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Abstract

With the expansion of the power system scale, the demand for power
system visualization is increasing in the recent of years. A stable oper-
ation of the power system is very important for people’s normal life.
Operators have to monitor 4-5 screens at the same time to check the
status of the system. Each screen contains thousands of transmission
lines and thousands of different data. When one of the data is out of
the safe range, the operator needs to take action and repair it in time.
Otherwise, it will lead to a catastrophe.

The goal of this thesis is to test whether the graphics visualization can
be used in the power system and accurately communicate the data.
A new visualization was created which included graphics to express
data in the single transmission line diagram. Afterwards, a user study
was conducted with 7 people, where the results showed that some
data could be expressed in the image but not all of them. And the
feature of image visualization was that it contained more useful infor-
mation that could be easily understood by the operators.



Sammanfattning

Med expansionen av kraftsystemets skala ökar efterfrågan på ström-
systemvisualisering under de senaste åren. En stabil drift av elsys-
temet är mycket viktigt för människors normala liv. Operatörerna
måste övervaka 4-5 skärmar samtidigt för att kontrollera systemets
status. Varje skärm innehåller tusentals överföringslinjer och tusentals
olika data. När en av dataen ligger utanför det säkra området måste
operatören vidta åtgärder och reparera den i tid. Annars kommer det
att leda till en katastrof.

Målet med denna avhandling är att testa om grafisk visualisering kan
användas i kraftsystemet och korrekt kommunicera data. En ny vi-
sualisering skapades som inkluderade grafik för att uttrycka data i det
enkla transmissionslinjediagrammet. Därefter genomfördes en använ-
darstudie med 7 personer, där resultaten visade att vissa data kunde
uttryckas i bilden men inte alla. Och egenskapen för bildvisualisering
var att den innehöll mer användbar information som lätt kunde förstås
av operatörerna.
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Chapter 1

Introduction

This chapter is about the main introduction of this degree project. It
includes discussion of the subject background, relevant work, the aim
for the master thesis, the problem that wants to be solved and the
overview of the work.

1.1 Background and Motivation

In order to ensure the normal operation of a power system, system
managers and operators need to analyze a large amount of data and
information at a time. Operators’ daily task is to watch four to five
screens at the same time (as shown in Figure 1.1). Each screen shows
the operation status of one power system. And in each single power
system, thousands of transmission lines and data are included. Oper-
ators need to detect the status of each data on the transmission line to
ensure that they operate safely and stably. So in the data expression,
the biggest challenge is how to present data in a single and effective
form, so that operators can intuitively and quickly evaluate the state
of the whole system. And with the increase of power system mod-
els, there is a growing need to enhance the effective expression of data
visualization in the power system.

One research paper by G.Andersson et al.[1] mentions several facts
that illustrate the instability of the power system has a great influence
on people’s life. "...On August 14, 2003, a cascading outage of transmis-
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2 CHAPTER 1. INTRODUCTION

Figure 1.1: The daily working state of an operator

sion and generation facilities in the North American Eastern Interconnection
resulted in a blackout of most of New York state as well as parts of Pennsylva-
nia, Ohio, Michigan, and Ontario, Canada. On September 23, 2003, nearly
four million customers lost power in eastern Denmark and southern Sweden
following a cascading outage that struck Scandinavia. Days later, a cascad-
ing outage between Italy and the rest of central Europe left most of Italy in
darkness on September 28. These major blackouts are among the worst power
system failures in the last few decades...". The stability of the power sys-
tem has a great impact on people’s normal life. With the increase of
the data in the power system, how to properly display the data to the
operators and facilitate their monitoring is the main purpose of this
thesis work.

According to what S Charan Teja mentioned in his paper "The rationale
for electric power system visualization is found in the saying. A picture is
worth a thousand words." [10] . The purpose of visualization is to use
computer generated images to convey information that otherwise re-
quire thousands or more words. Or more closely related to the power
system, is to use pictures to contain thousands of digital data. For a
good power system visualization, the best explanation is that it can
display the data in an interactive, graphical form and accurately con-
tain the relationship between each data.

In the software system, customers ask for single-equipment diagrams
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(e.g. diagram for a single transmission line). Power transmission sys-
tem operators monitor the screen of these single-equipment diagrams
to judge the state of each equipment. They will switch line out/in
of service, open/close breakers when they check the situation or take
action if there is something wrong with the equipment. So how to de-
liver useful information in a faster and more effective way to facilitate
their monitoring is the crucial point of this project. In order to control
the state of each equipment, operators need as much data as possible
beside the diagram.

For us, we need to design a good visualization for different kind of
useful data and figure out a way to put and display it in the dia-
gram. And one more reason for designing is, in the system, all the
diagram and information are “drawing by hand”. It just has to think
of a higher-quality single equipment diagram visualization for soft-
ware people to design an automatic layout. In the rapidly changing
environment of power system market, a good visual interface can also
bring competitiveness.

The goal of this master’s thesis is to develop innovative methods to
assist operators in power transmission systems to extract and visualize
knowledge from a large collection of power system data. The project
explored the visualization of microscopic data – visualization of the
individual power system elements, transmission line. The research
focused on:

1. The development of techniques for visualizing power system com-
ponent information (e.g. transmission line).

2. Carry out experiments and analyses of human factors to test whether
visual development projects can be implemented for operators.

1.2 Objective

The primary goal of this thesis is to create a new visualization of sin-
gle equipment data that not only the numbers are used to display
real-time data, but also use images to visualize values for each time
period which can contain more information (e.g. safety limits, maxi-
mum/minimum limit values). At the same time, a simple interactive
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function is designed to facilitate the operator to monitor different sin-
gle equipment on the same screen.

By displaying the data in the form of an image, the users of the visual-
ization can see a new screen display and can make simple interaction.
Moreover, through the innovative design and investigation, it can be
tested that if the users think that graphic visualization can be used in
the power system. And when monitoring the state of single equip-
ment, can picture information brings more convenience and extra in-
formation to them.

This thesis aims to create the visualization and do user tests with peo-
ple from the target group (power transmission system operators) to
determine whether the visualization can achieve the goals.

1.3 Research Question

The assumption of this degree project is that by designing a new vi-
sualization of single equipment data (transmission line), people of the
target group will monitor the situation of power system equipment
better. And check whether graphic visualization can be applied in the
power system.

1. For each data in the power system, which form of visualization
is better for the operators to monitor?

2. What is the advantage of using pictures to express data than us-
ing numbers?

If the testing is successful, the members of the target group will get
more information about the condition of the equipment through the
new visual page design and can be more accurate and faster to deter-
mine if the equipment is in a dangerous state.

1.4 Overview of the work

This chapter mainly introduces the motivation and objectives of this
project. In the second chapter, it will be mainly introduced the back-
ground of the power system and the related knowledge of the main
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characteristic data. And also analyze the methods used before on the
power system data visualization, about their advantages and disad-
vantages.

In chapter 3, it will be written in detail that how to design and imple-
ment visualization for single transmission line data. It mainly includes
the collection, design and implementation of each feature data. It also
includes problems and motivation involved in user studies in the later
stage.

In the fourth chapter, we will make a specific analysis of the user stud-
ies’ results. And then, in chapter 5, it will be discussed in the results
and find out the improvements and limitation in the current projects
and also for the future development.



Chapter 2

Relevant Theory and Work

2.1 Relevant Theory

For this project, the final user group is professional people in power
transmission system. Before designing a visualization prototype, sev-
eral areas need to be reliably understood. These areas include:

• Power transmission system operator’s duties, what are their re-
sponsibilities, why do they monitor the screen in real time, what
kind of information do they get from the screen to judge the
power system state.

• Important data and their characteristics. In a large number of
power system data, what are the most important aspects of each
data, what are the properties of these data and how they affect
the operation of a single transmission line.

• The impact of data visualization on the operator, how do they
work after watching the visualization. And how do they work
with the monitor screen.

2.1.1 Power Transmission System Operator’s Duties

The safe and stable operation of the power system is of great signif-
icance to the development and safety of the national economy. The
definition of Transmission system operator (TSO) is :they are one of the
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principal actors in the electricity market and also a legal person responsible
for operating, ensuring the maintenance transmission system [9]. Their re-
sponsibility is to ensure the operation, maintenance and development
of the transmission network, whether the real-time monitoring system
is safe and to ensure that the system runs under stability. If any prob-
lem is out, it can be found immediately and adjusted.

2.1.2 Several aspects that affect the stability of the
power system

In order to ensure the whole power system to operate in a safe state,
the operator needs to ensure that all variables are in a stable situation.
These values (e.g. voltage, current) should meet the maximum limits
in normal operating range to ensure that they operate within accept-
able standards. The following is the limitations that need to be focused
on.

• Facility Limit

The facility limit means: the maximum or minimum voltage, current,
real or reactive power flow through a facility that does not violate the
applicable rating of any equipment. Any value should be set in the
range [19]. The real power on the circuit has the maximum amount
allowed on the transmission line. If it exceeds the maximum and the
operator does not return it to the safe operation within a short time,
the circuit will burn down.

