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Abstract—Situational awareness is imperative for reactive
power management, particularly for interpreting the results of
studies evaluating the impact of geomagnetic disturbances or high
levels of renewable generation on the grid. This paper introduces
a visualization technique, VAR Ready Reserves (VRRs), to pro-
vide a novel and useful tool to enhance the situational awareness
of users performing and interpreting power system studies.
This visualization technique can be adapted to demonstrate the
dispatch, injection, and absorption capability of reactive power
devices (such as generators, shunts, SVCs) in either a chart view
(VRR charts) or with an integrated system view (VRR GDVs)
to provide users with the awareness of reactive power capability
and dispatch over the duration of a simulation or spatially. This
paper reviews industry practices for reactive power management,
summarizes existing visualization strategies, and demonstrates
the newly-developed VRRs on a 2000-bus case study.

Index Terms—Reactive power, Reactive power management,
Situational awareness, Visualization

I. INTRODUCTION

Reactive power plays a fundamental role in maintaining
power system voltage stability. Maintaining voltage levels
within acceptable bounds enables the delivery of active power
to consumers in the system. Voltage instability issues usually
occur when a heavily-loaded system does not have a sufficient
amount of reactive power reserves [1]. Thus, power system
operators must have an appropriate management strategies for
and awareness of reactive power to avoid possible voltage
instability concerns and even blackouts.

Generators and devices such as shunts and static var com-
pensators (SVCs) can be used to provide reactive power
resources (through injection or absorption) to the grid. Al-
though operators aim to minimize the use of switch shunts,
they can be used to improve system voltages for regular or
post-contingency scenarios. According to the PJM’s operation
manual, the response time when tripping or closing automatic
shunts ranges from 1 second to 15 minutes [2].

Independent System Operators (ISOs) have established their
own reactive power management strategies to maintain and
regulate system voltage within acceptable ranges under both
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normal and contingency conditions. For example, PIM mon-
itors reactive power reserves using real-time unit reactive
capability data obtained from each generation owner or op-
erator [3]. This management scheme enables PJM operators
and engineers to maintain awareness of individual unit re-
active power output and capacity within the interconnection
to preserve steady-state operating conditions. The Electric
Reliability Council of Texas (ERCOT) relies on an updated
reactive capability curve by computing limiting factors such
as under/over-excitation limiters and ambient temperature lim-
itations across the MW range of the unit. Currently, the most
limiting elements for the leading and lagging reactive output
are considered [4]. ERCOT has developed a Reactive Power
Coordination (RPC) tool to optimize the use of reactive power
control devices such as shunts, generator voltage setpoints,
and SVCs, across a multi-hour interval [5]. This tool aids
in reducing the number of switching actions and augmenting
transfer capability in areas where have voltage instability
issues.

The Federal Energy Regulatory Commission (FERC) and
ISOs in North America have settled certain reactive power
requirements that are needed to be met to manage the power
systems properly [2], [6]-[9]. Table I presents the requirements
of minimum reactive power capability and voltage range.
Generally, generators are required to have 0.95 lag to lead
power factor at the Point of Interconnection (POI) and voltage
range to be between 0.95 and 1.05 per unit. These limits can
differ depending on the type and voltage level of the machines

(2], [8].

TABLE I: Reactive Power Requirements

Power Factor Limit Voltage Range (p.u.)
Synchronous | Non-synchronous o
FERC +0.95 +0.95 -
ERCOT +0.95 +0.95 0.95< V <1.05
PJM +0.9/-0.95 +0.95 0.90< V <I1.10
CAISO +0.9/-0.95 +0.95 0.95< V <1.05

A. Motivation for Reactive Power Situational Awareness

The importance of reactive power management situational
awareness is highlighted when considering required studies
and trends in generation technologies. Geomagnetic distur-
bances (GMDs) have the potential to increase reactive power



demand and can introduce harmonics which may result in the
tripping of reactive power resources. This presents a challenge
for grid planners and operators anticipating a GMD as the
reactive power device availability may suddenly change. In
North America, per TPL-007-2, engineers must study the
possible effects of GMDs in the planning of the system
[10]. Situational awareness of reactive power is an important
part in interpreting the results of such studies particularly
with the strong impact that GMDs can have on reactive
power resources. Power generation trends show an increasing
incorporation of renewable resources into large-scale power
systems. Because the power electronics for the renewable gen-
erators provide reactive power support and voltage regulation,
a need for continued awareness of reactive power availability
and levels is illuminated.

