line voltage stability 
monitoring proposed in literature. These 
limitations may lead operators to make 
wrong operating decisions if they base 
them on these indices for voltage stability 
monitoring.

Keywords: Phasor Measurement Unit 
(PMU), voltage stability monitoring, syn-
chronized local measures.

1. Introduction

The voltage instability in the transmission 
network has been the cause or has contributed to 
the occurrence of some of the largest blackouts 
around the world (Corsi, 2010). Voltage stability is 
closely related to the loadability of a transmission 
network (Corsi & Taranto, 2008). Nowadays, 

power systems are pushed further to deliver 
more power to consumers but environmental 
constraints restrict the expansion of transmission 
networks and it has become necessary to increase 
the transfer of electrical power over long distances 
(Liu, Zhang, Yao & Han, 2008). Therefore, the 
voltage stability problems have become a major 
concern for the planning and operation of power 
systems. The timely recognition of voltage 
instability is crucial to allow proper relay scheme 
operations and thus, have an effective control 
on the network stability. From this approach, 
a worldwide interest in monitoring the power 
system in real-time emerged and in doing so, 
power system electrical variables measurements 
obtained from synchronized phasor measurement 
units – PMU were adopted. 

Based on these measurements, indices for 
voltage stability monitoring have emerged based 
on actual data collection allowing the definition of 
operating states, critical network areas, limits and 
voltage stability margins. These indices are used 
as a tool for the on-line voltage stability detection 
and prediction without using simulations as 
voltage security-oriented methods do; instead, 
they are based only on the measurements taken 
from the power system (Genet, 2009).

Many indicators have proven to be useful 
tools for system operators. However, the 
acquisition of measurement data, necessary 
to obtain the indices, involve delay times and 
time differences at which each measurement 
was taken, which limits both the speed reaction 
to contingencies and the results reliability for 
corrective actions before a blackout appears. 
Synchrophasors solve the problem of delays in 
data acquisition times as phasor measurements 
from PMU, properly located, show the system 
status without involving heavy data processing; 
in addition, the time stamp printed by the PMU 
on each measurement enables the establishment 
of a temporal pattern for each required index, 
ensuring that the measurements obtained belong 
to the same state of the system (Zapata, Ríos & 
Arias, 2010).

2. Index based on synchronized local measures

These indices are based on measurements 
taken in real time by the PMU, which are called 
local phasor. The premise of these methods is 
that the measurements taken by the PMU contain 
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enough information to determine, in real-time, 
the dynamic state of the system. In the literature, 
there are some indices developed for voltage 
stability monitoring from PMU measurements, 
some of them are: ISI (Impedance Stability In-
dex) (Smon, Verbic & Gubina, 2006), VSLBI 
(Voltage Stability Load Bus Index) (Milosevic 
& Begovic, 2003), VSI (Voltage Stability Index) 
(Salehi, Mazloomzadeh & Mohammed, 2011), 
TPSI (Transmission Path Stability Index) (Gu-
bina & Strmcnik, 1995), VIP (Voltage Instability 
Predictor) (Julian, Schulz, Vu, Quaintance, Bhatt 
& Novosel, 2000), and PTSI (Power Transfer 
Stability Index) (Nizam, Mohamed & Hussain, 
2007). Two of the indices found in the literature 
were considered for implementation in Neplan 
– power analysis software developed by BCP in 
Switzerland. The following section presents the 
mathematical foundation.

2.1 ISI index(impedance stability index)

It is established from the relationship between 
two impedances: the load impedance and the Thé-
venin equivalent system impedance seen from its 
location point. They are obtained by applying the 
concept of deputy circuit of Tellegen's theorem.

ISI index is based on two consecutive voltage 
and current measurements, taken in a substation 
at two moments tk and t(k+1); with these data, 
the comparison between the magnitudes of the 
load impedance at the substation and the system 
Thévenin equivalent impedance is calculated, 
seen from this substation. For a substation j, this 
index is defined as: 

(1)

Substituting the impedances with voltages 
and currents we obtain Eq. (2)

(2)

(3)

Figure 1 presents a two-node system from 
which the index mathematical formulation is 
derived, where, ZTH is the Thévenin impedance 

and Zk is the load impedance. Consecutive mea-
surements are taken by the PMU measurement 
equipment at the buses. Under normal operating 
conditions ISI≅1 (Zk>ZTH) and from the point of 
maximum power transfer, i.e., in voltage instabi-
lity ISI=0, (Zk=ZTH) (Smon et. al, 2006).
Figure 1.  Representation of two-node system

THE THZ

Thévenin Equivalent System

V
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j

j

V

k … (k+1)

Load Bus

i

Source: by the author. 