• Stability Limit

Voltage stability limits, system voltages and changes in voltages must
be kept within the range of acceptable minimum and maximum lim-
its. The minimum voltage limits can establish the maximum amount
of electric power that can be transferred without doing harm to the
electric system [12]. For a simple example, the standard voltage value
is 50V, and the fluctuation range is 5%. If the voltage reaches 55V, that
means the voltage is no longer in the stable operating range.

• Thermal Limit

The definition of thermal limit is: it is used to establish the maximum
amount of electrical current that a transmission line or electrical facility
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can conduct over a specified time period before it sustains permanent
damage by overheating or before it violates public safety requirements
[12].

Generally, there is a normal current carrying capacity of the line. The
normal carrying capacity is lengthy and there is no time limit. There
is also "N minute" overload capacity, which is generally the thermal
stability limit. It means that under the overload capacity current level,
it can persist for N minutes, and the wire may burn out in N min-
utes, and the general meaning of "N" minute is that the dispatching
department can control the line current from overload to normal cur-
rent capacity within N minutes, or the accident has been processed.

• Total Transfer Capability (TTC)

Transfer capability is the measure of the ability of interconnected elec-
tric systems to reliably move or transfer power from one area to an-
other over all transmission lines (or paths) [12]. From Station A to
Station B, there are five transmission lines to transport electricity to
maintain the power consumption on the client side. At this point, one
of the wires has to be repaired and stopped working. The remaining
four lines are required to provide extra power to maintain the overall
power supply stability. At this point, the operator would be willing to
see the actual power flow of each transmission line and the additional
power available.

2.1.3 Visualization for the Operator

When each value exceeds the above limit value, it indicates that they
exceed the scope of safe operation. At this point, the operator should
immediately find and make adjustments. For each data visualization,
it is not enough that only show a warning that exceeds the limit. But
also gives early-warning when approaching the limit, so as to prompt
the operator to prepare well.

A research paper by Baddeley et al. [2] mentions that warning infor-
mation is a type of sensory memory information. A typical feature of
sensory memory is temporary. The research paper goes into detail on
three points are particularly concerned when designing warning situ-
ation visualization. First, the limits of sensory visual memory. Second,
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visual encoding for rapid perception. Third, pre-attentive processing
in visualization design, which is when the brain uses certain visual
features or cues to quickly take in and process information. And how
to use pre-attentive processing theory to design the warning situation
in visualization will be discussed in section 3.3.3.

The operator is monitoring 4 or 5 screens at the same time. On every
single monitor, the navigation is really helpful. According to Zhao’s
research paper [31], a good power system monitor interface includes
fewer input actions, which mainly involves graphic navigation. On the
one hand, the graphics should only display the information needed by
the operator, so the amount of action of navigation will be reduced. On
the other hand, the computer should provide the operator’s input step
according to the actual situation, and if the operator agrees with the
steps provided, they only need to click "input". So the basic naviga-
tion step is a necessary part of the power system visualization for the
operator to control.

2.2 Relevant Work

Although many of the data in the power system circuits are still rep-
resented by numbers. But in some articles, the expression of graphic
visual form has been mentioned and tested. In this section, it will list
some typical examples in a few articles, analyze the uses of visualiza-
tion and the shortcomings they contain.

Thomas.J.Overbye has published lots of papers [15] related to visual-
ization of the power system. He pointed out that visualization tech-
niques are quite useful for the representation of data in a power sys-
tem. It could help operators to quickly assess system states and formu-
late corrective actions. His research group and the Power World com-
pany carried out a series of research work on visualization of power
system, and proposed the display techniques and algorithms for node
data, line data, and stable area [8]. It can be summed up as shown in
Figure 2.1.



10 CHAPTER 2. RELEVANT THEORY AND WORK

Figure 2.1: Screenshot from a conclusion table developed in this thesis:
Conclusion of Graphic Visualization
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2.2.1 Pie chart and Animated arrow

One existing visualization technique has been proved to be used to
quickly indicate the location of overload/ power outage in a transmis-
sion network is using a pie chart, in which the percentage filling of
each pie chart is equal to the percentage of the load on the line[15].
As shown in Figure 2.2. The percentage load is more than 85% of the
emergency limit (the color is in orange). And the size is bigger and the
color is redder for the load greater than 100%. At the same time, use
small animated arrows on the line for displaying line flows. The arrow
points to the direction of the power flow [14]. The size of the arrows is
directly proportional to the power traffic on the lines.

Figure 2.2: Pie Chart with Animated Arrow Example in Power System
Data Visualization

According to an analysis by YaQi Song [23], there are several poten-
tial problems in using pie charts and animated arrows. First, for large
network overview display, there is not sufficient space to display each
individual pie chart. Secondly, the use of dynamic size pie charts in-
volves making pie charts large enough to attract attention. The pres-
ence of animated arrows may affect people’s attention and produce
clutter when people watch.
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2.2.2 Contours

Thomas.J.Overbye also pointed out that contours can be used to visu-
alize voltage and on-line power which are indicated by different colors
on the power system network [15]. The use of contour lines to describe
voltage distribution is to use a color contour map to display voltage
distribution. The display method is similar to the height distribution
map. An example is illustrated in Figure 2.3. Voltage magnitude exists
in buses. A color map is used to associate the voltage value of the color
displayed on the screen. Another research paper by Overbye et al.[16]
mentions one example of using contours. By color mapping, the bus
with voltage magnitude at 115/138kV and a unit voltage of less than
0.98 is highlighted.

Figure 2.3: Voltage Magnitudes at 115/138 kV with Values below 0.98
per unit

Contouring can also be applied to line-based values [15]. As shown
in Figure 2.4, these lines are highlighted in different colours to attract
operator’s attention when the real power flow exceeds 50% of its rated
power.

However, Guo-hui SHEN points out that the use of contour lines also
has shortcomings in his research paper [21] . First of all, contour lines
have been widely used for the display of spatially distributed continu-
ous data. The problem of using contour lines to display power system
data is that it is not spatial continuous data. So every time before de-
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Figure 2.4: Example of Line Loading Contouring

signing the visualization, it must be calculated the average value of
the virtual value with different functions. Different grades should be
made of different colors. If the grade is too much, too much color will
disturb people’s vision.

2.2.3 3D visualization

The 3D display is a very important aspect in power system visualiza-
tion. Figure 2.2 shows a traditional 2D one-line visualization for the
power system. Figure 2.5 shows the one-line in 3D format. Overbye
also mentions 3D visualization in his paper [15]. In 3D images, the line
can be covered at the level of XY (horizontal plane), and an eigenvalue
extends in the direction of Z (vertical). Representing data in Z direc-
tion is an important advantage of using 3D space, because it allows
the expression of redundant data by height. In Figure 2.5, the height
of each Z direction is commensurate with its power output.

But some people have done the experiment, Yao Li points out the
fact[11] that using the 3D image to display the voltage value. The re-
sults show that this cannot help the discovery of high voltage and low
voltage nodes except that the image is more beautiful.
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Figure 2.5: 3D Visualization of Power System Data

2.2.4 Special symbol

The display of running safe state is also a key point in the visualization
of the power system. As an example in Figure 2.6, Overbye proposes
that in the system diagram, the voltage overshoot will be displayed
by the high brightness of the node, and the broken line will be repre-
sented by low brightness or by using special color graphics to alert the
operators [17].

All the technologies mentioned above and visual design are all in large
power system networks. This project is primarily focused on a single
transmission line. And how to integrate the existing visualization in
the network into this thesis project is also a key point and it will be
mentioned in chapter 3.
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Figure 2.6: Transmission System Display with Highlight and "X" sym-
bol



Chapter 3

Single Equipment Visualization

This chapter will mainly discuss how to design the visualization based
on different data and how to put the visualization together to ensure
that all the related data are visualized in an intuitive way, how to select
data and how to visualize data, how to design the interaction. And
finally how to test it with the target user group.

3.1 Data Collection and Analysis

In the power system, data acquisition capability is constantly improv-
ing, and the amount of data is increasing. A lot of information can be
used for real-time monitoring and control. But the operator can mon-
itor the amount of data is restricted, and the size of the monitoring
screen is limited. It is impossible to display all the useful information
to them. So how to select and integrate functional data was the first
problem that this project needed to solve. It was likewise the first step
in designing visualization.

In order to collect useful data that the operator considered to monitor
the state of the equipment, operators or persons with relevant back-
ground were asked to fill in a questionnaire (as shown in Figure 3.1).
The content of the questionnaire had been screened and all the rele-
vant data types listed in each of these equipment had been adjusted
by people with expertise.

16
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Figure 3.1: Screenshot from the Questionnaire developed in this thesis:
Example Questions on the Questionnaire

The main purpose of this questionnaire was to,

1. Know the background of the person who answered the question,
to ensure the availability of the answer (whether the selected
data were meaningful).

2. Then, know what the most important equipment was and what
were the most important data related to the equipment opera-
tion.

The questionnaire was created by Google form. When collecting data, I
used face-to-face interviews and also sent email to the operators. How-
ever, because there were too many questions in the questionnaire (only
a small part of the questions are included in Figure 3.1 ), this also lim-
ited the number of people who finally answered to questions.

