
Development and evaluation of a simulation-based adaptive
shading control for complex fenestration systems

vorgelegt von
Dipl.-Phys.

Angelina Katsifaraki

von der Fakultät IV - Elektrotechnik und Informatik
der Technischen Universität Berlin

zur Erlangung des akademischen Grades

Doktor der Ingenieurwissenschaften
-Dr.-Ing.-

genehmigte Dissertation

Promotionsausschuss:

Vorsitzender: Prof.Dr.-Ing.Stephan Völker
Gutachter: Prof.Dr. Werner Osterhaus
Gutachter: Dr. Bruno Bueno
Gutachter: Dr. Jan Wienold

Tag der wissenschaftlichen Aussprache : 26. April 2018

Berlin, 2019



ii

“Let’s build robots with Genuine People Personalities, they said. So they tried it out with
me. I’m a personality prototype. You can tell, can’t you?”

Douglas Adams, The Hitchhiker’s Guide to the Galaxy
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Abstract

The necessity of solar control for the fenestration systems of commercial build-
ings has been extensively discussed over the past decades bringing forward issues
such as energy efficiency, visual and thermal comfort, privacy, visual contact to the
outside and aesthetics. However, a number of problems arising from manual con-
trol has been identified pointing towards the direction of automatized systems. Such
systems continuously readjust the shading configuration in order to enhance com-
fort and energy efficiency during the day. To effectively address visual comfort, a
balance between the two opposing aspects of daylight maximization and glare pro-
tection must be found; a task requiring a number of costly and sophisticated mea-
surement devices. Therefore, driven by considerations of visual comfort, the imple-
mentation of automatic shading control systems presents difficulties which tend to
increase with the sophistication of the system. The cost and the complexity of the
commissioning process due to the extensive use of sensors inhibits the commercial-
ization of multi-variate controllers. Additionally, the installation of multiple mea-
surement devices in the office space leads to disturbance and low acceptance of the
users.
A new control system for venetian blinds and electric lights focusing on office spaces,
which substitutes the illuminance sensors and luminance cameras with real-time
daylight simulations, was developed to explicitly address both daylight and glare
aspects. By using the Radiance-based Three-phase-method the required computa-
tional time was substantially reduced. Additionally, an optimization engine based
on the principles of Fuzzy Logic was developed to evaluate the visual conditions
in the room and decide on the trade-off between the horizontal and vertical illumi-
nance before applying a shading configuration. Considerations of view contact to
the outside, thermal comfort in the sense of overheating prevention, and adaptation
of the system to the user wishes were taken into account to improve the overall user
acceptance. For periods of low occupation, the solar heat gains, selectively accepted
according to time and season, contributed to the heating and cooling energy demand
reduction.
Two controller prototypes were built and tested; one in a rotatable test facility at
Fraunhofer ISE in Freiburg, Germany, and a second one in a real-life office in the
same area. The purpose of the first prototype was to evaluate the accuracy with
which the simulations predicted the horizontal and vertical illuminances in the room
and to test and tune the overall operation of the controller. The second prototype was
created to test the compatibility of the system with already existing components and
to evaluate the user acceptance and the adaptation process under real-life opera-
tion conditions. An additional motivation was to identify weaknesses of the system
perceived by a user unfamiliar to the control algorithm. To further investigate the
potential of the controller a case study was conducted. Its purpose was to show the
benefits of the new simulation-based controller over other shading control strategies
and theoretically evaluate the reliability of the developed algorithm.
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The prototype testing revealed a well operating open-loop system and a good agree-
ment between the simulated and the measured illuminance values. Although during
normal operation the positioning accuracy of the system was reduced, the overall vi-
sual comfort in the room, defined by glare control and daylight provision, remained
within the acceptable limits. During the real life testing the performance of the con-
troller was considered an improvement over the previously installed system and
despite the shortcomings due to the age and restrictions of the existing components
the defined conditions were fulfilled.
The theoretical comparison of the system showed the potential of important energy
reductions in relation to other shading control strategies in combination with an im-
proved glare control mechanism. However, the benefits of the glare control were
found to depend greatly on the shading device used since perforated or specular
reflecting systems were incompatible with the developed algorithm. By including
any obstacles ain the surroundings of the installation site in the controller simula-
tion the controller adjusted its operation in order to avoid any unnecessary window
coverage and to improve the daylight admission in the room.
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Kurzfassung

