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Abstract—This paper introduces a simple method to monitor
power system voltage stability conditions in real-time. The
method is based on the concept of Voltage Instability Predictor
(VIP). The essence of the method is a simple computation of a
voltage stability boundary based on VIP derived quantities. The
stability boundary is assumed as a parabolic equation in the P-Q
plane identified using measurements collected at a specific
substation, transmission path, or load center. The computed
stability boundary is further visualized in a P-Q plane, together
with a point representing the current operating conditions, and
generally re-computed as soon as the new set of measurements is
collected (preferably at high rates using phasor measurement
units). Simplicity and easy interpretation of the results brings
this method as a useful tool to increase system operator
situational awareness. Supporting results are provided using
relatively big test system (52 bus Nordic test system) and a real-
life system (a portion of the North-West USA system).

Index Terms—Voltage stability monitoring and detection,
Power margins, Phasor measurements, Visualization

1. INTRODUCTION

" 'HE objective of power system voltage stability
monitoring and instability detection is to assess
stability conditions based on the information about current
system operating state and to detect the onset of instability [1].
Advanced voltage stability monitoring and instability
detection schemes include two basic elements: collection of
measurement data and pre-processing and computation of the
proximity to voltage instability (voltage stability limit).
Measurement systems (SCADA, phasor measurement units
(PMUs), or a mix of these measurements) provide the
information about the system’s current operating conditions.
In this respect, development of the PMU technology in late
80’s opened new perspectives in dealing with problems of
voltage stability monitoring and instability detection [1,2,3].

Computation of the proximity to voltage stability limit maps
current system state into a single value known as voltage
stability index. Voltage stability indices are defined as a
smooth, computationally inexpensive scalar with predictable
shape that can be monitored as system operating conditions
and parameters change [4,5,6]. So far, a variety of voltage
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stability indices have been proposed [6]. Majority of these
indices were derived based on the concept of maximum
deliverable power [4,5,6].

The voltage stability limit is closely related to the notion of
maximum deliverable power [4,5]. For each system
configuration and operating conditions there is a maximum
power that can be drawn by the system loads and still being
within the capability of the combined generation-transmission
system. Once the combined generation-transmission system is
unable to provide the power requested by the loads, due to
system outages and/or limitations of reactive power
generation, voltage instability occurs. This instability can
further evolve in voltage collapse causing system disruption
[1,4,5].

Among all voltage stability indices those expressing the
stability degree in terms of powers (MVA, MW, Mvar) have
gained the most popularity for their physical meaning and
simple interpretation by system operators. Power margins,
related to the voltage instability problem, proposed so far are
loading margins [6]. Computation of these margins is based on
the assumption that the load power factor will be the same as
the one currently measured [4,5].

Simplicity and easy interpretation of the results are two
desirable features always sought in designing advanced real-
time voltage stability monitoring and instability detection
schemes. The use of simple representation of the system by
two-bus equivalent and derivation of power margins from the
equivalent appears to be such a scheme [1,7]. Some of
previous works consider construction of a P-Q curve based on
local measurements and simple calculation of active and
reactive power margins [8,9], for this purpose. The method [8]
is based on the assumption that this P-Q curve is a circle and it
computes loading margins. This assumption is not very
accurate and it could lead to over-estimation of the reactive
power margin. Reference [9] also proposes computation of
power margins in P-Q plane, where margins are computed
without explicit assumption about analytic form of P-Q curve
and without details how the curve is updated as system
conditions and parameters change. The P-Q curve is
constructed point-by-point, based on a simple instability
condition and permits more flexible computation of power
margins).

Recognizing the advantages of simple power margin
computations and visualization in P-Q plane, this paper
proposes such a method with several additional features
allowing their refreshment at high rates and its use in different
situations (local substations, critical transmission paths, and
load centers). The proposed method is based on the VIP
concept [7]. Stability margin is expressed in terms of powers



(MVA, MW, Mvar) and it is easily visualized in P-Q plane of
local substation, critical transmission path or load center. The
visualization is achieved through a simple identification of a
voltage stability boundary curve with a realistic assumption of
the explicit parabolic relationship between active and reactive
powers. This curve can be refreshed (re-computed) at high
rates, i.e. at the same rate current operating state is refreshed,
or different rates could be used to this purpose. In principle,
only one set of measurements is sufficient to compute the
curve, but more than one set of measurements is useful to be
processed in least-square sense, adding additional flexibility to
the scheme. Although PMU measurements are preferred, the
proposed method, in principle, permits the use of SCADA
measurements as well as a mix of these two types of
measurements. The capabilities of the proposed method are
demonstrated using a relatively big test system as well as a
portion of an actual system.