A total of 12 people filled out questionnaires, and each of them might
have more than two related job experience. And the result was sum-
marized in Figure 3.2. Among them, the most concerned was the an-
swer of the operator (e.g. "I am a transmission operator") and the per-
son directly contacting the operator (e.g. "I have drawn diagrams for
transmission operators” and "I have gotten feedback form diagrams
form transmission operators").
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Figure 3.2: Screenshot from the Questionnaire Result developed in this
thesis: Conclusion of Participants’ Job Responsibilities

Most people thought that Transmission Line was the most important
single equipment and the most worthwhile design visualization.

Figure 3.3: Screenshot from the Questionnaire Result developed in this
thesis: Data Conclusion of Transmission Line

After summarizing the most important data in a transmission line from
Figure 3.3, it had been decided to focus on the visualization of the fol-
lowing data:

• Voltage – It contains the limit value of the system and the stabil-
ity limit value. Voltage stability is an important factor in power
system stability which is also one of the objects that the operator
controls.

• Real Power – The power on the transmission line is usually ex-
pressed by real power. Its direction and magnitude affect the
whole power system and cannot make the real power exceed its
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loading limit.

• Current – For the transmission line, the current allowed by a long
time is small, and the current allowed by short time is large. If the
over limit time is too long, it will lead to over thermal stability
and serious conditions will burn the circuit.

• Total Transfer Capability – It will be affected by stability limit
and thermal limit. When looking at the running state of a single
transmission line, operator hopes to see the operation of other
lines in the system at the same time, so as to ensure the stability
of the whole system.

In the power system, the relationship and interaction between each
data were complex [28]. In some cases, data could be merged to reduce
the difficulty of visualization, but such processing should take into
account the effect of visualization.

3.2 Design Development Engine

The visualization prototype was designed by using Axure and Power
Point. Because the early analysis of data and design decisions took a
lot of time. After discussed with experienced people, these two tools
were the most convenient and able to meet all the requirements of pro-
totyping.

PowerPoint has a powerful animation function that can fully simulate
the state of real data flow and display emergency situations. It can
also meet the simple interaction function in the single transmission
line diagram. The Custom Animation feature in PowerPoint provides
a list of effects that users can apply to objects such as pictures, text,
and other graphics to animate them during a slide show. It can add
interest and excitement for users accepting a particular concept [18].
Because this project is a proof of concept. The prototype does not have
to make in a really fancy way. The result just has to prove whether the
graphic visualization can be used in the power system data. Power-
Point includes all the function of animations that should be shown in
the single transmission line data visualization. It is the simplest and
direct way to do the presentation to the users. And on the users’ side,
it is also a familiar tool to use when doing the tasks in user studies.
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Axure is a powerful tool to transform abstract requirements into a
working detailed visualization [20]. For this prototype, it is mainly
focused on the design part and just contains several simple interaction
functions. Axure has a large number of interaction design functions,
which can achieve interaction with macro pages (e.g. state estimation)
to micro level (e.g. single transmission line).

3.3 Visualization Design

According to an analysis by Alexander [27], visualization is different
from the traditional form of text and general representation. It is easily
recognized by human eyes, and it is combined to express information
in a variety of ways, such as shape, color, size, position, movement,
flicker and so on.

This visualization was designed on the basis of three levels. The first
level, showing the overall state of the operation system. The second
level, displayed the related data and state of single transmission line
where the operator was concerned (e.g. voltage stability) or where was
the problem. The third level showed specific values.

There are some misunderstandings in visualization [10]. For example,
all data must be visualized, which is not correct in all cases. The main
difficulty in developing a visual data system is to filter out unneces-
sary information because it is difficult for people to find out what is
the most important data for them from a large amount of data. There-
fore, by showing less data but linking them together in a smaller com-
ponent, could lead to more simplified decision.

3.3.1 Different variables and their visualizations

This part realizes the mapping from data to image, and needs to be
applied to various data types. The purpose of the visual design of data
was the fact that it was easy for operators to understand by displaying
large amounts of image data.

The design consisted mainly of two steps.
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1. discussed with users, asked them to draw the ideal image ex-
pression of each data.

2. it mainly referred to the expression form of “dashboard data”,
and combined the characteristics of pre-attentive theory. Then
decided the final graphic visualization of each data.

The reason for choosing dashboard data as a reference was that the
dashboard has the same characteristics as the data monitored by the
transmission operator [5]. When designing each power system data
visualization, the design of dashboard data was used as a reference.
On the dashboard, this single screen display of the most important
information people needs to do a job, present in a way that allows
them to monitor what’s going on in an instant. To serve their purpose,
dashboards must display the most important information in a small
amount of space that communicates clearly and immediately. This was
also one of the reasons for the design of a single transmission line data
visualization based on dashboard design.

For the single transmission line, four important data that needed to
be designed as graphic visualization were summarized from the ques-
tionnaire (see section 3.1) – Voltage, Current, Real Power, Total Trans-
fer Capability.

• Voltage

The operator mainly checked the real-time state of the voltage and
whether it was in the safe operation range (e.g. within the maximum
and minimum limit).

Figure 3.4: Screenshot from Voltage Mockup developed in this thesis:
Mockup of Voltage Data Visualization

From the graphic drawn by the users, four options were selected and
as shown in Figure 3.4.

People who wanted to use the dial to represent the voltage value had
pointed out that mark the range of the voltage value outside the dial.
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They used Colin Ware’s theory [29] to design. When the value went
beyond range, the pointer became red.

A box could provide additional information [6]. As a range bar, the
bottom of the box represented a value (e.g. minimum limit) and the
top represented a value (e.g. maximum value). When the median was
closer to the low end of a range of values, more values fell into the
lower half than the upper half of the range.

One user mentioned that up and down icon could convey a simple
message that a measure rose or fell compared to a point in the past,
such as the comparison of the voltage of this one second to the last
second.

The reason for the final selection of spark line to represent the volt-
age value was providing a fast sense of history and current state and
enriching the meaning of measurement [24]. It included a light gray
rectangle to represent the number of manufacturing defects that were
acceptable. Instead of details, spark line must display a quick view
that could be assimilated at a glance. And the image was displayed on
the left side of Station A/B/C to facilitate observation.

• Current

Figure 3.5: Screenshot from Current Mockup page developed in this
thesis: Mockup of Current Visualization

The amount of current flowing through the transmission line in a cer-
tain time would affect the thermal stability of the power system. As
shown in Figure 3.5, a user directly drew numbers to represent the
real-time value of the current.

The final reason for choosing the spark line is that it is the best tool
to reflect the change of current over a period of time and whether its
value runs within a safe range.

The currents on the three branch transmission line were different, but
they affected each other. The three currents were placed together (on
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the right top corner) rather than the side of each branch to facilitate
comparative analysis.

• Real Power

Figure 3.6: Screenshot from Real Power Mockup developed in this the-
sis: Mockup of Real Power Data Visualization

In Figure 3.6, a visualization technique has been shown to quickly in-
dicate that the active power in the transmission network is the use of
a pie chart, in which the percentage filling of each pie chart is equal to
the percentage of the load on the line. But, in the dashboard design, it
has been proved that the only one thing that can be taken in the expres-
sion of the pie chart is the fact that they are looking at measures that
are parts of a whole [5]. Beyond that, pie charts do not display quan-
titative data very effectively and also do not work really well when
there are multiple limits.

For real power on the transmission line, the operator would pay more
attention to the value and the direction. Whereas a bar graph used the
pre-attentive visual attribute of line length (e.g. the lengths or heights
of the bars). One technique was to use the bar chart in which a rectan-
gular bar was filled to graphically indicate a value’s position within a
range and also indicated the direction of power flow. The upper and
lower lines of the bar represented the maximum and minimum values,
and the area of the bar represented the scope of safe operation. The
maximum and minimum magnitude limit of the real power was the
same, but the direction of the line flow would be different (e.g. could
be distinguished with positive and negative sign). When the filling
part in the bar graph moved upwards, the direction of the real power
was from down to up.

• Total Transfer Capability
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For the operator, in addition to seeing the main transmission line dis-
play, they also wanted to monitor its impact on the whole system, as
well as the running state of all other lines in this whole system. A typ-
ical data that the operator wanted to watch was real power on every
line.

Figure 3.7: Screenshot from TTC Mockup developed in this thesis:
Mockup of Total Transfer Capability Data Visualization

One way was used by a radar map. The power magnitude of each
line was represented by the radius length. The quantitative scale on a
radar graph was laid along each of the axis lines that extend from the
center to the perimeter.

The real power values of different lines could be represented by mul-
tiple dials, and the direction of each pointer was the real-time power
of the line. But this method took up too much space and was inconve-
nient to see the single line effect on the overall system.

By simply comparing the height of the bar, the individual values could
be easily compared to each other. As shown in Figure 3.7, bar chart
could easily see the value of real power that flowed on each line, for
example, line 1, line 2 and line3.

