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Executive Summary

Effective power system operation requires power system engineers and operators to analyze
vast amounts of information. In systems containing thousands of buses, a key challenge is to
present this data in a form such that the user can assess the state of the system in an intuitive and
quick manner. This is particularly true when trying to analyze relationships between actual
network power flows, the scheduled power flows, and the capacity of the transmission system.
With restructuring and the move towards having a single entity, such as an independent system
operator or pool, operate a much larger system, this need has become more acute. This report,
along with the project publications listed in Chapter 7, describes the results of the research
performed to address this need.

The original goals of this project were 1) the development and/or enhancement of techniques
for visualizing power system data using two-dimensional (2D) displays, 2) the development of
techniques for visualizing power system data using three-dimensional (3D) displays, and 3) the
performance of formal human factors experiments to assess the performance of some of these
new visualization techniques. The report describes how each of these goals were met, with the
new 2D display techniques covered in Chapter 2, 3D techniques covered in Chapter 3, and the
results of the human factors experiments covered in Chapter 5. In addition, as the project
progressed the opportunity arose to implement several of the techniques in the EMS control
centers of two PSERC members, Exelon and TVA. Results of these implementations are
covered in Chapter 4.

Much progress has been made in the development, implementation and testing of new power
system visualization techniques. But much work still remains as well. The amount of data
generated by the restructuring power system continues to grow. There is an ongoing need for
further research to develop new and improved visualization techniques, along with an ongoing

need for further human factors testing to quantify their effectiveness.
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Visualization of Power Systems

Chapter 1 Introduction

Effective power system operation requires power system engineers and operators to analyze
vast amounts of information. In systems containing thousands of buses, a key challenge is to
present this data in a form such that the user can assess the state of the system in an intuitive and
quick manner. This is particularly true when trying to analyze relationships between actual
network power flows, the scheduled power flows, and the capacity of the transmission system.
In many regions deregulation has resulted in the creation of much larger markets under the
control of an independent system operator. This has resulted in even more buses and other
devices to monitor and control. Simultaneously, the entry of many new players into the market
and the increase in power transfers has added to the amount of data that needs to be managed.
Finally, system operators and engineers have come under increased scrutiny since their
decisions, such as whether to curtail particular transactions, can have a tremendous financial
impact on market participants. Power system software in general, and the EMS in particular,
need to be modified in a number of different ways to handle these new challenges. One such
modification concerns how system information is presented to the user.

This report, along with the published publications list in Chapter 7, present results from the
PSERC “Visualization of Power Systems” project. The original goals of this project were 1) the
development and/or enhancement of techniques for visualizing power system data using two-
dimensional (2D) displays, 2) the development of techniques for visualizing power system data
using three-dimensional (3D) displays, and 3) the performance of formal human factors
experiments to assess the performance of some of these new visualization techniques. We
believe all three of these goals were met, with the 2D display techniques covered in Chapter 2,
the 3D techniques covered in Chapter 3, and the results of the human factors experiments
covered in Chapter 5. In addition, as the project progressed, the opportunity arose to implement
several of the techniques in the EMS control centers of two PSERC members, Exelon and TVA.
Initial results describing these installations are discussed in Chapter 4.



Chapter 2 Two-Dimensional Power System Visualization

As was mentioned in the Introduction, the project focused on developing new methods and
enhancing existing methods for both 2D and 3D visualization. This chapter discusses the 2D
techniques. Two-dimensional visualization has a key advantage in that it is intuitively
understandable to essentially all potential viewers. People are very accustomed to 2D displays
through their previous interaction with computer displays and through their familiarity with other
techniques for information presentation such as books. Another important advantage is the
ability to relatively quickly display 2D computer images.

For the visualization of power system operational information, such as the results of power
flow studies or SCADA data, the traditional visualization approach has been to use either tabular
displays or substation-based one-line diagrams. In an EMS control center this information is
often supplemented with an essentially static mapboard. Historically the only dynamic data
shown on a mapboard has been the application of different colored lights to indicate the status of
various system devices. This section describes some 2D techniques that could be used to
supplement, or in some cases replace, such displays. The emphasis in this research was the
display of large amounts interrelated information, with the information relationships usually due
to either the presence of an underlying electrical gird, or inter-temporal interactions. Techniques
considered included animation of static line flow information, dynamic resizing of one-line
components, contouring of system one-line information, inter-temporal animation, and
contouring of tabular information.

2.1 One-line Animation and Dynamically Sized Components

Key to understanding the state of the transmission system is knowing the current flows and
percentage loading of the various transmission lines. This can, however, be quite difficult
particularly for larger systems. By far the most common means for representing transmission
system flows is through the use of the one-line diagram. Traditionally MW/Mvar/MVA flows
on transmission line/transformer (lines) have been shown using digital fields. Such a repre-
sentation provides very accurate results and works well if one is only interested in viewing a
small number of lines. In a typical EMS system this representation is supplemented with alarms
to call attention to lines violating their limits.

One newer technique is to supplement such representations though the use of animation to
illustrate how power is actually flowing in a system. As an example, Figure 1 shows a one-line
diagram of a small 30 bus, 41 line system. To indicate the direction of real power flow (MW) on
each transmission line/transformer, small arrows are superimposed on each device, with the
arrow pointing in the direction of the flow and with the size of the arrow proportional to the MW
flow on the line. The advantage of this one-line approach is that even when using a static
representation, such as a figure in a report, one can quickly get a feel for the flows throughout a
large portion of the system.
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Figure 1: Thirty Bus System Line Flows

However, a much more dramatic affect is achieved when the flows are animated. With
modern computer equipment, animation rates of greater than ten times per second have been
achieved when using a relatively fast PC, even on relatively large systems. Smooth, almost con-
tinuous, animation is achieved by updating the display using bitmap copies. The effect of the
animation is to make the system appear to "come to life". Our experience has been that at a
glance a user can gain deep insight into the actual flows occurring on the system. The use of
panning, and zooming with conditional display of objects gives the user the ability to easily
study the flows in a large system.

The application of such animated flows to larger systems has to be done with some care. It is
certainly possible to create one-lines in which the presence of the flow arrows results in more
clutter than insight. For example, Figure 2 shows a one-line diagram of the TVA 500/161 kV
transmission system (with a few 345/230 kV buses as well). Overall the display shows slightly
more than 800 buses and about 1000 transmission lines and transformers. From just viewing the
static representation shown in the figure it is relatively difficult to detect flow patterns since the
flows from the different voltage levels tend to intermingle. When the display is animated this
intermingling is less apparent, but it is still a challenging display to interpret.

But if the view is restricted to just a particular voltage level, or zooming is utilized to focus on
a particular portion of the grid, then the animated flow arrows can again be quite helpful. As
examples, Figure 3 shows just the flows on approximately 75 of the 345/500 kV transmission
lines, while Figure 4 shows a zoomed view of all the transmission line flows in southwest
Kentucky.



Figure 2: TVA 500/161 kV Transmission Grid

Figure 3: TVA 500 kV Transmission Grid
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Figure 4: Zoomed View of Southwest Kentucky Transmission

The project also investigated the applicability of animated arrows to display other power
system flow quantities such as reactive power and power transfer distribution factors (PTDFs).
The visualization of reactive power was slightly more complex than the display of real power
since the high reactive power losses and/or generation on the lines resulted in many situations in
which the reactive power entering one end of a line was substantially different from the reactive
power leaving the other end. Situations in which reactive power was simultaneously entering
both ends or leaving both ends were not uncommon. The visualization approach which seemed
to work best was to uniformly scale the size and, if necessary, the direction of the arrows along
the length of the line. Figure 5 shows a zoomed view of reactive power generation on the 500
kV TVA line from the Jackson substation to the Haywood substation. When animated, the
arrows on this line appear to be created in the middle of the line, flowing to the ends.
Visualizations of just the reactive power flows were deemed to be quite used. But because
reactive power flows are usually much smaller than real power flows, the simultaneous display
of both real and reactive flows was found to be most useful for educational purposes using a
system specifically designed to have high reactive power flows. Further discussions of animated
flows are found in Chapter 4, which presents the application of animated flows in the Exelon and
TVA control centers, and in Chapter 5, which discusses two human factor studies considering

flow animation.
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Figure 5: Generation of Reactive Power by a 500 kV Line

Another visualization idea that has proven useful for quickly indicating the loading on a
transmission network has been the use of pie charts to indicate the percentage loading of each
transmission line and transformer. For relatively small displays in which each individual line
can be viewed with sufficient detail, such pie charts can quickly provide an overview of the
system loading. If desired, different color shadings could be used with the pie charts to highlight
those devices loaded above some threshold percentage. For larger network one-lines, which lack
sufficient detail to view the individual lines, a supplementary technique is to dynamically size
the pie-charts to indicate loading on each transmission line. In this approach the percentage fill
in each pie-chart is equal to the percentage loading on the line, while the size and color of the
pie-chart can be dynamically sized when the loading rises above a specified threshold. By
greatly increasing the size of the pie charts only for the small number of elements loaded above a
critical threshold, the user’s attention can be focused on those elements near or exceeding their
limits while being able to view a large number of buses.