2.2 VIP Index

This index analyzes the voltage collapse 
proximity (or instability) expressed in terms 
of power ranges. Figure 1 shows the simplified 
Thévenin system where the calculation is based 
on the proximity to voltage collapse.

The maximum power transfer occurs when 
, where the apparent impedance  

is the relationship between measurements of 
voltage and current phasor at the bus. When the 
loadability is normal, there exists the condition 
at which . At the beginning of the 
voltage instability, the difference between the 
two impedances is close to zero. Therefore, the 
proximity to voltage instability is calculated 
using the distance between  and . This 
is the essence of VIP index.

In terms of power, the difference between 
the maximum power using linear estimation 
and the current power observed by the predictor 
VIP voltage is the margin of power and it can be 
expressed by:

(4)

Where, are the actual voltage and current 
measurements at the load bus; ZTH is the actual 
Thévenin impedance. When ΔS is zero, the sys-
tem is at maximum power transfer and that is the 
point of voltage collapse (Julian et. al, 2000).
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3. Implementation of ISI and VIP indices in 
Neplan

A function blocks arrangement was 
implemented in Neplan reflecting Eq. (2) from 
ISI index (Figure 2) and Eq. (4) from VIP index 
(Figure 3), in the transient stability module. 
Neplan is a tool for power system analysis 
covering all aspects of planning, optimization 
and simulation for transmission, distribution, 
generation and industrial networks.

The block diagrams were designed using the 
block library from Neplan function. The block 
diagram can be created with the graphical block 
editor function. Neplan provides many function 
blocks predefined as mathematical functions; 
these equations enable the representation of the 
indices VIP and ISI, implemented to monitor 
voltage stability. The block diagram can be 

introduced via the CCT button (monitoring 
circuit). 

Simulations were performed on the IEEE39-
bus system to evaluate the performance of the 
indices VIP and ISI under different operating 
scenarios; the IEEE39-bus system is shown in 
Figure 4. The indices at each load bus, with 
a PMU, were determined to monitor voltage 
stability problems. The block diagram has, 
as input data, the voltage and current phasors 
emulating the PMU calculation. Through the 
blocks arrangement, the indices are determined in 
real-time under different working scenarios. The 
on-line indices calculation is carried out through 
the block arrangement, with an update rate of one 
sample per cycle of rated frequency.

Figure 2. Block diagram of the ISI index

Source: by the author.
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Figure 3. Block diagram of the VIP index

Source: by the author.

3.1 Normal operation

Table 1 shows the ISI and VIP indices for the 
original system, i.e., without changes in operating 
conditions.

To determine the index ISI in this working 
condition, Eq. (1) was used due to the fact that 
the index cannot be calculated directly using 
Equation (2), which consists of the voltage and 
current phasor since it requires two different 
working points to find the Thévenin impedance. 
For this operating condition, the Thévenin 
impedance was determined from Neplan using 
a network reduction method and determining 
equivalent network parameters; the results are 
very close to the impedances determined from 
the voltage and current phasor. The bus 31 is the 
reference bus and also, it has the measurement 
unit installed. This bus is used as a generation 
bus at each network equivalent.

Most buses have the ISI index greater than 
0,8 indicating that they are far from the point of 
collapse, which is 0,0; except buses 20, 29 and 
39. VIP index results based on the power margin 
also show the same behavior.

Figure 4. IEEE 39 - bus test System
 

Source: by the author.

Table 1. Indices for normal operating contition

BUS ISI VIP BUS ISI VIP
3 0,84 4,59 21 0,83 3,06
4 0,81 4,74 23 0,83 2,60
7 0,92 6,39 24 0,82 3,01
8 0,82 5,17 25 0,87 3,36

12 0,97 7,21 27 0,83 2.96
15 0,83 3,85 28 0,82 1,89
16 0,82 3,28 29 0,75 1,57
18 0,91 4,02 31 Slack Slack
20 0,51 0,95 39 0,42 0,84

Source: by the author.