The reason for the final choice of the stacked bar as visualization was
that when using a stacked bar graph to display a single series of part-
to-whole data [4], it was the right choice when data must display mul-
tiple instances of a whole and its parts, with emphasis primarily on
the whole. In total transfer capability visualization, not only could see
the real-time real power value of each line, but could also understand
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the role of each line in the operation of the whole system.

It was necessary to achieve the graphic visualization that was under-
standable to the operator and helped them to know all the useful infor-
mation. Therefore, the necessary part of the project was to determine
whether the image visualization was accurate enough. The final deci-
sion on the graphic expression of each data should be tested with real
operators, to see their reaction and feeling.

3.3.2 Macro/Micro Level View Mode - State Estimation
and Single Transmission Line

In the beginning, a state estimation page was displayed to the user.
The state estimation showed the network diagram of the power sys-
tem. Because it was just a prototype, it was intended to be part of the
power system network. (in reality, the power system network is quite
huge, complex and presented on the big screen).

Under normal operation, all the stations were displayed on the page,
and the transmission line linked between each station (see Figure 3.8
for an illustration of this concept). In order to make the page look
concise under normal circumstances, there will not be too much infor-
mation interference. The voltage values of all the stations and the real
power values flowed on each line were all set to mouse hover func-
tion. For example, if the user wanted to see the real power value of
the specific line, moved the mouse to the corresponding location, and
real-time data would appear. The lower right corner information box
represented the state of each transmission line, and the gray line repre-
sented normal operation. Yellow meant that the power flow was high,
but it could still run. The red color meant the value went too high
and it needed to be repaired at once. The warning state of red will be
explained in detail in the section 3.3.3 Warning Design.

The operator would monitor the overall system operation state through
the network diagram, and pay attention to the power, current value of
each line and voltage of each station with hover-over function. The
color of the line varies according to the magnitude of the power flow
(e.g. gray line or yellow line).

As the focus of this project, after the decision for each data visual type,
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Figure 3.8: Screenshot from the State Estimation page developed in
this thesis: Normal Situation in State Estimation Page

Figure 3.9: Screenshot from Single Transmission Line page developed
in this thesis: Normal Situation of Single Transmission Line
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the visualization design of single transmission line as shown in Figure
3.9, it was also set the effect of mouse hover on real-time data display.
The design of specific graphic visualization for each type of data is
going to analyze in detail in the next part.

All of the visualizations were shown in 2D. The 2D visualizations based
on one-line diagrams have been relatively popular due to the famil-
iarity of power operators with one-line diagrams. Two-dimensional
visualization had a key advantage [22]. For all potential audiences, it
was intuitively understandable. Another important advantage is that
2D computer images can be displayed relatively quickly.

3.3.3 Warning Design

As in section 2.1.3 mentioned before, a warning is a kind of sensory
memory information and the best way to design it is following the
principle of pre-attentive processing [3]. Color has the ability to high-
light relevant information. The color can be used to highlight certain
areas requiring immediate operator’s attention, thereby reducing the
operator’s search area. One useful function is changing color hue.

In the prototype of Single Transmission Line (Figure 3.10) and State
Estimation (Figure 3.11) page, the bright gray was used to represent
each data under a stable situation. When the value of voltage, current
or real power approached the limit, the related region became yellow.
After being more than the limit value, the related area (e.g. the whole
bar chart) turned into red. In fact, the data in the power system had
different warning grades, but there was no need for each level to be
represented by a different color. A large number of colors may lead to
misjudgement and interfere with operator’s judgement.

In order to highlight the value which had exceeded the scope of secu-
rity and needs immediate action. Besides the basis of color becoming
red, the function of regional flicker was set at the same time. Flicker
was a powerful attention-getter [25]. Flickering objects on the screen
could be quite annoying and therefore should usually be avoided. How-
ever, this was also useful for power system data that were constantly
updated with real-time data and was used to monitor operations that
required an immediate response.
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Figure 3.10: Screenshot from the Single Transmission Line page devel-
oped in this thesis: Warning Situation of Single Transmission Line

Figure 3.11: Screenshot from the State Estimation page developed in
this thesis: Warning Situation on State Estimation
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3.3.4 Animation

In a real transmission network system, values are updated every 5 to
30 seconds. For this prototype, it was used animations to simulate
changing data. For a simple example, in Figure 3.9 beside the main
line, it also showed the remaining transmission line that maintained
the normal operation of the whole system. Drawing on the technology
proposed by Professor Thomas.J.Overbye, the small animated arrow
was superimposed on the straight line, and the arrow pointed to the
direction of the real power flow. Flow animation is another visual-
ization tool [30], which has been used effectively. The effect of the
animation is to make the system appear to "come to life".

All visualizations of every data (e.g. voltage, real power) were de-
signed as animation in the single transmission line page. It was used
to imitate the normal data flow and used to simulate the display of
warning signs, so as to test the practicality and accuracy of graphic
visualization. Animation can be a lot more simplistic and at the same
time a lot more intricate in the message that it delivers.

3.3.5 Extra Information

If the user wanted to get additional information or wanted to know if
the limit was reached, in Figure 3.12, an optional information box was
added beside each value. This box appeared when the typical value
image (e.g. voltage spark line) or warning symbol (e.g. red bar of
real power) was clicked and then showed more information about that
value. This design existed both in the stable running state and in the
alert page status. In normal operation page, after clicking, the nom-
inal value, maximum and minimum limit value would be displayed
in the box. In order to improve the operator’s attention, prompt them
to repair quickly, more information was in the box of a warning page.
One was to tell the operator how much the current number has ar-
rived, forming a comparison of the limit values. All of them were in
red color.

Additionally, it contained a “pop-up” function. For example, when the
operator wanted to see the specific value of each point on the voltage
spark line, the mouse could be shifted to the corresponding position.



30 CHAPTER 3. SINGLE EQUIPMENT VISUALIZATION

Figure 3.12: Screenshot from the Single Transmission Line page devel-
oped in this thesis: Graphic Visualization with Extra Information of
Single Transmission Line
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The real-time value would come out.

3.3.6 Interaction

In addition to display more information by clicking, move the mouse
on the specific location/ value would appear real-time data, state es-
timation and a single transmission line page also had the following
interaction functions.

Figure 3.13: Screenshot from the State Estimation page developed in
this thesis: After searching a specific value, the corresponding wires
are all thickened

• Interaction between State Estimation and Single Transmission
Line

In addition to simply moving the mouse to the relative position to dis-
play real-time data, on the sate estimation page, users could enter spe-
cific values in the search box, for example, as shown in Figure3.13,
100MW, at this time, all transmission lines on which the power flow
was greater than or equal to 100MW would be thickened to form a
prominent display. If the user wanted to know more about the oper-
ation of a certain transmission line, clicked that line and it would be
automatically jump to the page of the single transmission line.

This page linking function also provided convenience for operator’s
repair work. Especially in the warning situation. It was introduced in
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the section 3.3.3 (as illustrated in Figure 3.11) that when there was a
problem on the specific transmission line on the state estimation page,
the typical line would automatically turn red and give rise to early
warning. At this point, the operator just needed to click on the red line
and it would jump to the related single transmission line page, to see
the details of the operation of the transmission line and knew what the
problem was.

• Interaction between Single Transmission Line and Single Trans-
mission Line

In Figure 3.9, next to each single transmission line, there would be
shown other lines to maintain the operation of the whole system. In
order to facilitate operators to view the operation of other lines at the
same time, users could click on the animated arrow that represented
the direction of power flow, and the page would jump to the related
transmission line’s page. Because the operator had to monitor 4 or 5
screens at the same time. The conversion between pages allowed them
to detect the operation of all lines in a system with one screen.

3.4 Evaluation Method

According to the visual form, the end user should make a conclusion
about the content presented. The difficulties might be in what, how
much and when to display the visualization. Therefore, it is very im-
portant to include the end user throughout the development process to
ensure that the design is simplified and that it does not make it more
difficult to draw conclusions based on the content displayed on the
user interface. After completing the visualization design, the next step
was to evaluate it with users to see if it implemented the goals set by
the visualization itself and degree project research problem.

1. Which way of expression is better for each data in the single
transmission line?

2. What is the advantage of using pictures to express data than us-
ing numbers in the power system?
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3.4.1 User Studies

The target group was the operator because they were the direct user
of this visualization and it was the most important group to judge
whether visualization was accurate and effective. However, due to the
limited number of operators that could be approached and in order to
ensure a sufficient number of user studies. Among the interviewees,
there were also people who had worked with the operator or had rel-
evant background knowledge.

The user studies were conducted in the company conference room.
To ensure that the users did not see the visual interface or know the
interview questions in advance, there was only one person who par-
ticipated in the interview every time, and each person had almost one
hour. Almost all the user studies had taken the form of face-to-face
interviews. In addition to one end user was in another country, and
did a Skype interview, with all the questions were listed on the notes
to ensure that all questions and tasks were asked. The entire length of
each study was recorded (screen recording and audio recording) with
my laptop for recollection of the answers.

This user studies were designed based on Structural analysis. It is es-
pecially applicable in computer interface and visualization research
[7]. It concluded semi-structured interview (with evaluation scale)
and task (with task analysis). Each of the tasks had the purpose of
testing some aspects of visualization to see whether it had achieved its
purpose. While doing tasks, users were asked to express their under-
standing and perceptions.