As an example, Figure 6 shows approximately 2200 buses and 3000 transmission lines in the
New York/New England portion of the transmission system. Shown on each line is a pie chart
indicating the line’s percentage loading. As long as the line’s loading is below 80%, the pie
chart is quite small. For line’s loaded between 80% and 90% the pie chart is increased in size by
a factor of 30 and colored orange, while those lines with values above 90% have their pie charts
increased by a factor of 40 and are colored red. The result is the locations of the heavily loaded
lines are available at a glance.

But the figure also indicates a potential problem with dynamic sizing — if several closely
spaced lines are loaded above the resizing thresholds, the resized pie charts may overlap. In the
example this occurs in western New York, eastern Massachusetts and the New York city area.



One partial solution is to render the display so that the most heavily loaded pie charts are always
shown on top. While this does not eliminate the problem, it does ensure that the user’s attention
is drawn to the most heavily loaded element.

Figure 6: Northeast Transmission System Pie Charts

There are two other potential problems with dynamic pie chart resizing that bear mentioning.
First, care must be taken when applying resizing to radial devices such as generator step-up
transformers. Such transformers are designed to be regularly loaded at a high percentage of their
ratings, but because of their radial connection, they are in no danger of overloading. A
straightforward solution to this problem is to either not show pie charts on such devices or to
specify that the pie charts should not be dynamically resized.

The second problem is unless care is taken during zooming, a pie chart that is appropriately
resized for a high level overview, such as shown in Figure 6, may completely dominate that
display when it is zoomed. Such a zoomed view of the New York City area on Figure 6 is
shown in Figure 7 with the pie charts now covering a large portion of the transmission grid in the
city. A solution to this problem is to proportionally reduce the amount of resizing as the display
is zoomed. For example, one approach would be for the user to specify a maximum zoom value
for full resizing. Once the display is zoomed past this value the amount of pie chart resizing is
dynamically reduced until reaching some threshold value, such as the size of a normal pie chart.
The visual effect during zooming is the resized pie chart remains the same size on the screen.
Figure 8 demonstrates this approach for the Figure 6 display.



Figure 8: Zoomed View of New York City with Dynamic Pie Chart Zoom Control




2.2 Contouring Bus Data

Pie charts to visualize values can be quite useful, but this technique does run into difficulty
when a large number values need to be simultaneously displayed. To remedy this, an entirely
different visualization approach is useful: contouring. For decades, power system engineers have
used one-line diagrams with digital numerical displays next to each bus to represent bus-based
values. The advantage of this numerical display is that the results are highly accurate and are
located next to the bus to which they refer. The disadvantage of such a display is it not useful
when one wants to examine the values at more than a handful of buses, say to find a patterns in
the power system. In order to overcome this problem the use of contouring is presented.

Of course, contours have been used extensively for the display of spatially distributed
continuous data. One common example is the contour of temperatures shown in many
newspapers. The problem with displaying power system data with a contour is that it is not
spatially continuous. For example, voltage magnitudes only exist at buses. Therefore, virtual
values must be created to span the entire two-dimensional contour region. The virtual value 1s a
weighted average of nearby data points, with different averaging functions providing different
results. Once these virtual values are calculated, a color-map is used to relate the numeric virtual
value to a color for display on the screen. A wide variety of different color maps are possible,
utilizing either a continuous or discrete scaling. One common mapping is to use blue for lower
values and red for higher values.

An example of the application of contouring to power systems is shown in Figure 9, which
contours the voltages at approximately 1000 of the 115 and 138 kV buses in the New York and
New England regions. As can be seen, an overview of the voltage profile of the entire region is
available at a glance using the contour. Of course, other contour mappings could be used. For
example, Figure 10 shows the same case, but with a color mapping such that only those buses
with voltage magnitudes below 0.98 per unit are contoured using a different color mapping.
Over the course of this project two human factors studies were performed investigating the
effectiveness of contouring for bus voltage magnitude visualization. The results of these studies
are discussed in Chapter 5.
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Figure 9: Voltages Magnitudes at 115/138 kV Buses in New York and New England
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Figure 10: Voltage Magnitudes at 115/138 kV with Values below 0.98 per unit
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Contouring of bus information need not be restricted just to voltage magnitudes. Electricity
markets are increasingly moving towards spot-market based market mechanisms with the United
Kingdom, New Zealand, California Power Exchange in the Western US, and PJM Market in the
Eastern US as current examples. In an electricity spot-market, each bus in the system has an
associated price. This price, denoted as the locational marginal price (LMP), is equal to the
marginal cost of providing electricity to that point in the network. Contouring this data could
allow market participants to quickly assess how prices vary across the market. As an example,
Figure 11 shows a contour of hypothetical LMPs at about 2200 buses in the U.S. Northeast (data
for Canadian buses was not included in this study). From the figure the areas of high and low
prices are readily apparent.

However, Figure 11 also indicates a potential shortcoming with using a continuous color
contour. That is, while the areas of high and low prices are readily apparent, it would be
relatively difficult from the contour to even approximate the actual LMP at a particular bus. This
is due to the continuous color variation in the contour key, along with the lack of significant
color variation in the midrange of the key. One partial solution to this problem is to use the so-
called “hint” functionality in which a small popup window automatically appears indicating the
contour’s numerical value anytime a user positions the cursor on the desired bus. This hint
functionality was added to the Chapter 4 EMS implementations at the request of the system
operators.

An alternative approach to the use of a continuous contour color key is to use a discrete color
key. A discrete key is one which maps all the values within a particular range to a single color.
A common application of a discrete color key is again the temperature maps shown in many
newspapers. The advantage of the discrete key is it allows ready identification of the location of
values within a specified range. The disadvantage is it is impossible to determine the exact value
within the range. Figure 12 shows a discrete contour of the Figure 11 LMP data with all values
with a $§ 5/MWh range mapped to a single color. For many power applications, including bus
voltage magnitude and LMP visualizations, a discrete color key is probably preferable.

Color contours could also be used in conjunction with the display of other related
visualizations. For example, one might like to simultaneously visualize the loading of the
transmission lines on a contour showing the bus voltage magnitudes. For such visualizations a
more subdued (lighter) color contour would probably be appropriate to allow all information to
be clearly seen. Figure 13 demonstrates this by showing a subdued view of the Figure 12 LMP
contour along with dynamically sized pie charts indicated the constrained and nearly constrained
transmission lines.

11
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Figure 12: Hypothetical Northeast LMPs Using a Discrete Contour Key
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Figure 13: Subdued Northeast LMP Contour with Line Pie Charts

2.3 Contouring Transmission Line/Transformer Data

Besides being useful to represent bus-based values, contouring can also be applied to line-
based values. In order to accomplish this, a line could be represented by a number of individual
points on a contour. In this manner, the bus contouring algorithm from the previous section
could be used with no further modification in order to determine the virtual values throughout
the contour. As an example, Figure 14 shows about 1400 of the 345 kV and above transmission
lines/transformers of the U.S. portion of the North American Eastern Interconnect.
Superimposed on the one-line is a contouring highlighting the lines and transformer flows that
are above 50% of their MVA rating. Again, the advantage of the contour approach is that, at a
glance, it is possible to determine the location of potential system congestion even in a very large
system. Like earlier examples, the key to successful application of contouring on such a large
data set is to only contour the information of interest to the user -in this case, lines loaded above
50% of their limits. Less heavily loaded lines are not of interest and hence not included in the
contour. Of course, in an actual EMS implementation, this threshold percentage might be
significantly higher.
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Figure 14: Eastern Interconnect Line Loading Contour

Line contouring can also be used to visualize transmission line power transfer distribution
factors (PTDFs) for a large system. In short, a PTDF value shows the incremental impact a
power transfer from a specified source to a specified sink would have upon each power system
element. For example, if a line has a PTDF value of 10% that means that 10% of the power
transfer would flow on that line. Thus, if the power transfer is 300 MW, the line’s MW loading
would change by 30 MW. Figure 15 shows the PTDFs for a proposed transaction from
Wisconsin to TVA. The PTDFs are calculated using the 30,000 bus, 41,000 line model used
earlier. From the figure it is readily apparent how the transfer flows throughout the system.
PTDF contours are especially useful because of their more continuous nature. One can quickly
look at this contour map and see which parts of the system experience increases in line loadings.
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Figure 15: Transmission Line/Transformer PTDFs for a Transfer from Wisconsin to TVA

2.4 Contouring Tabular Display Data

Traditionally, tabular displays have played a major role in the presentation of power system
information to operators and engineers. Usually these tabular displays show a variety of fields
associated with a single type of power system record. For example, Figure 16 shows several of
the bus records from a recent FERC Form 715 power flow case. Tabular displays can be quite
effective, particularly when combined with techniques such as sorting and filtering to modify
and/or limit the amount of data shown to a user. (Figure 16 is sorted based upon the per unit
voltage value.) However, a disadvantage of traditional tabular displays is that they require the
user to read each numerical value.