Die Notwendigkeit für Sonnenschutz im Fensterbereich von Geschäftshäusern wurde
während der letzten Jahrzehnte umfassend diskutiert. Dies brachte wichtige The-
men wie Energieeffizienz, visueller und thermischer Komfort, Privatsphäre, Sichtkon-
takt nach außen und Ästhetik hervor. Allerdings ergeben sich etliche Probleme
aus der manuellen Steuerung der Sonnenschutzsysteme, wodurch automatisierte
Systeme verstärkt im Fokus sind. Solche Systeme stellen das Sonnenschutzsys-
tem im Tagesverlauf ein, um Komfort und Energieeffizienz zu verbessern. Um
richtig auf den visuellen Komfort einzugehen, muss man das Gleichgewicht zwis-
chen der Tageslichtmaximierung und dem Blendschutz bestimmen, die zwei gegen-
sätzlichen Aspekte sind. Dies erfordert üblicherweise eine Vielzahl von teueren,
anspruchsvollen Messgeräten. Daher gibt es, bei Berücksichtigung des visuellen
Komforts, verschiedene Schwierigkeiten und eine zunehmende Komplexität automa-
tisierter Systeme. Die Kosten und die Komplexität des Inbetriebnahme-Prozesses
behindern die Kommerzialisierung von multivariaten Steuerungen, bedingt durch
die umfangreiche Nutzung von Sensoren. Außerdem, führt die Installation von vie-
len Messgeräten in Büros zur Störung der Nutzer und eine geringe Akzeptanz .
Ein neues Steuerungssystem für Jalousien und künstliches Licht in Büros, dass die
Messgeräte für die Beleuchtungsstärke durch aktuelle Tageslichtsimulationen er-
setzt, wurde entwickelt, um die zwei Aspekte Tageslicht und Blendung direkt anzus-
prechen. Unter Anwendung der Radiance-basierten Three-Phase-Methode, wurde
der Rechenaufwand erheblich verringert. Außerdem, wurde eine Optimierungs-
Engine basierend auf dem Prinzip von Fuzzy Logic entwickelt. Damit beurteilte der
Controller die visuellen Bedingungen des Raumes und entschied über den Kom-
promiss zwischen der horizontalen und vertikalen Beleuchtungsstärke, bevor er die
Jalousieposition einstellte. Die Aspekte Sichtkontakt nach außen, thermischer Kom-
fort, d.h. Überhitzungsschutz, und Adaptierung an die Präferenzen des Nutzers
wurden berücksichtigt, um die Benutzerakzeptanz zu verbessern. Bei Abwesenheit
des Nutzers trugen die solaren Wärmegewinne, die gemäß der Tageszeit und der
Jahreszeit zugelassen wurden, außerdem zur Verringerung des Energiebedarfs für
Heizung und Kühlung bei.
Zwei Prototypen wurden aufgebaut und überprüft. Ein Prototyp wurde in eine
drehbare Testanlage am Fraunhofer ISE in Freiburg, Deutschland, installiert und der
andere in einem echten Büro im selben Gebiet. Der Zweck des ersten Prototyps war
die Genauigkeit der Simulationen zu beurteilen, mit dem die horizontale und ver-
tikale Beleuchtungsstärke im Raum berechnet wurde, und den Gesamtbetrieb der
Steuerung zu überprüfen und zu kalibrieren. Der zweite Prototype wurde aufge-
baut, um die Kompatibilität des Systems mit bereits bestehende Komponenten zu
überprüfen und die Benutzerakzeptanz und Adaptierung unter realen Bedingungen
zu bewerten. Eine weitere Motivation war das Erkennen von Schwächen des Sys-
tems durch Nutzer, die nicht mit dem Regelalgorithmus vertraut waren. Um das Po-
tential des Controllers weiter zu untersuchen, wurde eine Fallstudie durchgeführt.
Ihr Zweck war die Vorteile des Controllers gegenüber anderen Regelstrategien zu
zeigen und die Zuverlässigkeit des entwickelten Algorithmus theoretisch zu bew-
erten.
Die Erprobung des Prototypes zeigte eine funktionierende Steuerung und eine gute
Übereinstimmung der Simulationsergebnisse und der Messwerte auf. Obwohl während
des Normalbetriebs die Positioniergenauigkeit der Jalousien reduziert war, blieb
der visuelle Komfort im Raum insgesamt, zusammengesetzt aus Blendschutz und
Tageslicht, in akzeptablen Grenzen. Während der Erprobung im Büro, wurde das
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System als eine Verbesserung gegenüber dem bereits installierten System bewertet.
Trotzt des Alters und weiteren Einschränkungen durch die bereits vorhandenen
Komponenten, wurden die festgelegten Bedingungen erfüllt. Der theoretische Ver-
gleich der Systeme zeigte das Potential zur Energieeinsparung im Verhältnis zu an-
deren Regelungsstrategien zusammen mit einem verbesserten Blendschutz. Allerd-
ings hingen die Vorteile beim Blendschutz in hohem Maße von den eingesetzten
Jalousien ab, da die perforierte oder die spiegelnde Komponenten mit dem entwick-
elten Steueralgorithmus nicht kompatibel waren. Durch Berücksichtigung von Hin-
dernissen in der Umgebung des Installationsorts in der Simulation, passte der Con-
troller seinen Systembetrieb an, um die unnötige Fensterverdunkelung zu vermei-
den und den Tageslichteinfall zu verbessern.
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Chapter 1