3.4.2 Interview Questions, Tasks and Motivations

First of all, the background of the project was briefly introduced to
the users. Before doing the task, the user was asked to make a brief
interview by asking 4 questions to make an understanding of their
current situation and knowledge in order to ensure the credibility of
their answers.

The pre-interview questions were listed as follows.

1. What operator is using to judge the state of the equipment (e.g. transmis-
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sion line) now? Do you have ever seen their screen, what does it look like?

This problem was to understand the background of users and under-
stand the form and the content of information displayed on the screen
monitored by the operator. And knew what information the operator
has used to judge the state of the equipment.

2. Has there been a misjudgment of the equipment station (e.g. the voltage
went out of its limit value, but the operator did not take any action) before?
Why?

This question was on understanding the causes of misjudgment in the
past, whether it was because the format of information expression or
the amount of information was not enough. And understood what
information the operator could see to determine that the equipment
needed to repair.

3. Have you ever thought about a new way to display the power system data
on the screen in order to improve operators judgment of the state of equip-
ment?

It contributed to understanding what kind of user interface that the
user wanted to see. And what kind of information they just wanted
to monitor and in which form they wanted to display (e.g. image,
number, more colors). This was also useful to do visualization design
improvements after the user studies.

4. Have you ever tried to use graphic visualization to express the number? If
so, why there is no such visualization in the power system inside the company
system?

If there had been image visualization before, through the user’s an-
swer to understand the reasons for not promoting such format in power
system data display. And when doing tasks, tested whether the visual-
ization has avoided these reasons and could make adjustments to the
later design improvements.

After the pre-interview, users were asked to perform a series of tasks
as follows on the visualization.

1. First, what you see on this page is the form of data displayed on the trans-
mission line in the power system. The operator is looking at this page to
monitor the state of each equipment. You can see all the numbers are shown
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on both sides of the line. Can you tell me your understand of each number?
(e.g. it is a nominal number or limit value).

This question was used to test whether users had a different under-
standing of the numbers displayed in the monitoring pages and deter-
mine whether digital information could correctly express the informa-
tion needed by the operator.

2. Now look at this stable operation page, please tell me your understanding
of each image (without extra information).

This question was used to observe whether the user could correctly
understand the information contained in the picture when all the in-
formation was presented just in the form of pictures. And understood
whether there was a difference between the information they thought
each picture should represent (e.g. different people thought that the
same picture represented different information, or what was different
from the information that the picture itself wanted to express).

Because the user was a person with a professional background. So,
through their answers, they could also summarize the advantages and
disadvantages of image information in power system data expression.

3. When you look at the page is in the warning situation, can you point out
all the places that you think that needs to be “repaired”?

The problem was to test whether the design of warning signs was ef-
fective. By observing the speed of users’ discovery, it could see whether
the warning had a striking effect. And observing whether the user had
noticed the color change and whether there were different responses
to different colors. And whether the design of flicking had improved
their attention. So that to reach the effect of pre-attentive processing of
visualization.

4. If now I tell that in some place, you can use this mouse to find more detail
information about each value, can you try using the mouse to find them?

This task was similar to the usability test. But it did not follow the
rules of the test. Because the main purpose of this user study was to
see the user’s acceptance of graphic visualization and compared the
differences in the understanding of the picture information and the
digital information. But at the same time, observed the movement of
the mouse to guess whether the small hidden functions (e.g. clicking,
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pop-up) in the page were working and whether the functions were
"correctly" positioned.

5. After clicking on all the image, you have extra digital information beside
each value, can you tell me your understanding of this graphic now?

This task was designed to test when the digital information was loaded
beside the picture, it could be known whether the user had a new un-
derstanding of the picture or not and to judge whether extra digital
information helped to understand the graphic visualization or inter-
fere with the understanding of picture information.

After all tasks were completed, the user was given an interview sim-
ilar to the pre-interview before, with listed questions that were de-
signed to ask their feeling and understanding in graphic visualization.
They were asked to make a point of their feeling from 1-7 of only the
numbers were displayed on the screen and only the graphics were dis-
played on the screen. Then, users would be asked questions about
visualization itself. For example, which form was more inclined to
show the data, what was the reason, if there was something difficult
to understand, and what additional improvements the users wanted
to make on this basic graphic visualization design.

The following were the specific questions of the post-interview.

1. For Voltage/ Current/ Real Power/ Total Transfer Capability, can you make
a score from 1-7 (1—“I really don’t like the design, 4—"no different from
today”, 7—“ I really like this idea”) for only show number beside the trans-
mission line? And can you make a grade for only show the value in image
visualization?

In the form of scoring, it could intuitively conclude which visual form
was better for users. Whether just like the present visualization in the
system, it only displayed numbers, or the users thought that the new
form graphic visualization was better.

2. Can you tell me two reasons that you think the number/ image is better
than the image/number expression? And also two reasons that why do you
think the image/number is not good than the number/image expression?

By asking users to directly point out the advantages of number ex-
pression/graphic visualization, and the disadvantages of graphic vi-
sualization/number expression. Thus, to find out when comparing
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picture information with digital information, what was the advantage
of graphic expression.

3. What do you think for additional data information beside each image?

If the user thought the picture was a better expression, this question
was used to ask whether users thought it was better to only have pic-
tures beside the transmission line or pictures with extra digital infor-
mation.

4. Do you think that the extra information in the picture itself (compared
with a single digital number) is easy to understand?

The problem was to ask the user about the feelings of the extra infor-
mation produced by the picture. The user thought it was the “icing on
the cake” that helped them get more useful information or the inter-
ference of understanding.

5. What do you think of the warning icons? Which one is the most significant
to you?

Because different colors and functions were used in the graphic visual-
ization design. This question was used to see if users thought it would
affect the operator’s judgment.

6. Do you think there is any inconvenient monitoring function on the current
transmission line page? Or do you want to add more functionality?

The extra information in the picture was shown after clicking function.
Through this question, it was judged that the users might want the
extra information to be displayed directly beside the picture, and it
was useless to design such a function. Or add other functions on the
page to enrich the functionality of the monitor screen (according to the
needs of the operator).

7. On Single Transmission Line page, for different values, two data visual-
ization positions are displayed. Which location do you prefer?

The question was to know what the user was thinking about the loca-
tion of the data, whether it was placed next to the single transmission
line or all of the visualization on the right side, which was convenient
for them to monitor.

8. Do you have more advice or ideas of designing the data visualization for
the single transmission line?
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It was an open question. The purpose of this question was to collect
expert advice for improving graphic visualization. After the user stud-
ies, the previous design would be improved. Combined with the idea
of multiple parts, a more perfect visual interface would be achieved.

3.4.3 Qualitative Analysis

For this thesis user study, most of the interview question and task were
designed based on the qualitative analysis. And the results were used
qualitative analysis after the interview, it will be discussed in detail in
Chapter 4 Results.

Qualitative Analysis is used when the researcher wishes to analyze
data that are subjective and not numerical [13]. This includes data
such as life experiences, opinions, attitudes. The researcher gathers
information which reveals the subjective experience of users. They
describe the event, their attitudes, their emotions, etc. These cannot be
analyzed by statistics, but should be interpreted qualitatively.

And based on the analysis of the results from the interview question
and tasks of this thesis project, it should be known - in particular, in
the power systems, which data users think it is better to express vi-
sually with images and what is the reason. When expressing the in-
formation, what is the advantage of image visualization than digital
expression, or why it is not good. Because the type of data was dif-
ferent, users wanted to express different forms for each data. For the
same data, some people might think that the image was better, some
people might think that the simple number was better, while others
thought there was no difference between these two. So exploring the
user’s subjective thoughts (why they thought this was good) was the
focus of the interview and the answer analysis. It was hard for users
to say that visualization A was better than visualization B. Qualitative
research often involves the study of behavior and the reasons behind
it [13]. This type of analysis is more concerned with how and why in-
stead of what, where and when which are more focused upon when
conducting quantitative research. Therefore, the qualitative analysis
could better understand the user’s subjective thoughts, and closer to
the analysis of the results.
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Results

This chapter will analyze the results obtained from the user research.
The results are divided into three parts. The first part, the results of the
interview before the task, the second part, the analysis of each task, the
third part, the analysis of the interview results after the completion of
the task. Through the results, not only did visualization itself be an-
alyzed – graphic visualization can be used to display data in a single
equipment of a power system. And also made a conclusion of thesis
research questions – which way of expression is better for each data in
the single transmission line and what are the advantages of compar-
ing image information with digital information, especially in power
system data.

In the end, a total of 7 people did the user studies. Among them, there
were 3 operators and 4 people who have had worked with operators or
who had a professional background knowledge. Their experience and
background ensured the availability and authenticity of the answer.

The following is the analysis of the results of each part.

4.1 Pre-Task Interview Result

During the pre-interview, the users mainly asked to describe the single
equipment diagram that they had seen on the monitor screen, previous
accidents and the reasons, and finally expressed what the screen they

39
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wanted to look like.