One enhancement to tabular displays is to supplement the actual numerical values with a color
contour of the cell background color, with the contour based upon the values in a particular
column. Such a display can better allow the user to see trends in the data, highlighting values
within a particular range. (The common approach of turning fields red of limit violations is a
simple example of this approach.) For example, Figure 17 repeats the Figure 16 display, except
now a discrete color contour has been added to the background of the per unit voltage column
and the results are sorted by bus number. This approach is probably most useful when
implemented on software systems that allow the user to quickly scroll through an entire list and
allow the tabular displays to be easily zoomed. However, the value of contouring and zooming
of tabular displays is limited when used on traditional record oriented displays. Since the
individual fields show separate, not directly related fields, the contour would usually need to be
restricted to just a single column. (Of course, one could contour multiple columns independently,
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but this could result in a very difficult to interpret display.) With only a single column of
contouring, a single computer screen would be limited to displaying at most a hundred or so
column entries.

Number |Name |nrea Name |PU Yolt 'l\\'ult (k) |nngle {Deq) |L|:|ad MW |Luad Mwar |Gen it 1) |Gen
1 39051 RANDYILL  WEC 1.04853 14.470 -49.94 0.59 0.49
2 39014 STRB HL WEC 1.04845 26.106 -55.38 2.23 0.00
3 39985 |WOSB7 YWEC 1.04726 36.131 -70.94 0.10 0.04
4 39095  ARAGON WEC 1.04632 26.053 -50.73 4.14 1.04
5 39065 HARRIST WEC 1.04579 14.432 -54.39 2.48 0.63
6 38869 |CAS WEC 1.04575 -72.08 21.67 5.19
7 38553 |NSS WEC 1.04575 14.431 -42.96 16.80 7.92 5.00
8 39077  BLUFF ¥ WEC 1.04563 14.430 -51.03 3.55 0.88
9 38851 | CLNTNYL YWEC 1.04555 360.072 -43.6b 18.88 5.46
10 39005 | TWIN LK WEC 1.04547 14.427 -56.68 2.16 0.55
11 38969 | TH5900WNC WEC 1.04518 36.059 -T2.53 b.78 3.70
12 38998 BRUCE CR WEC 1.04504 14.422 -55.57 2.03 0.51
13 38899 | HNT/MPC WEC 1.04477 36.044 -T0.23 5.24 2.74
14 38984 WNC T6 WEC 1.04475 36.044 -72.56 6.61 1.84
15 38981 | WLK WEC 1.04436 36.030 -74.23 9.16 3.05
16 39046 | SAGOLA YWEC 1.04423 26.001 -48.79 1.30 0.40
17 38875 | CLSBS WEC 1.04422 36.026 -T3.76 19.04 5.06
18 39012 | WATERSM  WEC 1.04408 25.998 -55.70 1.42 0.35
19 38550 KaU_CL WEC 1.04398 36.017 -44.60 48.70 4.91 12.50
20 39006 | CON NEW WEC 1.04361 13.045 -55.30 1.21 0.31
Figure 16: Bus Records Tabular Display
Number MName |Area Name |PU Yolt |'|||'n|t (k¥) |Angle (Deg) |Load MW |Lnad Mvar |Gen MW Gen Mvar 5
298 38990 TS1ZOWTR WEC 1.03369 I5.662 -73.81 7.52 1.42
299 38991 WTR WEC 1.03809 I35.814 -73.20
300 38992 2CH WEC 1.01845 F5.136 -75.30 2.07 0.52
301 38993 EAST SHA  WEC 1.03872 F5.836 -73.91 19.56 5.34
302 38994 WEST SHA  WEC 1.04334 35995 -T445 19.56 5.34
303 38995 MASS WEC 0.99895 68.927 -53.00
304 38996 MASS WEC 1.04007 13.001 -54,52 0.64 0.16
305 38997 BRUCECR  WEC 0.96997 66.928 -53.81
306 38998 BRUCECR  WEC 1.04504 14.422 -55.57 2.03 0.51
307 38999 WATERSM  WEC 0.94618 65.286 -54.34
308 39002 |WATERSM  |WEC 0.00000 0.000 0.00
309 39003 LANDOL  WEC 0.93765 64.698 54,44
310 39004 LANDOL  WEC 1.04321 25.976 -57.56 3.39 0.85
311 39005 CON WEC 0.93705 64.656 -54.26
312 39006 CONNEW  |WEC 1.04361 13.045 -55.30 1.21
313 39007 TWIN LK WEC 0.93812 64.730 -54.09
314 39008 TWIN LK WEC 1.04547 14.427 -56.68 2.16 0.55
315 39009 IRONRIY  WEC 0.95500 65.895 5277
316 39011 UPP TAP  WEC 0.95453 65.863 -52.81
37 39012 WATERSM  WEC 1.04408 25.998 -55.70 1.42 0.35
318 39013 STRBEHT  WEC 0.95500 65.895 52,77
319 39014 STRB HL WEC 1.04845 26.106 -55.38 2.23 0.00

Figure 17: Bus Records Display with Color Contour of Per Unit Voltage
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The value of contouring and zooming is more apparent on two-dimensional tabular displays in
which the display shows the two-dimensional variation in a single type of field (i.e., matrix type
displays). One example of a power system application of such displays is the visualization of
contingency analysis results. For example, to show the variation in the bus voltages, a display
could be constructed in which the vertical axis corresponded to the bus number while the
horizontal axis corresponded to the particular contingency. The matrix fields could then be the
per unit voltage magnitudes.

A second example, discussed more fully in publication [T] in Chapter 7, would be to show the
time variation in various system values. In this application the vertical axis could show different
time points (e.g., hourly variation), while the horizontal axis could show a particular filed (e.g.,
bus voltage magnitude, bus LMP, line percentage flow, etc.). By using contouring with a display
zoomed out, a large number of fields could be displayed, allowing the visualization of data
trends. The individual field values could then be determined by either quickly zooming in or by
using the “hint” functionality mentioned earlier.

For example, Figure 18 uses a color contour to show the hourly variation in some of the bus
LMP values calculated using the security constrained OPF discussed in publication [T]. Overall
the figure contours the hourly LMPs at 22 buses (shown on the horizontal axis) for
approximately 40 hours (shown on the vertical axis). The results are sorted by increasing bus
number in the horizontal direction and increasing hour of the month downward. Overall, the
figure contours approximately 1000 values. Large as this value may seem, it is still only about
0.1% of the total LMPs calculated during a study in which LMP values were determined for an
entire month for approximately 950 buses (for at total of 700,000 values for the month). Figure
19 shows the same display except further zoomed out. Now LMP values are visible for
approximately 300 buses in the horizontal direction and for about 200 hours in the vertical
direction. Overall the display shows about 60,000 values, showing now almost 10% of the total
dataset. The horizontal banding in the figure indicates the daily variation in the LMP values.
The limiting case for this example is shown in Figure 20, which contours 100% of the dataset.
As originally displayed on a CRT with a 1280 by 1024 display resolution, the value of each LMP
was represented by the color of just a single pixel!
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Figure 18: Two-Dimensional Tabular Display with Color Contour
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Figure 20: Contour of Complete LMP Results
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The value of such high density tabular contours depends upon the application in general, and
more particularly, upon the relationship between adjacent values. In the last example there was a
strong relationship in the vertical direction since vertically adjacent cells represent the LMP
values at the same bus for the preceding and next hour. Certainly we would expect at least some
correlation in these values, which indeed is evident by the daily banding. In contrast, the
correlation between values in the horizontal direction is completely dependent upon the ordering
scheme used in assigning bus numbers. In this case, in which bus numbers were assigned at least
somewhat geographically (e.g., with adjacent generators numbered consecutively) there is at
least some vertical banding. Indeed, two of the results apparent from Figure 20 are 1) the LMPs
at most buses vary in synchronism, and 2) there are groups of buses that have fairly consistent
LMPs, indicated by the vertical bands in the figure. The application of this type of display to
other power system dataset requires further research. The next chapter explores the application
of 3D visualization to power systems.
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Chapter 3 Three-Dimensional Power System Visualization

In analyzing power systems, one is usually confronted with a large amount of multivariate
data. For example, in a simple power flow data of interest could include a potentially large list
of independent and dependent variables, such as bus voltage magnitudes, transmission line
loadings, generator real and reactive reserves, transformer tap and phase positions, scheduled and
actual flows between areas, and interface loadings. In more advanced applications, such as the
optimal power flow (OPF), contingency analysis, and available transmission capacity (ATC)
calculations, this list of variables is even longer. This chapter presents results on the use of an
interactive 3D visualization environment to assist in analyzing this vast amount of information.

3.1 Interactive 3D Visualization Environment Architecture

In developing such an environment, several key issues must be addressed. First and foremost,
in visualizing power system data there is usually no corresponding “physical” representation for
the variables. For example, there is no physical representation for the reactive power output of a
generator, or for the percentage loading of a transmission line. Rather, these values are typically
shown as a numerical value on either a one-line diagram or in a tabular display. This contrasts
with the use of interactive 3D for power system operator training in which the 3D environment
seeks to mimic, as closely as possible, an existing physical environment. It also differs from the
use of interactive 3D for some types of scientific visualization in which the purpose of the
environment is to visualize physical phenomena, such as flows in a wind tunnel or molecular
interactions. To address this issue, an environment based upon the common one-line
representation serves as a starting point. The new environment differs from the one-line in that a
one-line is a 2D representation, whereas the new one is 3D. How this third dimension can be ex-
ploited is covered in the remainder of this chapter.