Introduction

From the antiquity to the dawn of the 21st century windows have always been an
indispensable part of building design contributing to the regulation of indoor con-
ditions such as interior lighting, ventilation, heating and cooling. Throughout the
centuries the design of fenestration systems has changed significantly to address the
needs of the users, often reflecting the sociopolitical and technological conditions of
the era.
Such examples are found when looking back to the 19th century as the industrial
revolution led a large amount of the rural population towards large cities. Due to
the explosive growth of commerce the number of workers in clerical and adminis-
trative positions also increased introducing a new building classification; the office
buildings. Although electricity was already available at the time, the high cost of
light bulbs and energy made artificial lighting an exotic method of illumination.
Looking back to the design of multi-occupant office buildings until the beginning of
the 20th century one can observe large window areas combined with narrow office
spaces to allow maximum penetration of daylight [1]. Over the following decades
this trend changed promoting smaller windows; however, recent considerations of
energy efficiency and welfare have influenced the architectural trends once more to-
wards maximising daylight admission.
According to the European Commission, buildings in EU are responsible for 40%
of the total energy demand in Europe. It has been further noted that by just im-
proving the energy efficiency of the existing buildings a reduction over 5% of the
total energy consumption is foreseen [2]. Several studies have shown a correlation
between daylight utilisation and artificial light energy demand. Already in the ’70s
Ne’eman et al. [3], motivated mainly by considerations of visual comfort and well-
being of the occupants, carried out a report for the British Department of Environ-
ment in which they developed a method to specify the daylighting requirements of
four types of buildings; housing, schools, hospitals and offices. In their methodol-
ogy considerations such as user activity patterns, geographical location, orientation,
window geometry, and shading methods were taken into account in order to define
the maximum and minimum sunlight penetration hours. Hunt [4] pointed out that
the use of electric lighting in office spaces can be reduced by increasing the admis-
sion of daylight in the room. Choi et al. [5] investigated the potential of increased
daylight admission in energy savings from reduced light energy demand in office
buildings, also taking into account the probability of increased cooling demand due
to excessive solar heat gains by varying the window apertures for different climates.
Apart from the energy savings, many studies also described the positive physical,
physiological and psychological effects of daylight. Among the multiple benefits
of daylight admission in buildings is its contribution to the regulation of the circa-
dian rhythm of the occupants [6] that common artificial lighting sources fail to offer.
Moreover, a positive correlation between sunlit spaces and occupant performance in
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schools, offices and retail stores has also been observed [7, 8]. Other benefits of sunlit
spaces have been investigated in different works with the recent example of Choi et
al. [9]. In their work they investigated the impact of indoor daylighting on a number
of patients in a health care facility revealing a positive influence of daylight in the
psychology of the patients resulting to further improvement of their physiology.