From the user’s answer, it was understood that the current monitor
screen displayed with all the stations and transmission lines. And next
to each wire/ stations, all values were displayed in real time numbers,
and at the same time the limit value was also shown beside it. One of
the users said that the first page was still showing with lots of num-
bers, and after clicking on the relative value, it had begun to show the
trend of the data on the curve line.

When there were problems in the power system, different colors would
be used to alert different levels. For example, in an interface that the
operator showed us, under the normal situation, all lines and stations
were expressed in green. When a problem arose, different colors were
used to distinguish the severity of different grades. In the most seri-
ous case, the lines, stations, and numbers were shown to be red. The
operators looked at one station and took action to switch the breaker/
transmission line. Ideally, they would have remembered to offload cir-
cuit to different loads. However, on the single equipment screens they
had repeated measurement taken in the stations.

Sometimes, for operators, displaying large numbers of data on the
screen was very intuitive, but for them, they also had a lot to remem-
ber. That was also why the design of a single equipment diagram was
proposed. When the scope was reduced, the amount of data on the
same screen was also reduced. And also there was the possibility to
do switching from the single equipment diagrams.

Every user heard something about misjudgment. It could be summed
up as three points.

• The operator had lots of procedures to follow when taking action
on the equipment, but the process was complex, and the opera-
tor might miss the steps that leading to some unpleasant conse-
quences. For example, there was a switching error. The operator
was slipping a step in a procedure and accidentally off-loading
customers.

• The alarm didn’t show up. When the value of the power flow
was too high, although the value was right, the number did not
turn red, which caused the operator not to notice the problem.

• Maintenance of single equipment diagrams has been the prob-
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lem, if customer forgot to update them after doing data engi-
neering in stations, that could be a problem.

When proposing improvements to the current page, almost all users
hoped that the improved page could save operators’ effort, time and
contain more and more extra information. Easier navigation between
screens was another big important issue. There was a user who had
done the optimization of the page. Using a curve graph and bar chart
to represent the voltage value at each station. However, the mainte-
nance of pages was too much at that time and customers didn’t want
to do it.

4.2 Task Result

4.2.1 Task 1

Without any explanation, Figure 4.1 was shown to the users in Task 1.
The picture of a single transmission line with all the digital number be-
side it (similar to the normal situation monitor in the current system).
Users were asked to express the meaning of these numbers according
to the information on the pictures.

Based on their experience, the result had been concluded in Table 4.1.Three
people thought that the black numbers represented the nominal value
of the current(A) , real power(MW) and apparent power(MVAR). And
three people considered that they represented the limit value. There
was also one person who dared not make any matches, because he
considered that he could only make a judgment after he had been in-
troduced all the information for each data in detail.

Number of People Black Color Number Red Color Number
3 Nominal Value Limit Value
3 Limit Value Limit Value
1 No conclusion Limit Value

Table 4.1: The result of users’ understanding of each data number be-
sides the single transmission line diagram

However, among the 6 people who had given an answer for the black
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Figure 4.1: Screenshot from the Single Transmission Line Testing page
developed in this thesis: Singe Transmission Line with all the Number
Visualization

color number, 4 people were hesitating for the value of the current(A),
real power(MW), apparent power(MVAR) number representing the
nominal value or the real time value. It was also proposed that the
current(A) was the limited value and the real power (MW) was the
real-time value. But for red numbers, everyone’s judgment was the
same that it was the limit value.

If the results were divided into operators and non-operators, the re-
sults were shown in Table 4.2 and Table 4.3.

Number of Operators Black Color Number Red Color Number
3 Nominal Value Limit Value

Table 4.2: The result of operators’ understanding of each data number
besides the single transmission line diagram

It could be found that operators would have a clearer understanding
of the number with their existing background knowledge.

Of course, someone had also raised questions. The position of the
number would be puzzled by its judgment (people might compare the
same color number on both sides of the transmission line, and would
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Number of Non-Operators Black Color Number Red Color Number
3 Limit Value Limit Value
1 No conclusion Limit Value

Table 4.3: The result of non-operators’ understanding of each data
number besides the single transmission line diagram

influence on their digital guesswork only based on different color). In
the interview, it had been explained to the user. When the data were
conjectured, the left data was first guessed, and then the right was seen
in order to avoid users to compare the left and right sides together of
the data.

It could be seen from the reactions of people that if the interface was
simply displayed with all the digital number, users would make dif-
ferent guesses on the same data according to their own experience and
background knowledge. The intent of the design was that all numbers
represented real time values, and few users could make the right judg-
ment through simple numbers, and even think hesitates when they
made a decision.

On the other hand, the color was especially important for visualiza-
tion. Even in the case of a simple number display, the user came to the
conclusion of the same, and the correct one – limit value, only based
on the bright red.

4.2.2 Task 2

Then, a page with all graphic visualization that each value was rep-
resented in the different image (as shown in Figure 4.2) without any
number or text, was shown to the users. After showing the anima-
tion of graphic visualization page, the user was asked to express their
understanding of each image. To see their comprehension for each pic-
ture and also compare their reaction with only number visualization
page in Task 1.

• Voltage

The user mainly asked to describe the understanding of the black curve,
gray line and gray box. The 7 person’s understanding of the black
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Figure 4.2: Screenshot from the Single Transmission Line page devel-
oped in this thesis: Graphic Visualization of Each Data beside the Sin-
gle Transmission Line

curve was all correct, because it was real-time and dynamic. Everyone
thought it represented the current voltage. For gray line, the actual de-
sign purpose was to express nominal value through it. In addition to
one user who did not know what the meaning of this line, the first reac-
tion of the other 6 people was nominal value. For the gray background
frame, 4 people matched correctly according to their own professional
background knowledge, guessed that box was the area that voltage
was allowed to vary in. One person said that it was only a background
picture with no meaning, and there were 2 people completely unable
to associate with any specific meaning. The different responses of op-
erators and non-operators to voltage images were shown in Table 4.4.

Black Curve Gray Line Gray Box
Number of Operators 3 3 3

Number of Non-Operators 4 3 1

Table 4.4: The number of operators/non-operators guessing correctly
for each part of the voltage graph

• Current

For spark line, all 7 users interviewed were considered it to be real-
time current values. For the reason, they said that because this curve
was flowing over time, it was associated with a trend line. On the
contrary, only 4 people associated the gray line with the thermal limit.
Another two thought it to be a limit, and one still had no idea about it.

From the data results in Table 4.5, it was not difficult to find that both
operators and non-operators had a correct understanding of the cur-
rent image.

• Real Power
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Spark Line Gray Line
Number of Operators 3 3

Number of Non-Operators 4 1

Table 4.5: The number of operators/non-operators guessing correctly
for each part of the current graph

This was the most puzzling graphic visualization in the four basic im-
ages. Because the real power itself had several different limit values, 4
users thought that the middle dash line represented one limited value
rather than zero value, the top of the bar represented another limited
value, and the bottom represented the zero value. Another two peo-
ple thought the middle gray dash line represented nominal value. For
gray animated filled bar, everyone thought it was the value of real time
loading. But the biggest doubt was the direction of power. All of the
users were unable to see whether the power direction was upward to
downward or downward to upward.

Bar Limits Dash Line Direction
Number of Operators 3 0 0

Number of Non-Operators 4 0 0

Table 4.6: The number of operators/non-operators guessing correctly
for each part of the real power graph

• Total Transfer Capability

Everyone could see the dynamic filling gray frame, which could be
understood as the flow state of on-line real power in the system. For
the bar chart, 7 users could totally understand it in the right way.

Gray Bar
Number of Operators 3

Number of Non-Operators 4

Table 4.7: The number of operators/non-operators guessing correctly
for each part of the total transfer capability graph

With 7 users’ answers, as concluded in Table 4.8. It could be seen that
for dynamic images, such as the spark line of the voltage, current, and
the bar chart of the real power and total transfer capability, the user
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could quickly match it to a real time value. And most users reflected
that they preferred this expression because they could see trends and
whether they were running within safe limits. In the graphic visual-
ization, the expression of limited value and nominal value were still
puzzled. But for most users, without any early explanation, the accu-
racy of image guessing was usually higher than that of simple number
expression in Task 1.

Voltage Current Real Power TTC
Percent of

interviewees who
understood immediately

57%
(4/7)

57%
(4/7)

0%
(0/7)

100%
(7/7)

Table 4.8: The degree of correctness of the user’s understanding of
each data image

4.2.3 Task 3

For warning graphic visualization design, all users could quickly and
accurately point out the parts that need to be repaired. And it was
believed that red was the most obvious sign of warning and could be
found quickly.

But at the same time, they also pointed out some unclear information.
For the warning, if only the region showed in red color, the user did
not know how long it could keep running in this case and also the
cause of the problem. And took the voltage as an example, when the
value went over the limit, it lost the information about how much the
voltage value over the limit, something that gave quantity, not just
"overloaded or not". And also for the voltage warning sign, one of
the users pointed out that the red triangle was not an ideal warning,
which would make him mistaken as a sign of a rise in voltage, not a
sign of over-limit of voltage.