The second issue is the 3D environment must be highly interactive. In power systems there is
simply too much data to simultaneously display all the data that may be of interest. Rather the
user should be able to quickly and intuitively access the data of interest.

A third issue is the decision on the hardware and software to use to implement it. For
pragmatic reasons, such as budget constraints and the ability to use existing software, the
environment described here is based upon the widely available PC platform and uses standard
input devices, such as a mouse and keyboard, for the interactive control. A benefit to this
approach is that it allows the potential to make it available to a wide variety of users, without
requiring new hardware. Furthermore, there is nothing that precludes augmenting the
environment in the future to include more specialized hardware, such as 3D mice, shutter glasses
to simulate stereoscopic vision, and head-mounted displays.

For software, an existing power system analysis platform was modified to allow 3D drawing
and interaction using OpenGL. With OpenGL, most of the software modifications necessary to
support a 3D environment, such as viewpoint perspective transformations, hidden surface
removal, lighting, and the transformations for stereoscopic viewing, are handled almost
transparently. Building upon an existing platform allowed easy development of 2D one-lines,
that could then be seamlessly used as the basis for the 3D environment and also allowed it to be
interactive so that, for example, when the user clicked on a circuit breaker, a power flow is
solved, resulting in a new system state.

20



To introduce the environment, Figure 21 shows a traditional 2D one-line for a small thirty bus
system, augmented using animation to show the system flows. Figure 22 shows the same one-
line in the 3D environment, with the exception that now, generators are represented using
cylinders of potentially varying heights. The one-line has been mapped into 3D using a
perspective projection. The one-line is now oriented in the xy-plane (horizontal plane), while the
generators extend in the z (vertical ) direction. In Figure 22 the height of each generator cylinder
is proportional to its maximum real power capacity. The height of the orange portion of the
cylinder is proportional to current output of the generation, while the green portion indicates
reserve capacity available.

30-Bus Case Demo Case

Generation Demand Cost Losses
199.95 MW 197.70 MW 1268.94 $/hr 225 MW

5.10 MW 63.69 MW

h
N1.000§ /

13 MW

Figure 21: Traditional One-line View of Thirty Bus System
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Figure 22: 3D View of Thirty Bus System

The addition of a third dimension certainly adds new issues that must be addressed, the
foremost of which is user navigation within the 3D environment. With a 2D one-line there are
three degrees of freedom associated with viewing the one-line. That is, one may pan in either the
x or in the y directions, and one may zoom in or zoom out. Thus, the 2D one-line could be
thought of as lying in the xy-plane, with the view port “camera” located at some height above the
one-line. Panning the one-line can then be thought of as moving the camera in the x and/or y
directions, while zooming is simply changing the height of the camera above the one-line.

A 3D environment has these same three degrees of freedom, but also adds three more since
now the camera itself can be rotated about each of its three axes. In order to simplify navigation,
in our approach we allow the user only two additional degrees of freedom: the camera can
change its angle with respect to the horizon (elevation) by rotating about the axis passing through
the camera from its sides, and the camera can rotate about the axis passing through the camera
from top to bottom (azimuth). We do not allow rotation about the axis passing through the
camera from front to back (twist). Movement in each of these degrees of freedom can be
accomplished using keyboard commands with the arrow keys.

In addition, and perhaps more importantly, we have included several features that make rapid
navigation much easier. It should be pointed out that the purpose of navigation in the 3D
environment is not to give the user a feeling of being in a “flight simulator.” Rather, it is to
allow the user to rapidly view the desired portion of the display. To this end we have
implemented features such as the ability to use the mouse to drag the camera view to the
appropriate location, the ability to use the mouse to direct the camera to look at a particular
location, the ability to rotate the camera about a fixed point, and the ability to move the camera
directly towards or away from a fixed point. With these enhancements, navigation to any point
of interest, and the ability to view that point from any desired angle, become relatively
straightforward.

22



Another issue that must be addressed in showing a 3D environment is lighting. While
lighting may at first seem esoteric to visualizing power system data, it can actually be quite
important to effective visualization. As an example, and Figure 24 show an identical view of
the earlier thirty bus system with the view port camera shifted so one of the generator cylinders
is in the foreground. The only difference is that shows the scene with lighting while Figure 24
shows the scene with fixed colors. As this example shows, lighting can be quite helpful in
perceiving depths in objects since how an object looks depends upon how light reflects from it.
OpenGL supports straight-forward implementation of ambient, diffuse and specular light models.
was created using a combination of ambient light and a diffuse light source behind the view port
camera.

\

Figure 23: Thirty Bus System with Lighting
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Figure 24: Thirty Bus System without Lighting

Another issue associated with 3D visualization that needs to be addressed is performance. In
order to give the user the feeling of interacting with the 3D environment, it is crucial that the
display refresh quickly and that there be little latency between the user issuing a command, such
as desiring to change position and the display being updated. How fast the display can be
refreshed depends, of course, on a number of factors, including the speed of the computer’s
processor, the speed of the display card, whether the display card has hardware support for
OpenGL, and software considerations such as the level of detail of the display and the lighting
model employed. Given the recent trend to supporting OpenGL directly in the display card
hardware, newer microprocessors with new commands to directly support 3D graphics and faster
processors in general, we are quite optimistic that very good 3D performance is becoming
available even for the display of relatively large systems. For reference, using a 1500 MHz
Pentium machine with hardware support for OpenGL, display refresh rates of about 30 times per
second are possible for the small thirty bus display. To demonstrate performance on a slightly
more realistic system, Figure 25 shows a one-line of the Midwest electric grid, again using
cylinders to visualize the generator outputs and reserves. The refresh rate for this reasonably
detailed display, which contains about 1100 buses, 375 generators and 1000 transmission lines, is
around 4.5 frames per second.
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Figure 25: 3D View of Midwest Electric Grid

3.2 Voltage and Reactive Power Visualization

The next sections present two additional examples of how interactive 3D could be used for the
display of power system information. These include examples of both power system security
and power system ATC information. The first example concerns the visualization of power
system voltage magnitudes and generator reactive power outputs and reserves. It is well known
that generator reactive power injections and bus voltage magnitudes are related. In studying the
voltage security of a system, one is often interested in knowing both the location and magnitude
of any low system voltages, and also the current reactive power output and the reactive reserves
of the generators. Of course, if the system is extremely small, all of this information could be
shown numerically on a one-line.

As was mentioned in the last chapter, an alternative for larger systems is to visualize the
voltage magnitudes using a color contour. However, a difficulty with using a color contour on a
2D display is that it makes the display of other information difficult. An supplementary
approach is to use 3D with the voltage contour shown in the xy-plane (actually slightly below the
xy-plane in which the one-line resides). The z direction can then be used to show generator or
other reactive information. Such an implementation is shown in Figure 26 where the height of
each generator cylinder is now proportional to the maximum reactive capacity of the generator;
the darker region on the lower portion of the cylinder is proportional to the current reactive
output, while the lighter top portion represents the var reserves. The bus voltage values are
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indicated using a color contour, with only voltage values below 0.98 pu shaded. Figure 27
shows a similar representation for the IEEE 118 bus system.

Yoltage Magnit. ..

—0.980 pu
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Figure 26: Thirty Bus System Generator Reactive Reserves

Note that in both figures, the location of the sources of reactive power generation and the
reactive power reserves is readily apparent, almost at a glance. The figures also do a good job of
conveying qualitative information about the magnitude of these values. What they do not do is
convey quantitative information. Thus, while one learns from Figure 26 that the reactive power
generation at bus 20 is about 50% of its maximum, one does not learn what the actual var output
is, nor the maximum var limit. In some situations this could be a significant limitation. We thus
advocate the use of a 3D to supplement rather than to completely replace existing one-line and
tabular display formats.
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Figure 27: IEEE 118 Bus Generator Reactive Reserves

However, in support of the 3D approach, we would like to offer two observations. First, in
many situations these qualitative relationships are sufficient. This is particularly true when one
is studying a familiar system. For example, utility operators already know the reactive limits of
their generators; what they need to know is how close those generators are to their limits in a
qualitative sense. And one needs to know the value for only a few generators in order to get
acceptable estimates for the remaining generators by comparing their relative sizes. Second,
there is nothing that prevents displaying numerical values of system quantities in the 3D
environment, just bus numbers and some line flows are shown in Figure 26. A valid objection to
this approach is that if the viewpoint is changed, these fonts could be shown at unappealing
angles, such as in . However, this problem can be easily solved by having the 3D environment
automatically rotate the fonts so they are always facing the viewer, provided the one-line is
designed with sufficient room for the fonts to rotate. The fonts could even be shown in the
vertical plane, such as on the surface of the generator cylinders. An alternative approach which
we prefer and have implemented is to allow the user to get additional information about system
objects by selecting the object with the mouse. This allows the display to be relatively
uncluttered yet still allows rapid access to a large amount of quantitative information. The hint
functionality could also be used for the display of the actual contour values.
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3.3 Visualizing Available Transfer Capability

The next 3D example is the display of available transfer capability (ATC) and generation
reserves. ATC measures the ability of an energy market participant to transact power with other
market participants given the limited capacity of the transmission system. ATCs set upper
bounds on how much a market participant, for example a transmission-owning control area, can
export to or import from another market participant, given the limited capacity of the
transmission system.