B. Paper Structure

This paper presents a review of visualization strategies and
introduces a novel visualization tool to strengthen reactive
power situational awareness by enabling ease of recognizing
real-time status of reactive power and capacity. Section II
presents a discussion of the role that situational awareness
can play in reactive power management and presents a novel
visualization tool for enhanced situational awareness of re-
active power. Section III presents a case study of reactive
power management over time and demonstrates the use of
the situational awareness tools introduced and discussed. The
paper concludes with a summary of work and discussion of
future applications in Section IV.

II. REACTIVE POWER SITUATIONAL AWARENESS

Reactive power situational awareness tools are designed for
different types of studies and user environments. Some of
these tools provide awareness of reactive power for individual
generators while others provide situational awareness for wide-
area system studies. Generally, approaches for reactive power
situational awareness incorporate data from either shunts or
generators separately. Situational awareness of voltage has
been used as a proxy in some cases for the reactive power
needs in different regions of a system.

A. Graphs and Charts

For awareness on a generator-level, the reactive power
capability of generators is presented by the use of their reactive
capability (or “D”) curves [3], [11], [12]. This approach is
useful in smaller systems or for considering generators within
a pre-identified region-of-interest within the system. Reference
[13] shows the reactive capability aggregated zonally for a
small system to integrate individual generator reactive capa-
bility curves to a small system view. This technique provides
awareness to the reactive generation capability from generators
from a wider range of consideration and could be used more
generally when confronted with a region of reactive power
imbalance. Post-study situational awareness of the reactive
power needed from each generator in the system to support
SCOPF simulations was managed with the use of bar charts
in [12].

B. Integrated System Visualizations

Approaches which integrate reactive power visualizations
with the system diagram have been explored as well. This
is shown as 3D bars at generator reactive reserves loca-
tions in oneline diagrams in [14], [15]. More recently, icons
called geographic data views (GDVs) have been integrated
into oneline displays or maps to provide additional system
information such as shunt status or generators near their limits
for generating or absorbing reactive power [16], [17]. The
placement of these GDV icons is traditionally geographic,
though the layout may also be modified to optimize for use
of display space, with examples of shunt relative location and
dispatch status depicted in [16].

C. Voltage Visualizations

System voltages are typically represented through the use
of a voltage contour to present the bus voltages in the system
for cases [18]. This provides visibility to the voltage level in
areas of the system and may highlight regions with voltage
issues in which reactive power dispatch may provide support
to the voltage. Another approach to communicate the need
for voltage support with reactive power could be signaled
by visualizing the status of buses within the system by their
distance from voltage collapse. This is done in [19] using
a surface plot of the distance from voltage collapse. An
application of voltage awareness in the distribution system is

provided by [20].
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Fig. 1: VAR Ready Reserve GDV

D. VAR Ready Reserves

This paper introduces VAR Ready Reserves (VRRs) to offer
a tool to be leveraged either in a chart view (as a VRR
chart), or with an integrated system view (as a VRR GDV).
VRRs incorporates available reactive power support from both
generators and other reactive power devices. In chart form,
the reactive power capability and dispatch is represented over
a duration of time for a specific region of the system. In
GDV form, VRRs are incorporated as GDV icons overlaid
over a system diagram and are used to represent a region of
the system’s available reactive power resources. Depending on
the scale of the system and the desired scope of analysis the
region of the system may be pre-designated areas or zones or
other, user-defined regions. The VRR presents the following
levels of information:



o Level 1: Online regional reactive power capability
o Level 2: Offline regional reactive power capability
o Level 3: Present regional reactive power dispatch

For Level 1, the VAR Ready Reserve aggregates the avail-
able reactive power absorption and production capabilities
for committed reactive power devices including generators,
shunts, and SVCs for a region of the system. This is depicted
by lighter colors in the middle of the VRR. For Level 2,
the VAR Ready Reserve encompasses the reactive power
capabilities for offline devices. This is depicted by darker
colors in the VRR and form the upper and lower bound for
the reactive power capabilities within a region of a system.
Level 3 is the regional reactive power dispatch at a present
state of the system. This is presented by the black line within
the VRR. A blue-red color mapping is used within this paper,
but any high-contrast color mapping may be applied.