The paper is organized as follows. The concept of VIP is
shortly reviewed in Section II. Algorithmic details of the
proposed method are given in Section III. Section IV presents
some results obtained using a test system and a portion of a
real-life system while Section V offers some conclusions.

II. VIP REVIEW

VIP method was originally proposed in late 90's [7] and
later extended for different situations [10,11]. In principle, it
combines fundamental theory of voltage stability and
technological advances, primarily better and more accurate
measurement devices able to provide measurements at high
rates.

The method is based on representing the system as a two-
bus equivalent (impedance of the bus and equivalent
Thevenin's impedance and source representing the rest of the
system), as illustrated in Fig. 1 [4,5,7].
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Fig. 1. Two-bus equivalent circuit

The core of the method is accurate identification of the
equivalent parameters using measurements collected at the
local bus. Emergence of synchronized phasor measurements
opened the possibility for computation and refreshment of
these parameters at high rates and in the original proposal [7] a
recursive least squares algorithm has been proposed to this
purpose. Equivalent parameter identification at high rate
transforms the linear system of Fig. 1 to a linear parameter
varying system, thus better accounting for nonlinearity present
in real systems.

Using basic circuit theory equations for the two-bus
system of Fig. 1, realistic condition for maximum deliverable

power under given load power factor can be easily derived and
is equivalent to [4,5,7],

M

Equation (1) can be directly used as the voltage stability
index while several other indices can be derived from the
condition of equation (1). One such index is the power loading
margin.

A maximum MVA corresponding to the current values
(computed at time f) of the equivalent parameters is computed
as,
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Knowing maximum MVA power the loading margins can
be computed as,

AS=S._ S 3)

Active and reactive power margins can be easily computed
for known load power factor [4,5,7].

III. PROPOSED METHOD

The main idea of the method is to use VIP derived
quantities  (Thevenin  equivalent  parameters)  and
measurements of relevant variables in order to monitor voltage
stability conditions and detect instability. Each time new
measurements are collected the stability boundary is re-
computed and presented in the P-Q plane. In addition, the
power margins are computed at each time instant, while
keeping the possibility to compute the loading margins as
necessary. Different notions of voltage stability power
margins in P-Q plane are illustrated in Fig. 2.
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Fig. 2. Voltage stability power margins in P-Q plane

The maximum MVA is computed using equation (2)
rewritten below for current values of the equivalent



parameters (at time instant ¢ when relevant measurements are
collected),
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Assuming the voltage stability boundary is defined by a
parabolic equation (this is a realistic assumption [4,5]),

Q, =ab’ +bF, +c (5)
the problem becomes determination of the
coefficients a, b, and c.

These coefficients are uniquely determined by points A4, B,

and C shown in Fig. 2. Coordinates of these points in P-Q
plane are obtained as,

parabola
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The values of P and O, x, 1€ derived as follows:

a. Letting tand, = X /R — 0 (only the active load power

increase assumed) results in (from (4)):
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b. For tan§, = X/R —>oo (only reactive load power

increase assumed) from (4) one gets:
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In principle, only one measurement sample (N=1) is
sufficient to uniquely determine the coefficients a, b, and c.
However, utilization of multiple data samples is useful in
order to minimize impact of fast (and often temporary) system
transients.

Once the coefficients a, b and ¢ are determined, the active
and reactive load power margins, at current time instant # can
be computed as,
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where P and Q, are the values of load active and reactive

powers measured at time instant 7.
The proposed method can be implemented in different
forms:

1. Monitoring of power margins at individual system load
buses (substations). The resulting margins are powers
that can be delivered to monitored substation.

2. Transmission corridor margins monitoring. The
resulting margins are powers (apparent, active, or
reactive) that can be transmitted over the corridor
(from sending to receiving end) before voltage
stability limit is reached.

3. Load center margins monitoring. This is an application
of the transmission corridor case. Resulting margins
are powers that can be delivered to the load center
over particular in-feeds.