While ATCs play a key role in helping mitigate congestion on the transmission system, the
limits they impose can have profound implications on days when system conditions are
sufficiently stressed that a region has inadequate reserves to meet its load. For example, if a
control area that has insufficient generation to meet its load also has inadequate ATC to import
power from its neighbors, it will have to shed load to alleviate the deficiency. However, even if
the deficient area does have positive ATC for importing power from a neighbor, it will be unable
to receive support if that neighbor also has inadequate generation reserves. In this case, the
area's import capability is limited by generation constraints rather than transmission constraints.
ATC values do not convey this limit because ATCs are purely transmission quantities.

One approach to visualizing this situation in 3D is to represent each of the operating areas
using a bubble diagram approach. However, rather than showing the areas using ellipses in 2D
space, they can be shown in 3D space as scaled cylinders whose heights are proportional to the
generation reserves in each area. ATC for imports to or exports from, a particular area can then
be shown in the xy-plane using a contour. For example, Figure 28 shows the generation reserves
for several areas in the Midwest portion of the Eastern Interconnect. The ATC values for
imports to a particular area (Illinois Power in this example) are then shown using the contour.
Thus, Figure 28 provides the participant a single view of the system that considers both types of
transfer capability limitations.

One could employ similar views of transfer capability that provide equally valuable
information. For example, a market participant, such as area A, might actually have excess
capacity that it wishes to sell to other regions. A view that contours area A's export ATC in the
XY plan and depicts generation costs along the Z axis would help match participant A with
entities that would likely be most interested in purchasing its power for economic reasons.
Alternatively, if power transfer distribution factors are contoured on the XY plane and import
ATCs are represented as cylinders along the Z axis, area A can readily identify sources from
which it can purchase energy without being subjected to line-loading relief curtailments, which
typically use PTDF values as the criterion for deciding which transactions to freeze, curtail, or
prohibit.
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Figure 28: Visualizing ATC and Generation Reserves
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Chapter 4 EMS Implementations

In addition to the development of the visualization techniques described above, this research
project has also assisted with the implementation of some of these new visualization techniques
in the EMS control centers of two PSERC members, ComEd (a division of Exelon Corporation)
and TVA. The primary purpose for both implementations was to provide visualization of real-
time system values. The bulk of the actual development and implementation effort was provided
by a third PSERC member, PowerWorld Corporation. Details of the ComED implementation
are described in Chapter 7 publication [Q] while details on the TVA implementation are
described in publication [S]. To give the readers a flavor for these implementations, several of
the figures from publications [Q] and [S] are reproduced.

11/16/2001 02:40 PM

Figure 29: Contour Plot of ComED Real-Time Bus Voltages
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Figure 30: 3D Plot of Reactive Power Reserves at ComED Generators in Northeast Illinois
Superimposed on a Voltage Magnitude Contour
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Figure 31: ComEd Real-Time Phase Shifter Flow Display
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Figure 33: Close-up of Advanced Visualization Displays
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Figure 35: Contour of TVA Buses with Voltages Below 1.0 Per Unit
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An important aspect of these EMS implementations was developing a productive relationship
with the end user, the system operators. Overall the operators recognized the new displays as a
significant enhancement of their previous system views. Beyond fashioning a quality
deliverable, however, the development process also underscored important general guidelines
that may benefit any data visualization effort. These emerged most often through the close
dialog that transpired between the developers of the application and the operators who use it.
The remainder of this chapter details these guidelines as reported in publication [Q].

When designing a visualization platform for real-time operations, it is imperative to keep
system operators in the decision loop. This should perhaps be an obvious objective, but,
unfortunately, it is often neglected. After all, the operators are the ones who will be using the
platform and depending on it for guidance in performing their jobs. Since they work on the front
lines of system security, they recognize and can express their needs most clearly. To maximize
the benefit of the tool, therefore, the developer must seek and respond to the recommendations of
those who will ultimately use the product.

There is also a behavioral benefit to embracing this philosophy. It is perhaps natural for
professionals to resent and ultimately ignore tools and technologies that have been foisted upon
them if they have not been consulted for their opinions and expertise. Legislating that an expert
group adapt the way they perform their jobs carries an aura of, if not an actual element of,
condescension. Neglecting to poll the target audience for its opinions not only sacrifices the
quality of the resulting platform, but it also risks compromising its eventual acceptance. The
effort to include the operators in designing the application resulted in a superior tool,
immediately useful displays, and a more enthusiastic response.

How to seek and acquire input from the operators is primarily a question of style and
company culture. The developer and the client may elect to take a formal approach involving
interviews, formal specification documents, written requests for comment, and frequent
prototypes. With this approach, the developer would first review the characteristics and uses of
existing displays and how they apply to the operators’ responsibilities. He or she would then
submit written surveys to operators requesting that they evaluate their current tools and prioritize
their needs by answering close-ended questions. These surveys would then be supplemented by
interviews with operators to gain additional detail. The results of the surveys and interviews
would then be codified in formal requirements documents that the developer, the client’s
management team, and the operators review for completeness and accuracy. Once the
requirements are established, the developer would then begin crafting the application and the
displays, offering the client opportunities to review prototypes to verify progress.

While the formal approach to soliciting operator involvement may certainly have merit in
some situations, a far less formal approach was taken for this project. The operators’
dissatisfaction with the existing displays was well-known to management through frequent
discourse. The key concerns that the operators raised were how cluttered the existing displays
were, how difficult they were to see from across the room, and how their lack of flexibility
limited the types of information they could show. The developer demonstrated its planning-
mode visualization tool for the operators during an afternoon, and their positive comments and
suggestions for applying the same ideas to their environment justified pursuing the development.
Once the application had been written and the phase shifter and contouring displays were
assembled, they were shown to the operators continuously on the video display board over
several days. During this time, the developer and the client personnel who oversaw the project
talked with the operators in the control room, asking for their comments, suggestions, and
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questions. The developer then responded to their input by modifying the application and the
system displays accordingly. This process continued over a few iterations, until an acceptable
set of displays and the desired program behavior were realized. This iterative, prototype-
intensive approach worked extremely well.

The operators were particularly helpful regarding the appearance and content of the one-line
diagrams. The opinions they offered during trial runs of the application suggested a number of
ideas regarding what constitutes an effective display. These include the following:

e Be wary of clutter. The benefit of tools such as line flow pie charts and animated arrows is
that they convey not only the absolute sizes of transmission flows but also how the flows
compare with device ratings. This benefit must not be compromised by filling the display
with numerous, difficult-to-read text analogs that add no new information. While
distinguishing useful features from clutter is somewhat subjective, the key criteria to
consider are (1) whether the addition of a display item adds new, vital information or
simply restates already existing information, and (2) when it is desirable to show the same
information in multiple ways, can this be accomplished without consuming additional
display area.

e Adhere to the theme of a display. For example, voltage contours show the variation of bus
voltage with location. Showing transmission devices on such a display detracts from its
purpose, adding extraneous components to what should be purely a bus-related plot.

e Exclude complicated details where appropriate. For example, notice how the phase shifter
display of 0 represents buses not individually but rather as substations drawn as labeled
boxes. The arrangement of buses within a substation is not relevant to the phase shifter
display which aims to show how power flows into a chosen location, such as Chicago.
Including individual bus connections would obfuscate the display’s primary content.

e Use color to focus the user’s attention, not to monopolize it. Color-coding flows, pie
charts, and analogs to reflect warning conditions help sharpen the operator’s awareness of
emerging problems. However, if a display employs an awkward mix of colors, exhibits
poor color contrast, or employs a counter-intuitive color scheme that operators must
ponder to interpret, the display will miss its mark. For example, the voltage contour
originally shaded high voltages red and low voltages blue. This conflicted with the
operators’ normal interpretation of red as suggesting the highest state of concern. Thus,
the color scheme was changed to concur with the operators’ expectations.

e Respect the importance of time. Data can be called “real-time,” of course, only if it has
been retrieved recently. The application’s displays include a time stamp in the upper left
corner that indicates the time at which the data currently showing was fetched. The
developer added this feature to increase operators’ awareness of the timeliness of the data
before them.

Respecting these guidelines will result in more effective and expressive displays of real-time
power system data. These will assist operators in recognizing and responding to system trends
quickly and appropriately.
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Chapter 5 Human Factors Testing

The last portion of this project focused on the performance of formal human factors
experiments to evaluate the effectiveness of the new visualizations developed in Chapters 2 and
3, and implemented in Chapter 4. Overall, four experiments were conducted over the length of
the project (one per semester) with each experiment involving undergraduate electrical
engineering students recruited from the power systems classes at the University of Illinois at
Urbana-Champaign. Each participant was required to have either completed, or be currently
enrolled in, at least one class in the electric power systems area. Therefore, all participants had
at least some familiarity with basic power system terminology and the use of one-line system
models. The participants worked independently and were paid a nominal amount for their one
hour participation in the experiments. This chapter provides the key results from these
experiments, with more details provided in the Chapter 7 publications. For reference,
publications [G], [M], and [R] refer to the first experiment, [N], [O] and [U] refer to the second
experiment, while publication [P] describes the last two experiments.