In contrast to the reminder that the real-time value had turned red,
users were more likely to focus on large red areas and concentrate
more easily. For only shown with graphic on the single transmis-
sion line warning page, there was a lack of additional information that
needed to be expressed in words, which would be verified in the Task
5 (whether after adding text information would help to communicate
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picture information or not). And took the triangle warning as an ex-
ample, some people would misunderstand the information described
because of inappropriate images.

4.2.4 Task 4

Based on the single transmission line page, there were two main hid-
den functions, one was the click of more information, and another one
was to move the mouse and pop-up the real time value. When cus-
tomers were asked to find extra information according to the require-
ments, the first response of all was to click on the corresponding posi-
tion of the data. But when it finally showed the function of the hover-
over, three people proposed to display the additional information in
the form of pop-up instead of a click.

Hover-over was better because it was quicker. If the operator wanted
to check all the values, it would take six clicks, to open and close. But
if did hover-over three times, then it would probably be quicker, and
more consistent with the system.

There were two users who hoped to display real-time values directly
next to the picture. Especially in the case of problems, for example,
if the voltage was going to the red zone, they would like to see the
number right away, instead of having to wait on hover. Pictures could
help them see the trend of numerical values, and real-time numbers
could help them understand the current situation.

A user mentioned that all functions should be unified. All of the ad-
ditional information was designed to be shown by hover-over. It was
fine for screens to be simple under normal situation, but when some-
thing happened operators would want additional information.

The biggest perplexing function was the click function of Total Trans-
fer Capability. No one thought about getting more information by
clicking on the bar chart. But when the stacked bar was shown to
the user, the user thought it was a very good design, they could see
the loading real power on other lines in the whole system and also
see how much more capacity that the other transmission line could be
loaded.

For the mutual transformation between pages (macro to micro, micro
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to micro), all users thought it was a very useful design.

4.2.5 Task 5

It was used to see after clicking, whether the user had an update on
the graphic visualization with additional information (as illustrated in
Figure 4.3) or not.

Figure 4.3: Screenshot from the Single Transmission Line page devel-
oped in this thesis: Graphic Visualization with Extra Information for
each data

• Voltage

For voltage, when there was no additional information, for black curves,
the guesses of all users were consistent with the meaning of visualiza-
tion. But for gray line and gray box, a few people had another un-
derstanding or unclear meaning of their representation. After adding
the additional information box, the users’ understanding of the black
curve had not been changed. A user who looked at a gray box as
a background before, re-understood it as a safe run range. Basically,
with additional information, the user’s understanding of the picture
had not changed much before. And one of the users pointed out that
the correct text expression of gray line should be nominal instead of
rated. And the result was shown in Table 4.9

For the state of the alert, all users understood that the information
showed red was more alert, but also wanted to add extra information,
such as how long it took to fix and the cause of the problem.

• Current
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Black Cureve Gray Line Gray Box
Number of Operators 3 3 3

Number of Non-Operators 4 4 2

Table 4.9: The number of operators/non-operators guessing correctly
for each part of the voltage graph with extra information

When the picture was shown to the user only, 3 users had doubts
about the expression of the gray line. But when the extra information
was displayed to the user, everyone could immediately point out that
the gray line represented long term limit, and the red line represented
short term limit.

Spark Line Gray Line
Number of Operators 3 3

Number of Non-Operators 4 4

Table 4.10: The number of operators/non-operators guessing correctly
for each part of the current graph with extra information

According to the results summarized in Table 4.10, the redundant in-
formation helped the non-operators to understand the image correctly.

But for the extra text information, everyone was doubting about the
amount of 5min, it was not clear that it had exceeded the upper limit
for 5 minutes or was still able to run for 5 minutes in this range.

• Real Power

Looking at the results from the previous picture, it was impossible for
all people to know the direction of real power from the picture, and
all people had different understandings about dash line, and none of
them were consistent with the meaning of the graphic itself. However,
7 users’ understanding of the upper and lower limits of bar was max/
min limit.

As shown in Table 4.11 after the additional information was displayed,
only one operator connected the dash line in the middle to the zero
value, and the other users still did not change the previous idea, repre-
senting it as a nominal value or a limited value. But everyone was still
unable to understand the direction, indicating that the sign of positive
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and negative did not play any role. The user indicated that it could be
directly represented by arrows, or written in words.

Bar Limits Dash Line Direction
Number of Operators 3 1 0

Number of Non-Operators 4 0 0

Table 4.11: The number of operators/non-operators guessing correctly
for each part of the real power graph with extra information

• Total Transfer Capability

This was one of the counterexamples as the result in Table 4.12. Differ-
ent from the other three variables, with additional information, more
or less a user had an updated and clearer understanding of the expres-
sion of the picture. After adding additional information to the total
transfer capability bar chart, all users found it more difficult to under-
stand the picture.

Gray Bar
Number of Operators 0

Number of Non-Operators 0

Table 4.12: The number of operators/non-operators guessing correctly
for each part of the total transfer capability graph with extra informa-
tion

The user pointed out that as long as the ID of each line was shown be-
side each part and it was clear enough that which lines would main-
tain the operation of the whole system. The value of real-time power
operation on each line and the additional power provided were a bur-
den on information reception. There was no need for too much extra
information to support.

However in the interviewees, one of the users always showed that
when looking at the image, there was nothing to understand and guess,
and with additional information, although he had a deeper guess of
the picture, it was basically to analyze the content of the text, but not
with the picture itself.

All of the results had been concluded in Table 4.13. For voltage and
current, there was a little improvement in the understanding of the
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picture. But, nobody could get the right meaning for real power and
TTC even after showing the extra text information.

Voltage Current Real Power TTC
Percent of Interviewees

who understood the picture
(with extra information)

71%
(5/7)

100%
(7/7)

0%
(0/7)

0%
(0/7)

Table 4.13: With extra information, the user’s improvement in image
understanding

4.3 Post-Task Interview Result

When the user completed all the tasks, it also indicated that all the
designs had been tested by the user. The user would compare the
new graphic visualization with the interface they saw in their previous
work which was contained all the number expression. The purpose of
these questions was to see which form of visualization was the most
effective expression for each data. What kind of design did customers
prefer to visualize.

For the different visualizations (only number/only graphic) of each
variable, the user was asked to make a point, from 1 to 7, 1 means “I
really don’t like the design”, 4 means “no difference from today”, 7
means “I really like this idea”.

For this quantity of voltage, four users thought that the number visual-
ization (average 5.5/7) was better than the graphic visualization(average
4/7). Because of this specific case, there were three stations A,B,C and
if the line was not too long, the voltage and trend profile would be
similar, so there was a lot of redundant information with the picture.
There were 2 users who thought the graphic expression was better (av-
erage 5.5/7) only if it had the instantaneous number beside the pic-
ture. Under these conditions, only 3 points could be obtained by using
only digital visualization or only graphic visualization. Another user
thought there was no difference between the two expressions and be-
lieved that the information they transmitted was consistent in quantity
and quality.
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Conversely, for current and power, 5 users thought that graphic vi-
sualization (average 6/7) was better than number expression (average
3/7). Especially for the real power, three of them and the other remain-
ing two users who believed that the better expression of the image was
the addition of real-time numeric values showed next to it. If it was ex-
pressed only by numbers, it would get only 3 points on average.

And for the current, the operator might not need to read the value
right away at all. They would pay more attention to its trend.

And for the Total Transfer Capability, they did not give any points
for graphic visualization (TTC was only designed in picture). But be-
cause the users only cared about the real power which loaded on each
transmission line in the whole system, so users thought only used a
stacked bar without any current number to represent each value was
good enough. "Anything better than what we had today is much bet-
ter" as one user said.

Number Vis Graphic Vis Number + Graphic Vis
Voltage 4/7 0/7 2/7
Current 2/7 5/7 0/7

Real Power 0/7 2/7 5/7
TTC 0/7 7/7 0/7

Table 4.14: For different data, users think the most appropriate way of
its visualization.

From the users’ scores and the reasons they had explained, it was
found that when they did the comparison of digital visualization or
image visualization, the users were not only considering the accuracy
of the message, but also the layout on the screen.

Except the layout in Figure 3.9, it also had been shown another posi-
tion option for the graphic visualization (as illustrated in Figure 4.4)
to the users. There was no change in the data expressed, but simply
move the visualization to the right side of the page instead of being
beside the single transmission line.

All of the users thought that the graphic visualization showed beside
the line would be better. First, it was easy for the operator to monitor
and control. Then, when displaying a lot of data, the whole layout on
the right side would look very crowded, and it was not convenient for
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Figure 4.4: Screenshot from the Single Transmission Line page devel-
oped in this thesis: Graphic Visualization in Different Position on the
page

the operator to do the test. For example, one user wanted to see the
value of Station A Voltage. He had to find the corresponding position
on the line diagram, then shifted to the right side to find the related
value. And the voltage did not like current which had to compare the
value of each branch. It was also a waste of monitoring time.

For early warning, two users who believed that the different level
warning should not be visualized in only two colors. The actual screen
would use 4 to 5 different colors to represent different levels of limit
values. But other users believed that if the data were visualized in
a picture, using different colors to represent different levels of early
warning would bring burdens on visualization and affect the vision of
the operator.