IV. RESULTS USING TEST AND A REAL-LIFE SYSTEM

The capabilities of the proposed method are demonstrated
on the Nordic test system and a real-life system model (a
portion of the North-West USA system. Two embodiments of
the method are illustrated:

1. Stability monitoring of a system bus (using Nordic
test system) when instability develops in several tens
of seconds, after a large disturbance, with high
sampling rate of relevant variables (sampled every
0.1 seconds), and

2. Stability monitoring and instability detection for a
load center (using the North-West USA system
model) when instability develops, after a large
disturbance, in several minutes with sampling of
relevant variables every 2 seconds.

Computations detailed in the previous section are performed
using only one measurement sample in all considered cases.

A. Results using Nordic test system

This system is specifically designed to study voltage related
problems and includes the models of all equipment having key
impacts on system voltage stability conditions. The system
was extensively used in illustrating different voltage stability
detection and control approaches and the model used in this
paper corresponds to the one of [12]. The one-line diagram of
this 52-bus, 20-machine system is shown in Fig. 3.

Full dynamics model of the system is used to demonstrate
capabilities of the proposed method. The model includes for
each generator: a standard synchronous machine model with 3
or 4 rotor windings, a simple governor (for generators in the
North and Equiv areas while the other ones do not participate
in frequency control), a simple automatic voltage regulator
including an over-excitation limiter.

Each load is fed through a transformer with automatic load
tap changer. There is a delay of 30 seconds on the first tap
change and a shorter delay on the subsequent steps. Each load
is represented by an exponential model with exponent 1
(constant current) for the active power and exponent 2
(constant admittance) for the reactive power.



The model has been implemented in the Simulink
environment [13]. A variable step size method is used to
simulate its dynamics.

System load bus 1041 is chosen for monitoring. The
specific case considered involves tripping the line 4032-4044
at =5 seconds. The system evolves over 85 seconds under the
effect of load tap changers and over-excitation limiters acting
over several generators. The long-term voltage instability
results in a loss of short term stability in the form of a field
current limited generator losing synchronism. The evolution of
the voltage magnitude at the bus is shown in Fig. 4. All
relevant variables (voltage magnitude and angle, current
magnitude and angle, active and reactive load powers) of this
bus are sampled every 0.1 seconds.

value of the threshold would be reactive power at time (=47
seconds (instability detection using method of [12]). This
value is approximately 52 Mvar (to be compared with 275
Mvar in undisturbed conditions). In general, setting the
thresholds is system dependent and is a topic of our ongoing
research activities.
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Fig. 3. One-line diagram of 52-bus Nordic test system

The method introduced in [12] is an accurate model-based
method with wide-area view of the system (provided by a
relatively rich set of synchronized phasor measurements). This
method is used as a benchmark in order to asses accuracy of
the proposed method. The method of [12] detects developing
instability at t=47 seconds.

The voltage stability margins are computed in terms of
maximum deliverable power (MW and Mvar) of bus 1041.
Parameters of the Thevenin’s equivalent for this bus are
computed using the method of [11]. These margins become
zero at t=85 seconds (few seconds before the system
collapse). This observation raises the need for defining
appropriate thresholds for the margins for timely detection of
developing instability. In this particular case the appropriate
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Fig. 4. Evolution of voltage magnitude at bus 1041

A voltage stability boundary in the P-Q plane is computed
for two time instants during the voltage collapse scenario
described above (before and after tripping of line 4032-4044).

The boundaries, together with corresponding operating
points are shown in Fig. 6. The stability boundary curve
shrinks over time causing the stability margin to gradually
diminish, leading to a voltage collapse.

The system is driven to voltage instability by actions of
over-excitation limiters of several generators and load tap
changers. All these actions are properly accounted for by the
method in the form of detection of the abrupt change
(decrease) in power margin (see Fig. 5). The same holds true
for the line tripping taking place “upstream”, i.e. in electrically
remote area not monitored completely by the measurements.
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Our observation, based on many simulations conducted, is that
the assumption on P-Q quadratic relation and margin
computation are accurate when the system approaches the
voltage stability boundary (our interest lies in this problem
since future development will include design of appropriate
controls when the system approaches the stability boundary).
Away from the boundary the results are less accurate.
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B. Results using a real-life system model