Figure 1 presents an example of a VAR Ready Reserve GDV
icon for a region in the system with 50 Mvar capability for
online reactive power generation (indicated by the light blue),
50 Mvar capability for absorbing reactive power using online
devices (indicated by the light red). This region also contains
an additional 50 Mvar capability for reactive power generation
with devices currently offline (indicated by the dark blue), and
50 Mvar capability for reactive power absoprtion with devices
that are currently offline (indicated by the dark red). Thus, the
total regional reactive power capability for generation is 100
Mvar and absorption is 100 Mvar. Within the sample region,
approximately 25 Mvar is the net reactive power generation
being dispatched in a sample case, as presented by the black
line in the VRR.

This visualization method is unique as it aggregates all
reactive power capabilities including that of generators and
other reactive power devices for each region. By presenting
this information in an integrated system view, this situational
awareness approach may be particularly beneficial for evalu-
ating the possible actions available to mitigate voltage issues
in a study case. Using a chart view to demonstrate the VRR
information could benefit a post-study analysis considering the
commitment of reactive power devices over the course of the
simulation for a region of study.

III. CASE STUDY
A. Scenario Description

Since the information of actual electric grids is confidential
and protected as Critical Energy Infrastructure Information
(CEIl), Texas A&M University has created synthetic electric
grids that are realistic in structure and function, but do not
compromise CEIl. These have been developed for various
regions of United States’ footprint and are available for
research and educational purposes [21]. These synthetic grids
are created based on publicly available data such as U.S.
Census data [22] and generators’ information that is available
at Energy Information Administration website [23]. Reference
[24] outlines fundamental steps for the creation of synthetic
power system models including geographic loads, generators,

substations, and assignment of transmission lines. The overall
approach for building these networks is described more in [24].
The general process includes substation planning, transmission
planning and reactive power planning. Also, these synthetic
grids are validated based on important characteristics of actual
grids named as validation metrics [25], [26] for achieving
realistic data sets. One important feature of these synthetic
grids is the availability of geographic information of system
elements. The geographic information is explicitly used to
develop scenarios with various system operating conditions
and create load and renewable time series [27]-[29].

ACTIVSg2000 [21] is used for study in this paper. This
synthetic grid is sited on the geographic footprint of Texas and
includes 2,000 buses, 1,250 substations, 2,345 transmission
lines, 1,350 loads, 544 generators, and 8 areas. The total
generation capacity is 100 GW. Load and renewable time
series are created based on the strategy explained in [27]-[29].
The created time series are also synthetic but validated based
on the real data [27]. A high load day in August (the 11th
day) is selected for a more detailed study of reactive power
changes in this paper. The system load peaks at 3:00 PM in
the simulation, with a system load of about 66.3 GW.

Three visualization strategies are demonstrated ranging from
graphical representation of reactive power levels to the VRRs
introduced in Section II-D. Figure 2 shows a strictly graphical
representation of reactive power dispatch, providing insights to
regional reactive power levels over time. Figure 3 demonstrates
VRR charts for regions of interest within the system to provide
insights to the flexibility of reactive power levels over time.
Figures 4 and 5 demonstrate the VRR GDVs in a system-
integrated visualization technique. These showcase the reactive
power level and flexibility for regions within the system at
times of interest. The VRR GDVs can be readily integrated
with other visualization techniques such as voltage contours
to provide additional perspectives or could be animated to
show the change in dispatch and flexibility over time. These
situational awareness strategies are discussed in the next

section.
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Fig. 2: Reactive power dispatch levels within each area of the
case over the 24-hour simulation window.



B. Results and Discussion

The reactive power dispatch for reactive power devices in
each area for the duration of the simulation is shown in Figure
2. Each of the eight system areas are depicted. The system’s
peak reactive power level is highest in the early afternoon
hours to support the delivery of the afternoon peak active
power within the system. Each of the system areas experiences
different levels of variation over the course of the simulation,
with each demonstrating changes to reactive power levels
at around 10:00 AM. Although this corresponds with a net
increase in reactive power injection for the case as a whole,
the North, West, and East areas demonstrate lower levels of
reactive power injection (or higher levels of reactive power
absorption) during this part of the simulation.