For the function of the page and the visualization of the design, most
users said that because it was a new type of information visualiza-
tion, there were no more ideas in their mind. But they hoped to be
able to unify the functions, for example, redundant information was
displayed all by hover-over. This facilitated operator operation and
saved their time. In visualization, two users suggested that more use-
ful information could be included on the transmission line diagram as
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operator reference for operation.

One of the users believed that for graphic visualization, it was not pos-
sible to display before in the system. But with the newer product, this
will be possible to develop it in the future. As long as it was easy
enough to maintain the back-office support team. Operators would
like a new display better. As for the final visualization design of each
variable, it will be analyzed in detail in the next Chapter 5.



Chapter 5

Discussion and Conclusion

This chapter will give a subjective analysis of the results of the previ-
ous chapter. According to qualitative analysis of user studies’ results,
the final expression of each data (voltage, current, real power and total
transfer capability) in visual design was summarized, and the advan-
tages of graphic visualization and digital visualization in power sys-
tem were summarized. Finally, the previous visualization design was
improved.

Because only seven people did the user test with us in the end, and
only three of them were the real end users of this new visualization
system. So the results of this interview may only apply to a small
group of operators.

5.1 Result of User Studies

5.1.1 Expression of each data and their advantages

As concluded in Table 4.14, for the voltage variable, it could be found
in the result from post interview that more than half of the intervie-
wees thought that only the number was enough for the operator to de-
tect the state of the equipment. When using the graphic visualization,
people were only care about the real-time value of the voltage. And
the redundant information brought by pictures may not bring conve-
nience to them, or even occupy a position and influence people’s sight.

55
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For the current, 5 users thought it was better to express in pictures than
in numbers. The reason was that it could see the trend of current flow
and the comparison of currents on each branch. In general, the current
of the different branches was increased or reduced at the same time on
the same transmission line.

In the latest visualization, the real power was finally visualized by
adding real-time number beside the pictures. The number could di-
rectly display the real power of every minute to the operator. At the
same time, arrows could express the direction of power flow on the
transmission line and control whether they were running in a safe
range. In the macro page, besides displaying the real-time voltage
value of each station, the real-time power flow on each transmission
line was also displayed.

Total transfer capability also indicated the real power of each trans-
mission line, but because the user showed that it only needed to know
about the power of other wires that maintain the safe running of the
whole system, the graphic visualization was finally used to visualize
its state.

However, in the case of warning, all variables would be displayed in
the real-time state numbers in the red color beside each picture. In
order to remind operators in a most intuitive way.

According to the characteristics of different data, there are some dif-
ferences in information transmission between image visualization and
digital visualization. From the results of the current survey, it can be
roughly concluded that the basic advantages of digital visualization lie
in its simplicity and direct way of transmitting information. Especially
in power systems, the biggest advantage is that it is the most familiar
visual state of an operator.

In the information transmission of picture visualization, it may be a
new mode for most operators. But the biggest advantage is that com-
pared with simple numbers, it contains more information because it
shows the history of what it has been for the past few minutes. And in
the case of proper picture design, the extra information contained in
it is understandable. For people with professional background knowl-
edge, they can understand all the information contained in the picture
without any explanation. One of the users pointed out "it is better than
just showing numbers on a screen".
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5.1.2 Final Data Visualization Design of Single Trans-
mission Line Diagram

After summarizing the results of user studies, new improvements had
been made to the previous data visualization design.

Figure 5.1: Screenshot from New Single Transmission Line page de-
veloped in this thesis: New Data Visualization of Single Transmission
Line in Normal Situation

For normal operation, first clicked on the transmission line that the
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user wanted to see in detail from the macro state estimation diagram
(as illustrated in Figure 3.8). After clicking, it would jump to the single
transmission line page with detailed numerical visualization of volt-
age, current and power. On the micro page, each value had set the
function of hover-over and had displayed more details. When the user
wanted to see the running state of other lines in the system, they did
not need to return to the state estimation page. For example, it could
be clicked on the L201 part in TTC or the arrow on L201 on the right
side of the page to jump directly to the L201 transmission line inter-
face.

In the "new visualization" in Figure 5.1. In contrast to previous visu-
alization, improvements had been made by visualizing voltage values
with digital values and displaying real-time values beside real power
bar chart. And the bar graph began to flow from the middle gray dash
line. The upper and lower limits of the values were both present, and
the bar graph was moved up and down from the middle. On the single
transmission line, it had been added arrows to indicate the direction
of the power flow. And for TTC, it just showed as the stacked bar, and
no need for a simple bar chart to show more information by clicking
it. It was found that more information was a burden on TTC.

In the case of a warning situation, clicking the corresponding prob-
lem line as shown in Figure 3.11, it would jump to the details page of
the single transmission line. The real-time value of the problem was
marked in red. And a large of red flashing area was used to empha-
size. Similarity, more detailed information could be seen in each num-
ber through the hover-over function. If the user wanted to know the
cause of the problem, it would jump directly to the detailed informa-
tion page after clicking on the corresponding area.

Compared with previous visual design, in Figure 5.2, information on
repairable time had been strengthened. And in the red area of TTC
and the red arrow on the right side, there were still clicking functions.
It could jump to the page with problematic transmission lines at any
time. For example, if the operator wanted to check L201 transmission
line situation, it could be either click on the red area in TTC or the
animated red arrow on the right side.

In user studies, one user insisted that when new visual pages were
introduced to the engineer, the meaning of all the pictures should be
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Figure 5.2: Screenshot from New Single Transmission Line page de-
veloped in this thesis: New Data Visualization of Single Transmission
Line in Warning Situation
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Figure 5.3: Screenshot from each data visualization developed in this
thesis: All design illustrations

first introduced to facilitate their understanding. All the designs were
summarized as shown in Figure 5.3.

5.2 Limitation and Future Work

5.2.1 Limitation

Due to the limited time of the degree project, a full visualization con-
taining the whole power system network and micro visualization for
every single equipment (e.g. transformer, generator) was not feasible.
Instead, the visualization would be regarded as a proof of concept,
with only part of the power system network and a single transmission
line visualized. In addition, visualization was focusing on the state of
the display transmission line when it is running normally and the state
of the alarm.

In addition, although this visualization ultimately wanted to link with
real-time data in the power system, due to the limited scope of this
project, it was not possible to get the documents of real-time data. In
the project, visual design was more inclined to what the final page
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looked like to the users, and what form of the data was displayed in
the visualization.

There were many kinds of data in the power system. Because of the
time and the screen size of the users, it was impossible to design all
the data in a new form of visualization.

5.2.2 Future Work

Because this visualization is a proof of concept, the development of
this concept into a complete product is one of the possible future work.
Based on the present basis, there are still several things to do.

• Do User Studies with more users

Because of the busy working hours of operators, it was difficult for
them to adjust their time to do the user studies. In addition, because
of the limited time for the project, only interviewed 7 people during
the final test. If the number of people was more, the answer would be
richer, so the visual design would be more considerate.

• Design the visualization of other single equipment

The design was only for the single transmission line diagram. When
making the preliminary questionnaire, it was found that users also
wanted to see the visualization for transformer and generator. And
they contained some similar data with those showed on the transmis-
sion line (e.g. thermal limit, voltage limit). So some visualization on a
transmission line can be used as reference. Through this user studies,
it was found that most users were very interested in data visualization
of single equipment.

• Connect with real data

The biggest regret of this visual design was that it didn’t use the real-
time data. Because of the restrictions, it was difficult to get the real-
time data from the company’s system. In future development, if it can
be connected with the data in the real system, it can see the function of
visualization and the reflection of the operator more clearly.

• Interaction Design
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The focus of this project was mostly on design part, and for functional
aspects, there were only page jumps, click, hover-over and several ba-
sic settings. Now operator uses the computer screen to monitor the
state of the equipment. With the development of the technology, it is
possible to monitor the running status of the equipment at any time
with the small screen of mobile phone, and click on the function to re-
pair the problem [26]. At this point, interactive design is particularly
important.

5.3 Conclusion

The main purpose of this project was to first analyze the visualization
of every data in the power system. Second, understood the advantages
of digital visualization and image visualization. Through user studies,
users expressed their understanding of each data and gave the most
intuitive sense of these two visualizations.

This project was tested with 7 people and among them there were only
3 operators. The final conclusion of the research question can only be
said to be a preliminary confirmation.

In traditional ideas, most people think that the benefits of graphic vi-
sualization are greater than digital visualization, because they contain
more information. In this study, under the power system condition,
there are still some people fell that not every data can be expressed in
the image. Information may does not mean the more the better in some
particular expression. How to visually meet the basic requirements of
users without any interference is the key to quality visualization.
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Appendix A

The data in the Questionnaire

Figure A.1: Screenshot from the data that was used to design the Ques-
tionnaire in this thesis: The power system data in the Questionnaire.
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Appendix B

The result of the Questionnaire

Figure B.1: Screenshot from the result that was concluded from the
feedback of the Questionnaire in this thesis: The answers of the Ques-
tionnaire.
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