5.1 Bus Voltage Contour Experiments

The first two experiments focused on quantifying the usefulness of color contours to display
bus voltage magnitude information. The first experiment was done using a 30 bus power system
model. During the course of that experiment the 30 bus system was subjected to a variety of
different contingencies, each causing low voltage (defined as being below 0.95 per unit) at one
or more buses. All but one of these contingencies involved line outages; the remaining
contingency was a generator outage. Following each contingency the participants needed to
perform two tasks: 1) acknowledge all the low voltage violations, and 2) switch in one or more
capacitors in order to correct the low voltage violations. The system had a total of seven
capacitors, all initially out-of-service, and was designed so each contingency could be corrected
with the insertion of a single capacitor. The students were told to assume that the impedance of
each transmission line was proportional to its length on the system one-line diagram, and that the
capacitor that was electrically closest was always the correct choice.

Each participant saw one of three different visualizations of the system, Tabular, Oneline or
Contour. As shown in Figure 36 the Tabular group only saw a tabular visualization of the
system voltages and capacitors. The leftmost column on the display showed the 30 bus voltage
magnitudes, sorted by bus number, while the column immediately to its right showed the status
of the seven capacitors, again sorted by bus number. The remaining column showed the line(s)
outaged by the contingency. (These data were needed for the students to correctly determine the
electrically closest capacitor in the post-contingent system.) Voltages below the 0.95 threshold
were shown using a red font, while those above this threshold were shown in blue. Following
each contingency, the participants first had to acknowledge all the low voltage violations by
clicking anywhere in the bus’s row. For each of the groups, the computer continually “beeped”
until all the voltage violations were acknowledged. Then they had to correct the voltage
violation by clicking on one or more capacitors to change the capacitor’s status. The tabular
group did have access to a static system one-line diagram shown on a piece of paper taped to
their desk. This diagram was identical to the one-line seen by the Oneline and Contour groups
except it was obviously not dynamic and hence did not show the bus voltage magnitudes.

37



ﬂPuwetWolld Simulator 6.1 Beta. Status: Running [PF] [using script]

W’W" W W
1 1 | 1.01000 5 ] open 1 76 | 2
z | 2 1.00000 Open
3 | 3 0.96762 Open
4 | 4 0.96437 Open
s | s 0.97759 Open
5 | & 0.96653 Open
7 7 0.96206 Open
8 8 0.95933

9 9 0.96551

10 10 0.97850

11 | 11 0.95739

1z 12 0.97476

13 13 1.00000

14 | 14 0.95969

15 15 0.95562

16 16 0.96384

iz | 17 0.96079

18 18 0.96548

19 19 0.98441

20 | 20 0.98178

21 21 0.98459

22 | 22 1.00000

23 | 23 1.00000

24 | 24 0.98660

25 | 25 0.99550

|26 | 26 0.93617

27 | 27 1.00000

28 | 28 0.96752

20 | 20 0.98815

30 | 30 0.98025

Paused/Stopped Wiewing Current Case

Figure 36: Tabular Group View of the 30 Bus System

As shown in Figure 37, the Oneline group only saw a dynamic one-line visualization of the
system, with the bus voltage magnitude shown immediately to the right of the bus on the one-
line. Voltages below the 0.95 threshold were drawn using a red font, while those above the
threshold were drawn in black. Again, following each contingency the participants first had to
acknowledge all the low voltage violations. This was done by clicking on the voltage magnitude
field on the one-line. Then they had to correct the voltage violation by clicking on the
capacitor’s circuit breaker symbol to change its status. Lines outaged by each contingency were
drawn on the one-line using a dashed line (e.g., line 22 to 26 in the figure).

As shown in Figure 38, the Contour group saw the exact same representation as the Oneline
group except in addition to seeing the voltage magnitude fields on the one-line, their one-line
also contained a color contour of the voltage magnitudes. The contour color was chosen so
buses with voltages below the threshold had a dark blue contour, while those above the threshold
were contoured using a light cyan or yellow. The low voltage acknowledgement and capacitor
switching procedures were identical to the Oneline group.
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Figure 37: Oneline Group View of the 30 Bus System
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Figure 38: Contour Group View of the 30 Bus System

The key results, which are presented in Figure 39 to Figure 41, were that participants in the
Tabular group had quicker acknowledgement times than participants in the both the Oneline and
Contour groups, but were much slower in ultimately solving the problem of removing the low
voltage violations and were less effective in selecting the appropriate capacitor controls. In
contrast, the Oneline and Contour groups were less effective in acknowledging the violations,
but performed substantially faster in ultimately solving the task. However, the results of the
experiment were somewhat inconclusive on the benefit of contours versus a traditional one-line.
The Oneline group were slightly faster in solving the task, but the Contour group was slightly
better at selecting the best controls to solve the task.

The experiment also showed that color contouring had an effect on the strategy participants
adopted for acknowledging voltage violations. Specifically, participants using a one-line display
with contouring generally acknowledged the bus with the worst violation more often than the
equivalent buses when the information was presented either with a tabular display or as numeric
fields on a one-line diagram display without contours. Thus, the contours did prove beneficial
for attracting attention to the bus with the worst (lowest) voltage magnitudes. Still, whether such
benefits occur when larger and more realistic power systems are employed needed to be
determined. Indeed, with an increase in grid size comes an increase in the potential cost
associated with contouring, such as the possibility of exceeding the user’s ability to process and
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compare multiple contour colors, as well the potential for increased clutter produced by multiple
contour locations. The second experiment was formulated to try to address these issues.
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Figure 39: First Experiment Time in Seconds to Acknowledge All Violations
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Figure 40: Time in Seconds to Completely Correct Low Voltages
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Figure 41: Mean Number of Capacitors Closed

The second experiment again focused on examining the impact of different voltage
visualizations on the participant’s ability to detect and resolve voltage violations. Here the study
system consisted of a modified version of the IEEE 118 bus system, with the system augmented
to include thirteen switched capacitors. A one-line of this system is shown in Figure 42. During
the experiment, the participants were each presented with a sequence of thirty different
contingencies, with each contingency causing low voltages at one or more buses (with low
defined here as being below 0.96 p.u.). The contingencies consisted of line and/or generator
outages. The number of voltage violations per contingency ranged between one and thirteen
with an average of 5.2.
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[

Figure 42: 118 Bus One-line Used in the Second Experiment
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Following each contingency the presence of voltage violations was indicated both audibly
(having the computer beep) and visually on the one-line using one of the three display conditions
described below. The participants were then required to perform two consecutive tasks. First, in
the detection task, they had to acknowledge the bus with the worst (lowest) voltage magnitude.
This task indicated that they had identified the location of the worst voltage violation. A bus
voltage violation was acknowledged by clicking on the one-line at (or near) its bus symbol.
Upon acknowledgement of the correct bus the audible alarm was terminated and the second or
solution task begun. In the solution task participants had to take corrective control action to
restore the all the bus voltages to values above 0.96 per unit. The voltages were corrected by
closing one or more capacitors, with all capacitors initially in the open state at the start of each
contingency. Elapsed time and level of accuracy for both the detection and the solution tasks
were recorded.

Participants in the study completed the task using one of three display conditions, all of which
were derived from the one-line diagram shown in Figure 42. The different display conditions
were 1) number-only (a one-line diagram with numbers showing the per unit voltages), 2)
contour-only (a one-line diagram with color contours showing the per unit voltages), and 3)
number-plus-contour (a one-line diagram with both numbers and color contours).

In the number-only group the Figure 42 one-line was augmented to include numeric bus
voltage magnitude fields for each of the 118 buses. The bus voltage values were shown as black
numbers beside the associated buses, each with three digits to the right of the decimal point.
Voltage values dynamically changing as the system state varied. Initially, all the voltages were
above the 0.96 p.u. limit. Then, following the contingency, one or more of the voltages would be
below this limit. Voltage values below the limit were shown using a larger, bolded red font, with
their height on the one-line changed from 2mm to 4mm. Figure 43 shows an example of the
number-only display. Following the contingency, the participants were firstly requested to
acknowledge the bus that had the worst (lowest) per unit voltage by clicking the one-line on
either the bus symbol itself or the associated red numeric voltage field. Once the worst voltage
violation had been acknowledged the beeping would stop.
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Figure 43: Experiment Two Number-only One-line

Then, the participants were asked to correct the low voltages by switching in one or more
capacitors, an action performed by clicking on the capacitor symbols. When a capacitor was
open its small circuit breaker symbol (shown on the bus side of the capacitor) was an unfilled
green rectangle. When the capacitor was closed the circuit breaker changed to a red-filled
rectangle. Participants were not able to perform capacitor switching until the worst voltage
violation had been acknowledged. As the participants switched the capacitors, a power flow was
automatically solved, with the one-line display updated with the new voltage values. Power flow
solution and the display refresh took less than 0.1 seconds. When all the voltage problems were
fixed, a popup window told the participant the trial was complete; the next trial began when they
clicked the “OK” button on this window.