3.2 Load increments

When a disturbance increases the reactive 
power above the sustainable capability of the 
available energy resources, the voltage stability 
is threatened. Therefore, system load increments 
are imposed as a system disturbance on the buses 
that are equipped with PMU. Both the active and 
reactive power load area increased maintaining 
constant the power factor in order to bring the 
system to collapse.
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As seen in Figure 5 the monitored bus 
voltages with PMU violate the recommended 
operating limits in the Colombian regulation 
(CREG-024-2005) for the transmission system, 
which establishes that the voltage cannot be less 
than 90 % of the rated voltage and may not exceed 
110% of it for a period longer than one minute. 
For systems with rated voltage greater than or 
equal to 500 kV, they may not exceed 105%, for 
a period longer than one minute.

Figure 6 shows the results of the index ISI 
and in Figure 7 for the VIP index. From these 
results, it can be inferred that the indices indicate 
that the limits of stability are being reached but 
at that time, the operating limits have already 
been violated according to voltage regulation. 
One example of this is the operating condition at 
bus 12, which in normal operating condition has 
an ISI rate of 0,97; VIP of 7,2 and voltage of 1,0 
p.u. However, at 13 seconds approximately, the 
voltage reaches the lower operating limit of 0,9 
pu and the ISI index only drops to 0,85; the VIP 
reaches 3,6. If an operator based his operating 
decision on the indices as indicators of stability, 
it can lead to inaccurate analysis since the 
system could reach the voltage collapse without 
being detected. This occurs because the indices 
theoretical formulation is based on the margins 
assessments in relation to the critical point of the 
VP curve, without considering the operational 
limits of the voltage levels.

Figure 5. Voltage magnitude during the load increase

Source: by the author.

Figure 6. ISI index during the load increase

Source: by the author.

Figure 7. VIP index during the load increase

Source: by the author.

3.3 Generator output

In this scenario, the output of generator 9 is 
simulated using the dynamic stability module of 
Neplan. The disconnection of the generator is 
done at 2 seconds before starting the simulation. 
The results of monitoring the magnitude of 
voltage at bus 29 closer to contingency may be 
seen in Figure 8; ISI and VIP indices are shown 
in Figure 9 and Figure 10 respectively.

The monitored bus voltage drops rapidly 
due to the disturbance and varies a little at 
acceptable operating levels; 43 seconds after the 
contingency, the voltage reaches the equilibrium 
and sets to new values at 0,99 pu approximately. 
The indices behavior is similar to the voltage, 
but the oscillation is smaller and gets established 
faster than the voltages.
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Figure 8. Voltage magnitude at node 29 during the 
generator 9 output

Source: by the author.

Figure 9. ISI index at node 29 during generator 
9 output

Source: by the author.

Figure 10. VIP index at node 29 during generator 
9 output

Source: by the author.

4. Conclusions

The indices implemented in Neplan allow 
on-line voltage stability monitoring using the 
measurements provided by PMU. However, some 
limitations were found in the analyzed indices 

since they may lead to wrong operating decisions 
if they were used as indicators of the system sta-
tus, such as the voltage levels indicating stability 
problems. Additionally, it is considered that there 
is always availability of reactive power in the 
system, which could not be the case in real life.

From the simulations, it can be concluded that 
the analyzed indices detected the voltage collapse 
at the same instant, i.e., they detect the same pro-
blems of voltage stability but with different scales 
of measurement and the curves show different 
non-linearity and features. This occurs because 
all of them have the same theoretical principle 
although the equations are applied differently.

The analyzed indices are based on evaluating 
the voltage stability margins at the critical point 
(at the peak of the curve V-P). This critical point 
is considered as the limit of stability for the 
analysis, i.e., it brings the system to the maximum 
power transfer. The voltages levels reach very 
low values, well below operational limits. 

To determine the Thévenin impedance, the 
differences of the voltage and current phasor 
were used and the results were compared with 
those provided by the traditional calculation 
methods based on Kron reduction, which were 
obtained using simulation software. The Théve-
nin impedance calculation from phasors is simple 
compared to traditional methods.

The indices for voltage stability monitoring 
calculated from PMU data are fast compared with 
traditional methods, which are based on power 
flow simulations. In addition, the accuracy of 
the data provided by the PMU and used as input 
parameters in the indices calculation, ensures 
accurate results.
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