1.1 Shade control systems

Need for shade control - Limitations of manual control

Despite the many advantages of daylight admission in buildings, solar control is
also necessary for various reasons. To begin with, and with our focus on commercial
buildings, the unrestricted introduction of daylight into interior spaces can cause
uncomfortable visual conditions of increased glare that induce the opposite effects
on the satisfaction and, as a result, on the productivity of the users [10].
Rea [11] studied the patterns of manual shading control in offices and observed that
the shades were more frequently used at the south oriented offices during the direct
radiation hours. The assumption that the occupants used the shading device in cases
of increased direct radiation in order to mitigate uncomfortable glare situations was
further verified in a number of studies [12, 13].
Apart from the visual comfort, the selective acceptance of solar heat gains also im-
proves the energy efficiency of the building offering substantial reductions in cool-
ing and, potentially, heating energy demand. Coldicutt and Williamson [14] made
a strong case for using solar heat gains to reduce energy demand in buildings and
enhance user satisfaction. Santamouris et al. [15] studied over 186 representative of-
fices in Greece and found out that heating, cooling and lighting accounted for over 70
% of the total energy consumption. In their conclusions they estimated that daylight
admission can significantly reduce lighting and possibly also effect heating energy
demand. Additionally, the use of appropriate shading could cause further reduc-
tions to the cooling energy demand of the buildings. Kuhn et al. [16] outlined the
importance of sun shading systems for enhancing both visual and thermal comfort
and developed a new method to evaluate the thermal performance of a shading sys-
tem based on its Solar Heat Gain Coefficient (SHGC); otherwise known as g-value.
Despite the numerous benefits that shading systems offer, it has been proven that
when the users apply shading inappropriately not only do they fail to increase the
energy efficiency of the building but also sometimes induce to opposite effects. That
comes as a result of the irregular manner in which the users tend to interact with the
shading and lighting system. Such actions are often motivated by personal reasons
like the need for privacy, mood or special requirements of room conditions, rather
than visual comfort or energy efficiency.
It has been shown that users react with the shading system only under very uncom-
fortable situations such as high incoming radiation and leave the system unaltered
the rest of the time. That is a result of a perception formed over long periods rather
than a response to current conditions of weather or daylight [11, 12, 17]. Hunt [4]
drew a similar conclusion concerning the users interacting manually with electric
lights, according to which the users would switch the lights on upon their arrival, if
necessary, but rarely switch them off when they were no longer needed.
Both of the assumptions above have been reinforced by a more recent work carried
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out by de Silva et al. [13], who monitored 8 single occupied offices in Portugal in or-
der to evaluate the shading and electric light usage habits of the occupants. Accord-
ing to their findings, daylight and glare metrics predicted in a better way the shad-
ing deployment patterns of the users, while quick changes in the illuminance did
not often trigger manual reactions. However, most of the user reactions seemed to
be motivated mainly by miscellaneous reasons and occupancy patterns rather than
optimisation of the interior conditions. Finally, the electric light patterns seemed to
agree well with the findings of Hunt, about the users reacting to low illumination by
switching on the electric light and rarely reacting the other way round. To overcome
the limitations of manual shading control, the idea of automatic control systems has
become increasingly popular over the past few decades.

Automatic shade control principles

For the core definition of a control system one can consider the interconnection of
components that can be characterised as a cause and effect relationship. In an auto-
matic control a dynamic system model is described, in which a variable is controlled
in a prescribed manner according to an actuating signal. The actuating signal can be
a number of variables; the inputs. The controlled variable refers to the output of the
control for specific inputs and will be hereafter referred to simply as output. Systems
in which many variables can be controlled simultaneously based on a number of in-
puts are called multivariable.
The control systems can be classified in different ways depending on the relation-
ship between their inputs and outputs, their dependence on time, and their struc-
ture. If the control output varies linearly with the input, the system is characterised
as a linear control system. Although linear systems practically do not exist, many
complex systems are idealised through assumptions for simplicity of analysis and
design purposes. Moreover, if the magnitude of the inputs is within an area where
the system exhibits linear characteristics, the system is also treated as a linear one.
In an opposite situation, the system is characterised as non linear. Depending on
its dependence on time the system can be either time dependent or time invariant.
Finally, the automatic control systems can be categorised based on the process they
follow to:

• open-loop control

• closed-loop control

• feed forward control

Open-loop control

Open-loop controls are the systems where the controller receives the inputs, processes
them and returns the optimal output which is applied directly. The application of
such systems requires that there is an excellent knowledge of the dynamic system
model and that the control signals can be applied with high precision. The disad-
vantage of these systems is that they are susceptible to external disturbances and
they are likely to fail in the case of unforeseen events. (Figure 1.1)
The electric clothes dryer is a typical example of an open-loop system. Depending
on the amount of clothes or how wet they are, the operator sets the timer to say
30 minutes. After this time the drying process will stop regardless on whether the
clothes are still damp.
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FIGURE 1.1: Open loop control flow chart

Closed-loop control

Closed-loop or feedback controls are the systems that correct their signal internally by
receiving frequent measurements of the output and comparing them with a track-
ing reference. When the difference between the output and the reference grows to
unacceptable levels the controller acts correctively and adjusts the control signal in
real time. The closed-loop systems can be adaptive and very effective when there are
many uncertainties connected to the system model or when unforeseen disturbances
are anticipated. However, the system process itself is irrelevant and the controller
only responds reactively at a single time-step basis to reduce the output deviation.
(Figure 1.2)
As an example for a closed-loop controller let us consider again the electric clothes
dryer from the open-loop controller. In this case a sensor is used to monitor the ac-
tual dryness of the clothes which is compared with the input reference. The error
signal, defined as the difference between the required dryness and the actual dry-
ness, is amplified by the controller. In this way the controller makes the necessary
corrections in temperature or drying time to reduce this error.

FIGURE 1.2: Closed loop control flow chart

Feed-forward control

Feedforward controls are the systems that at the introduction of the inputs, if external
disturbances are measured, can react in a number of predefined manners to address
the current situation. The feedforward controls are very similar to the open-loop
controls in the sense that they receive no feedback from the output signal and are
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therefore rather inflexible to unpredicted circumstances. However, when used in
combination with a feedback control they can provide more reliable and flexible
systems under conditions of high uncertainty.

A literature review to automatic shade and light controls

As mentioned earlier, the manual regulation of shading devices and electric lights
fails to deliver in full the energy saving potential that the utilization of solar radia-
tion can offer. To address this multivariate problem, numerous systems have been
developed with focus on both comfort and energy efficiency. More specifically, the
goals of systems addressing the shade and lighting can be distinguished in three
categories:

• Visual comfort including sufficient daylight, glare prevention and view out

• Thermal comfort by rejection of excessive solar gains that might lead to space
overheating

• Energy efficiency by utilising solar radiation in order to decrease heating, cool-
ing and lighting energy demand