In the contour-only group, the Figure 42 one-line was augmented to include a color contour of
the voltage values; no numeric voltage fields were shown. The contour color mapping used was
such that as long as there were no voltage violations, there was no contour. But when a voltage
limit violation occurred, the region surrounding the bus experiencing the low voltage became
shaded using a contour pattern that ranged from green to yellow to orange to dark red, with the
dark red indicating the lowest voltage. The size and the color of the contour were scaled
according to the severity of the bus voltage. A color key was shown on the bottom left-hand side
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of the display. No contours were shown for buses with acceptable voltages. Figure 44 shows an
example of this display condition.
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Figure 44: Experiment Two Contour-only One-line

Voltage violations were acknowledged by clicking directly on the symbol of the bus with the
worst violation or on the darkest part of the contour. Once the worst violation was
acknowledged, the beeping would stop. Then, in a nearly identical procedure to the number-only
group, the voltage violations were corrected by capacitor switching. The difference with this
group was that as the participant switched the capacitors the contour would be dynamically
updated to indicate the new voltage values. Because of the additional processing associated with
redrawing the contour, the power flow solution/display update step took slightly longer,
approximately 0.35 seconds. Again, when all the voltage problems were fixed the trial would
automatically end.

The one-line diagram with both numbers and color contours was a combination of the first
two display conditions in that the voltages within limit were shown in small black numbers, and
when the voltage violations occurred the voltages below limit would turn to large bolded red font
surrounded by a white box, and at the same time the region surrounding the bus experiencing the
low voltage became shaded using the same contour pattern used with the contour-only group.
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Acknowledging and solving voltage violations was identical to the procedure for the other two
conditions. Figure 45 shows an example of this display condition. The time for the power flow
solution/display refresh was similar to the contour-only group, about 0.35 seconds.
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Figure 45: Experiment Two Number-Plus-Contour One-line

The experiment examined the impact of the display conditions on acknowledgement time and
accuracy, and on solution time and accuracy. Because of the varying complexity of the
contingency trials, defined here as the number of contingent voltage violations, the trials were
subdivided into three groups with metrics calculated for each group. The three groups were low
(those trials causing less than 5 voltage violations), medium (between 5 and 8 violations), and
high (greater than 8 violations). The number of trials in each group were 11, 7, and 8,
respectively.

Statistical analysis revealed that acknowledgement times did not differ significantly across
display conditions for the low complexity trials. = However, as shown in Table 1,
acknowledgment times consistently increased with complexity for the number-only group, yet
increased only slightly for the number-plus-contour group, and did not increase at all for the
contour-only group. Therefore, acknowledgement times did differ significantly (p < 0.05)
between display conditions for both the medium and high complexity trials. Specifically, the
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average time for the contour-only group was significantly less on both medium and complex
tasks than that of the number-only group and the number-plus-contour group. Although the
average acknowledgment time for the number-plus-contour group was also generally less than
that of the number-only group, this difference was particularly significant (p < 0.05) only for the
high complexity trials.

Table 1: Average Acknowledgement Time in Seconds per Contingency

Display Complexity Group | All Groups
Condition Low | Medium | High
Number 2.49 3.68 5.74 3.81
Contour 2.33 2.47 2.33 2.37
Number & Contour | 2.58 3.23 3.38 3.00

The number of acknowledgements that participants made per trial was used as a measure of
acknowledgement accuracy, with fewer acknowledgments reflecting a greater level of accuracy.
As shown in Table 2, acknowledgements within the contour-only, and number-plus-contour
groups differed only slightly across different complexity levels, but the number of
acknowledgements for the number-only group increased consistently with trial complexity.
Statistical analysis revealed that for the high complexity trials the number of acknowledgements
for the number-only group was consistently higher (p < 0.05) than for those of the contour-only
group and the number-plus-contour group, whereas the number of acknowledgments for the
number-plus-contour group was not significantly different from that of the contour-only group.
Note, on the thirty contingent trials, the use of three digits to the right of the decimal point
insured the bus with the lowest voltage magnitude was always uniquely identifiable for number-
only and number-plus-contour groups. The higher level of wrong acknowledgments for these
groups was not due to two buses having the same apparent voltage value displayed on the one-
line.

Table 2: Average Number of Acknowledgements per Contingency

Display Complexity Group All Groups
Condition Low | Medium | High
Number 1.01 1.11 1.28 1.12
Contour 1.06 1.06 1.03 1.05
Number & Contour | 1.06 1.06 1.06 1.06

The finding that participants performed the voltage acknowledgement task both quicker and
more accurately with just the contours is noteworthy because previous reaction-time research has
shown a speed-accuracy trade-off. That is, as people respond more rapidly, they tend to make
more errors. This reciprocity between response latency and errors, however, was not evident in
the contour-only group. This finding indicates that participants in this group were not just
quickly and haphazardly attempting to located the bus with the lowest voltage magnitude.
Rather, the contours allowed them to quickly and consistently focus their attention on the bus
with the lowest voltage.

A second noteworthy finding is the independence of the contour-only group between
acknowledgement time and contingency complexity. Regardless of the number of voltage
violations (at least up to the maximum of thirteen considered here) the contour-only group was
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able to quickly and accurately identify the lowest voltage bus, performing the task in less than
half the time of the number-only group. This is exactly the type of performance one would like
from a visualization, particularly for use in an EMS.

The second task in the experiment examined the impact the display conditions had on solution
time and accuracy. Here, the solution task required the participant to close in one or more
capacitors to correct the contingent voltage violations; usually the contingent violations could be
corrected with the insertion of one or two capacitors. The results revealed solution times for the
number-only group were significantly faster (p < 0.05) than for the number-plus-contour group
and the contour-only group. However, solution times were not significantly different between
the contour-only and the number-plus-contour groups. As shown in Table 3, except for the
number-plus-contour group, solution times increased as the contingencies became more
complex.

Table 3: Average Solution Time in Seconds per Contingency

Display Complexity Group | All Groups
Condition Low | Medium | High
Number 2.26 3.52 5.11 3.48
Contour 3.36 5.60 8.63 5.58
Number & Contour | 4.78 8.63 7.80 6.75

This finding was surprising given the exact numeric voltage values were not needed to
remedy the problem. One possible explanation was the contours created display clutter that
hindered solution times by covering up the capacitors necessary to solve the violations. This
explanation is also consistent with comments in a post-experiment questionnaire in which some
noted display clutter as a problem.

To examine this hypothesis, the scenarios were parsed according to whether the contours
significantly covered the capacitors (n = 6) or did not cover any capacitors (n = 20). As shown
in Table 4, the differences in solution times between the groups were much less on trials in
which the capacitors were uncovered than on trials in which they were covered. Nevertheless,
solution times were still significantly faster for the number-only condition. It should be noted
that the presence of the contour on the contour-only and number-plus-contour displays did
impose a slightly increased refresh time (0.35 seconds versus 0.10 seconds for number-only).
This time delay may have contributed at least partially to the increased times for the contour
display conditions.

Table 4: Average Solution Time in Seconds per Contingency
as a Function of Capacitor Coverage

Display Capacitor Status Both

Condition Uncovered | Covered | States
Number 3.64 2.93 3.48
Contour 5.38 6.26 5.58
Number & Contour 5.78 9.96 6.75

The number of capacitors used per trial to solve the voltage violations was examined as a
measure of performance efficiency, with fewer capacitors closed reflecting more judicial use of
system components. As shown in Table 5, the average number of capacitors used per trial for
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the number-only group was significantly lower than that of the number-plus-contour group and
the contour-only group. But the number-plus-contour group did not significantly differ from the
contour-only group.

Solution accuracy was also analyzed as a function of the capacitor status (covered vs.
uncovered) to explore issues of contour clutter. As expected, the number of capacitors used to
solve the contingency did not significantly differ between the display conditions for the
uncovered trials, but did differ significantly for the covered trials. Specifically, on the covered
trials, the number of capacitors used to solve for the number-only group was significantly less
than that of the number-plus-contour group and the contour-only group. The number-plus-
contour group did not significantly differ from the contour-only group.

Table 5: Average Number of Capacitor Switchings per Contingency

Display Complexity Group | All Groups
Condition Low | Medium | High
Number 1.16 1.45 1.98 1.49
Contour 1.23 1.84 2.04 1.64
Number & Contour | 1.24 1.87 2.01 1.65

Table 6: Average Number of Switchings per Contingency
as a Function of Capacitor Coverage

Display Capacitor Status Both

Condition Uncovered | Covered | States
Number 1.52 1.40 1.49
Contour 1.59 1.83 1.64
Number & Contour 1.54 2.00 1.65

The significance of the increased solution time between the number-only condition and the
contour-only conditions depends upon the application. In an EMS implementation, in which
switching is usually performed on a detailed substation one-line, the impact might not be
significant. The contour could be used on a system overview display, helping to quickly show
the operator the areas of concern. Then, perhaps by using poke points, the operator could switch
to the pertinent, detailed substation one-line, which would not contain a contour, to take the
actual corrective action. In off-line, study analysis only the acknowledgement functionality
might be needed — the user might only be required to determine the extent of problems without
taking corrective action. If such action is required, it could be accomplishing by dimming out or
completely removing the contour, thereby gaining the advantages of contouring in problem
detection without its detriments in problem correction.

Color contouring was expected to attract users’ attention to the worst voltage violations,
thereby facilitating both acknowledgment speed and accuracy compared to a numeric display.
This hypothesis was generally confirmed, particularly when a large number of violations
simultaneously existed within the power grid. However, the benefits of contouring also came
with a cost — contouring generally slowed the speed and accuracy by which users could solve or
remove the voltage violations within the system compared to the numeric display. An in-depth
analysis revealed the nature of this cost was due, at least in part, to the increased display clutter
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associated with the contouring. The contours were covering up the relevant capacitors thereby
delaying their selection.