A portion of the North-West USA system is graphically
sketched in Fig. 7. The system consists of a generation area
and several load dominant areas (load centers). The results
included in this paper correspond to Load Center-1. This load
center is fed from the generation dominant area through two
in-feeds. Fig.7 indicates the in-feed of interest. Load Center-1
is connected to generation dominant area by this in-feed
through two long transmission lines. The lines originate from
the same bus in the generation dominant area and end in two
separate, but electrically close, buses in the load center.
Locations of phasor measurement units are shown in Fig. 7. In
this particular example, the relevant variables are sampled
every 2 seconds from the output of a time sequence power
flow software (time step simulation tool available in the
PowerWorld software suite [14]).
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Fig. 7. A simple load center configuration of a real-life power system

The particular case considered in this example is a load
ramping in the load center followed by a line tripping in the
generation dominant area. Both generation dominant area and
load center are equipped with shunt capacitors that are
switched during specific scenario considered.

The event of the voltage collapse is described below:

1. The load ramping or linear load increase (assuming
increase in both active and reactive load powers
maintaining the initial load power factors) in the load
center causes slow voltage magnitudes decrease in
the load center.

2. At time instant of approximately 2200 seconds, a
shunt capacitor is switched in the system in order to
improve voltage profile.

3. Further load increase results in progressive voltage
decrease and another shunt capacitor is switched at
time instant of approximately 7000 (s).

4. Few hundred seconds after time instant of 8000 (s) a
line was tripped by a protection device in the
generation dominant area. After this, the system
further evolves with several additional shunt
capacitors switching trying to restore system voltages
as loads continue to ramp. System collapses at the
time instant of 13500 (s).

The results are illustrated in terms of time evolutions of
voltage magnitude at the one of load center buses (Fig. 8) and
power margins (Fig. 9).

The voltage stability power margins, in this case, are
powers (MVA, MW and Mvar) that can be transmitted from
the generation dominant area to the load center over the two
transmission lines considered as a transmission corridor.
Parameters of the Thevenin’s equivalent for the load center are
computed, as in case with Nordic test system, using the
method of [11] combined with the equivalent of transmission
corridor computed using method of [10].

Determination of the voltage stability boundary in P-Q
plane is performed for five time instants during the voltage
collapse scenario described above (before and after line
tripping in generation dominant area).
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Fig. 8. Evolution of voltage magnitude in load center



The boundaries, together with corresponding operating
points are given in Fig. 10. As in case with Nordic test system,
stability boundary curve shrinks causing the stability margin
to gradually diminish.
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The method is able to account for shunt capacitor locations
in the system and detect their impact. These important
voltage-related events are properly accounted for by the
method in the form of the abrupt change (increase) in power
margins (see Fig. 9). The same holds true for the line tripping
taking place “upstream”, i.e. in the generation dominant area
not monitored completely by the measurements.
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Fig. 10 . Voltage stability boundary and the loads for five time instants

Loading margins (with linear load increase in load
dominant area and assuming constant load power factor) still
can be easily computed and tracked in real-time (including
visualization in P-Q plane). Evolution of loading margins is
shown in Fig. 11.
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V. CONCLUSIONS

A simple method to compute voltage stability power
margins and their visualization in P-Q plane is presented in
this paper. A stability boundary is computed in real-time
assuming a parabolic P-Q curve. The margins are re-computed
and visualized every time a new measurement set is collected.
The results obtained using a test system and real-life system
model are included to demonstrate the capabilities of the
proposed method. The method offers the following
advantages:

1. It is easy to implement in real time and it offers a
simple and clear interpretation of its results -
significantly better than voltage-only methods, but
simpler than any other method.

2. The method takes advantage of fast PMU sampling
(10-120 samples per second), enabling timely detection
of changes in the system.

3. The method is adaptive as it tracks the changes in the
system using recursive procedures for calculating the
Thevenin and load equivalents.

4. 1Tt is applicable for voltage instability problems at
various network locations: local bus, physical
transmission corridor, and load center, at both
transmission and distribution systems.

5. It can be implemented in both various hardware devices
and Control Center software tools.

6. Can be easily combined as complementary to other
indices (e.g. reactive reserve monitoring). The method
is flexible to accommodate specific needs of system
operators, such as updating the P-Q boundary at rate
that will minimize impact of temporary transients.

7. The method is applicable for monitor slow changes in
daily system operations as well as to track faster
changes during system dynamics.
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