Figure 3 demonstrates reactive power capability and dis-
patch in VRR charts for different regions of the system, where
light blue presents online reactive power injection capability,
light red represents online reactive power absorption capa-
bility, dark blue shows the total system (online and offline)
reactive power injection capability, and dark red shows the
total system reactive power absorption capability. The black
line denotes the net level of reactive power used within the
case over the 24-hour simulation window. Figure 3a shows an
aggregation of the lines from from Figure 2 as the black line
and provides additional information as to the degree of flex-
ibility of this dispatch level by demonstrating characteristics
of the VRR over time for the entirety of the system. Over
the course of the simulation, there is great flexibility in the
reactive power injection of the system as a whole. Changes
in the status of reactive power devices can be seen with the
amount of dark red and dark blue shown in the graph. Figures
3b and 3c show the VRR charts for the North and Coast areas,
respectively. The North area demonstrates a net absorption of
reactive power for the entire duration of the simulation, with
nearly all of the online reactive reserve absorption capacity
being used during the twelfth hour of simulation. The Coast
area has great flexibility in reactive power dispatch for all
hours of the simulation.

Figures 4 and 5 provide additional insights to the reactive
power dispatch and availability for 3:00 AM and 2:00 PM
in the system simulation, respectively. These demonstrate
the flexibility of reactive power resources for regions of the
system at a snapshot in time during the simulation. Figure
4 demonstrates that, at 3:00 AM in the simulation, the East
area in the case has the smallest proportion of reactive power
reserves online. The other regions at this time in the simulation
demonstrate a greater range of flexibility even though there
are some reactive power resources offline in each area of the
system. The VRR GDVs in Figure 5 show that a majority
of reactive power devices are committed within the grid at
this point in time which leaves the simulation with highly
flexible reactive power support deployment. Between the two
figures, one can see that the commitment of generators and
the status of reactive power devices has changed, as has the
dispatch of these devices, within each area of the system. This
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Fig. 3: VRR charts for various regions of the system over the
course of the simulation.



Fig. 4: VRR GDVs at the simulation hour of 3:00 AM.

visualization strategy enables the user to identify the regions
of possible adjustments to reactive power levels within the
system, which may be particularly useful when working with
voltage issues in a more highly constrained system.

Each of these visualization strategies is well-suited for
different applications. VRRs as a situational awareness tool
provide insight into unit commitment and grid operation within
a case. These may also be leveraged for planning future
cases, designing power system scenarios, evaluating an aspect
of flexibility or resilience, or as a method of validation for
synthetic power grid scenarios. Both forms of the VRR offer
a view of reactive power reserves and the flexibility of reactive
power within a region of the case. The VRR chart could readily
benefit post-scenario study of the reactive reserves within a
case. The VRR GDV could be used to provide operators of
capability of reactive power within a region that could be used
to mitigate voltage issues for a given time point. As with
any tool, each has applications for which it is better suited
and the selection of the situational awareness strategy should
be made with the application and user in mind. The unique
perspective offered by both forms of the VRR relative to other
visualization strategies is a demonstration the flexibility of
reactive power dispatch within the case and the incorporation
of the reserves from all reactive power devices in a region
(including generators, shunts, and SVCs).

IV. CONCLUSIONS

This paper introduces VAR Ready Reserves (VRRs) in
chart form and GDV form to provide users with situational
awareness of the availability and dispatch of reactive power
devices within a case. In industry, reactive power management
strategies are defined according to power factor and voltage
ranges to control reactive power in a reliable manner. Those re-
quirements are maintained by controlling generator set points
and reactive power devices such as shunts and SVCs. Industry

Fig. 5: VRR GDVs at the simulation hour of 2:00 PM.

and academia alike have relied on a variety of visualization
strategies to help maintain situational awareness of reactive
power levels within cases. Each of the identified visualization
techniques has benefits and limitations. Authors introduce a
new visualization strategy, VRRs, for reactive power situa-
tional awareness to address some of the observed limitations of
existing visualizations. VRRs present an aggregate visualiza-
tion of the availability of reactive power resources (generators,
shunts, SVCs) as well as present dispatch levels for a region
of the case. These enable users to have an indication of the
flexibility of reactive power resources for a region of the
system. The VRRs may be leveraged in chart form with VRR
charts, or in an integrated system view, with VRR GDVs.
The use of VRR GDVs enables easy combination with other
visualization tools such as voltage contours. A case study
is presented using ACTIVSg2000 to demonstrate the VRRs
in both chart form and GDV form. Future applications of
this work include synthetic grid scenario realism validation,
flexibility of regions within planning cases, or the evaluation
of planning cases with increasing integration of renewable
generation in the grid.
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