Remedying this cost/benefit trade-off between contours and numbers does not appear to be as
simple as combining the two display features. Indeed, under certain conditions the combination
of these features in the display was found to produce worse performance than either display
feature individually. Apparently, users are not able to ignore one dimension (e.g., numbers)
while using the other (e.g., contours). An alternative option may be to incorporate dimming
features that can be used to make the relevant color or numeric code more salient, or a toggling
feature that allows users to switch each feature on or off depending on the particular task. Still,
whichever features are chosen, the present study underscores the need for formal usability and
human factors research to test the effectiveness of specific visualization techniques.

5.2 Motion Experiments

The last two experiments focused on quantifying the impact of animation on the display of
transmission system flow information. The first of these experiments looked at the impact
animated transmission line real power flows had on the ability of the participants to move
generation to correct line flow violations using a thirty bus, ten generator system. During the
experiment the participants were each presented with a sequence of 29 different contingencies,
with each contingency causing overloads on one or more lines (approximately half of all trials
involved a single line overload whereas the other half involved the overloading of more than one
transmission line). A one-line display of this system, depicting a contingent operating point, is
shown in Figure 47.

Figure 46: Third Experiment Number-only Display Condition
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Following each contingency the presence of line violations was indicated both audibly
(having the computer beep) and visually on the one-line using one of three different display
conditions described below. The participants were then required to perform two consecutive
tasks. First, participants were required to acknowledge the line with the highest violation. This
task indicated that they had identified the most heavily loaded line. Second, the participants
were required to correct all line violations by adjusting the output of some of the ten generators.
The MW outputs of the generators was indicated on the one-line using black text fields. The
output of the generators was increased by clicking on the up arrows next to the text field or
decreased by clicking on the down arrow.

Participants in the study completed the tasking using one of three display conditions. The
different display conditions were: 1) number-only, 2) stationary-arrows, and 3) animated-arrows.
The first display, shown in Figure 46, used numeric fields to indicate the magnitude of the MW
power flow on each transmission line. The second and third display conditions both used the
one-line shown in Figure 47 in which the magnitude and direction of the MW power flow on the
transmission lines was indicated using arrows superimposed on the line. The difference was in
the second display condition the arrows were stationary while in the third display condition the
arrows were animated with the speed of the arrows’ flow on each line proportional to the real
power loading on the line.

i
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Figure 47: Third Experiment Thirty Bus System One-line

A summary of the results of the experiment are presented in Figure 48 and Figure 49 with the
first figure showing results for the contingency which caused just a single line overload, while
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the second shows results for the multiple overload contingencies. In both figures note the
separate and significantly different scales for acknowledgement and solution times. In general,
the performance differences between groups occurred on trials involving complex system
failures. On complex trials, acknowledgement times of participants in the digital group were
generally faster than response times of participants in the moving arrow group. In contrast,
solution times of participants in the moving arrow group tended to be faster than solution times
of participants in the digital display group, at least on complex trials. Both acknowledgment and
solution times of participants in the stationary arrow group tended to fall between the two other
groups.
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Figure 48: Acknowledgement and Solution Time
By Display Condition for Single Line Overloads
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Figure 49: Acknowledgement and Solution Time
By Display Condition for Multiple Line Overloads

To some extent, the results of this experiment were disappointing. Animation was expected
to improve users’ ability to solve violations by making power flow rates and directions
immediately apparent. However, no significant impacts were detected. Our hypothesis for this
lack of significant difference is that the user’s focus was directed to the pie charts. In each of the
three display conditions pie charts were used to indicate the percentage loading of the
transmission lines. As was discussed in Chapter 2 and is visible in Figure 46 and Figure 47, for
each display the presence of a line overload was indicated by the pie chart changing color (from
blue to red), increasing in size, and displaying the percentage line loading. We believe this
change immediately focused the subject’s attention on the affected line. They then corrected the
line flow by clicking on nearby generators and seeing the impact each click had on the pie
chart’s percentage value. The tested numerical fields and line flows were probably essentially
ignored. Perhaps the motion in the moving arrow display actually distracted attention from the
pie chart on the overloaded line(s). An additional follow-up experiment is planned to examine
this hypothesis.

The last experiment investigated the impact of animation on the display of power transfer
distribution factors (PTDFs). As was mentioned in Chapter 2, the PTDF values show the
incremental impact a power transfer, from a specified source of the power to a specified sink for
the power, would have upon each power system element. While PTDFs can be calculated for
individual lines, they are more often calculated for flowgates (or interfaces). In its simplest
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form, a flowgate is a collection of transmission system lines and/or transformers. Then, the
flowgate limit is able to serve as a proxy for a combined limitation on the flow of the branches.
Grouping the branches into a flowgate reduces the amount of information that must be monitored
when doing system analysis. A common flowgate is the sum of the tie line flows between two
areas. The PTDFs associated with a power transfer could then be visualized by first drawing the
areas, then drawing lines between the areas, and finally superimposing values on this lines to
represent the aggregate of the PTDFs for the tie-lines joining the areas.

The last experiment was performed using the fictitious (but still somewhat accurate)
representation of operating areas in the U.S. portion of the Eastern Interconnect shown in Figure
50. Here the blue ovals correspond to operating areas, while the lines (branches) joining the
ovals represent equivalent transmission lines that approximate the impedance characteristics of
the thousands of transmission lines in the actual grid. Superimposed on the figure are arrows
visualizing the PTDFs associated with a particular power transfer, which the magnitude of the
arrow proportional to the size of the PTDF on the branch. For example, Figure 50 shows the
PTDFs for a power transfer from area 37 in Northern Wisconsin to area 19 in Tennessee.

Figure 50: Fourth Experiment Display

During the experiment the participants were presented with a sequence of 54 trials (four
practice trials and then 50 actual trials), with each trial visualizing the PTDFs for a particular
seller/buyer pair (e.g., a transaction) using the Figure 50 display. The mechanics of each trial
were as follows. At the beginning of each trial there was no transaction present. Then, after a
variable time period of between 2 and 12 seconds a transaction occurred, indicated by arrows
appearing on the display. The participants were then required to perform two consecutive tasks.
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First, they were to determine as quickly as possible the seller and the buyer by clicking on their
respective ovals on the display (in either order). When selected, the seller oval immediately
turned green while the buyer oval immediately turned red. Participants could not proceed to the
second task until both the seller and the buyer had been selected. Then, once they had
successfully completed the first task, they needed to determine what they viewed as the “best”
path between the seller and buyer. Participants were told to use whatever criteria they desired to
quantify “best” (e.g., shortest or path with the fewest intermediary areas), but to complete the
task as quickly as possible. The participants selected the path by clicking on other ovals to form
a complete path joining the seller to the buyer. Once selected, an oval on the path turned white;
ovals could not be de-selected. The trial immediately ended when a complete path had been
selected.

Similar to the earlier experiments, the participants completed the tasks using one of three
display conditions, all of which were based upon Figure 50. The three display conditions were
1) no motion in which the arrows did not move, 2) uniform motion in which the arrows were
animated so that all the arrows flowed at the same rate, and 3) proportional motion in which the
speed of the arrows on a branch was proportional to the branch’s PTDF value. Figure 51 to
Figure 53 summarize the key findings of this experiment. Here animation was found to have a
significant positive impact on the ability of the participants to select the seller/pair. The
animation display conditions resulted in the participants not only selecting these areas quicker,
but also more accurately.
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Figure 51: Time to Select Both Seller and Buyer
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Figure 53: Time to Select Path Between Buyer and Seller

The results of this experiment indicate that the utilization of motion in a display can enhance
users’ abilities to locate important information and can help communicate the overall state of the
system. Participants who used displays that employed motion to illustrate PTDFs were able to
identify buyers and sellers significantly faster than participants who used a display that did not
incorporate motion. Like previous experiments, these display enhancements did not induce a
speed-accuracy trade-off in which participants were able to respond more quickly yet less
accurately. Rather, participants viewing motion displays were also more accurate in their initial
determination of the utility selling power and the one buying the power. Hence, motion
increased overall proficiency in performing the task. Still, there was no apparent difference



between the benefits afforded by the types of motion utilized. In general, uniform motion was
equivalent to proportional motion in this experiment. Still, across all measures of performance,
the proportional motion condition appears to have consistently produce slightly better
performance. Additional research is needed, however, to further examine this potential trend.
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Chapter 6 Conclusions

Restructuring in the electricity industry is resulting in a need for innovative new methods for
representing large amounts of system data. This research project has developed several new
methods that could be quite useful for the representation of this data, performed formal human
factors experiments to test the effectiveness of several of these techniques, and assisted in the
actual implementation of research results in the ComED and TV A control centers. Nevertheless,
significant challenges remain. Key challenges are the problem of visualizing not just the current
system state but also the potentially large number of contingency states, and the problem of
visualizing not just a single time snapshot but rather the variation in the system operating
conditions over time. More research is needed to develop better methods for visualizing this
data, performing human factors assessments on these new techniques, and rapidly transferring
the results to industry.
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