Although energy efficiency and visual comfort in buildings is in general a sub-
ject of high interest, the majority of the research work concerning automatic control
systems focuses on commercial buildings; mainly due to the more strictly defined
activity patterns of the occupants. Additionally, the visual and thermal comfort in
the working space is a matter of great importance on grounds of both productivity
and worker well-being. For all these reasons, the following review of research on
automatic shading and lighting control focuses on commercial buildings.
The earliest attempts of automatising a shading control were made during the 80’s.
Inoue et al. [17] developed an automatic control for blinds with focus on visual com-
fort based on a series of observations of four high rise buildings located in Tokyo,
Japan. Through these observations, the blind occlusion was for the first time cor-
related with the sunlight penetration depth in the room, for direct radiation on the
window exceeding the threshold of 50 W/m2.
Zhang and Birru [18], following the same idea of manipulating the depth of daylight
penetration to maximise the daylight in a room, proposed an open-loop control for
venetian blinds applicable to various shapes of slats. When the vertical illuminance
at the exterior of the facade exceeded a prescribed threshold, the controller was ac-
tivated and the position of the shading device was calculated based on an analytical
solar angle model and on window geometry to block the direct solar component.
Koo et al. [19] developed the concept a bit further by calculating the solar penetra-
tion at both the vertical and the horizontal plane. In this way, the daylight penetra-
tion into the interior space was optimised while glare due to direct solar radiation
was prevented.
Although the above mentioned models allowed an efficient direct radiation control
by blocking the direct solar component from office spaces, they required a high-
precision commissioning for differently controlled spaces based on the detailed knowl-
edge of the user sitting positions. To approach the problem in a different way, a
number of control systems based on sensors has been developed over the years. Lee
et al. [20] created an open-loop prototype shading control for venetian blinds syn-
chronised with a dimming light system based on the measured average work plane
illuminance. The system was installed in two private offices in California and was
monitored over the course of a year in terms of electric lighting and cooling load. The
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monitored performance was satisfying most of the time in terms of work plane illu-
minance measured by ten illuminance meters distributed around the defined work
plane area. Additionally, substantial reductions were measured for the lighting and
cooling energy demand. Lee and Selkowitz developed and tested a control system
for roller shades combined with a dimming electric light for the Headquarters of the
New York Times [21]. The controlled space was separated into two zones and two
different shade control strategies were investigated; one based on the window glare
and work-plane illuminance and one focusing on blocking the direct solar radiation.
The shading control that was later installed at the site [22] aimed only to the reduc-
tion of the window glare based on the average window luminance measured by a
high dynamic range (HDR) luminance measurement tool. The measurement posi-
tions were chosen in order to cover the worst case scenarios for glare in the open
plane office. By monitoring the system a good performance in terms of both energy
efficiency and glare control was observed.
The control of solar heat gains, on grounds of both thermal comfort and energy ef-
ficiency, has been often included in automatic systems like the one developed by
Oh et al. [23] for double-sided internal venetian blinds. The system was devel-
oped and tested in Energy Plus to efficiently regulate the solar radiation through the
window. The visual comfort was addressed by controlling the Daylight Glare Index
(DGI) close to the window. The regulation of the solar heat gains in the building was
achieved by dividing the system operation in two modes depending on the season,
taking advantage of the different reflectance on the two sides of the blinds.
In his recent work, Konstantzos et al. [24] investigated the correlation of vertical il-
luminance at the eye level of the user with the Daylight Glare Probability (DGP) and
the simplified DGP (DGPs). Based on that, they developed a model-based, real-time
glare control for roller shades that would prevent direct radiation from reaching the
work plane area while maintaining the work plane illuminance below a prescribed
threshold.
Since comfort is a subjective feeling and cannot be easily quantified by measurement,
its definition has been proven rather complicated. To address this problem, research
has turned towards fuzzy logic for the optimisation of the control of systems tak-
ing numerous variables under consideration. Visual comfort has been addressed in
different studies which developed fuzzy logic controllers taking irradiance and/or
illuminance measurements into account for the control of shading devices [25, 26]. A
more global approach for shading, lighting and HVAC control has also been adopted
in a number of studies which developed fuzzy controllers combining illuminance
levels, glare and thermal comfort parameters to address both visual and thermal
comfort and energy savings [27, 28, 29].
Although the use of sensors ensures the accuracy of the inputs, their commissioning
tends to cause problems not only due to the high installation costs but also due to
aesthetic and functionality considerations. The installation of multiple sensors in an
office space interferes with the interior design of the room and gives the impression
of a test facility. Moreover, illuminance measurements on the work-plane might be
influenced by the user’s activities causing irregular readings, affecting the system’s
operation. Due to the above, interest has been taken in simulation based controllers.
The calculation of indoor illuminance using numerical simulations has been a popu-
lar approach. By eliminating the need of expensive equipment such as HDR cameras
for glare evaluation glare can be directly expressed through the DGP or the vertical
illuminance. Ray-tracing methods have been used to calculate both metrics very ef-
fectively [30, 31].
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Although the precision with which a controller manages a shading device to im-
prove the visual comfort is of high priority, it is not certain that it can achieve the
satisfaction of the users who might reject the system if they feel limited as to the
control they have on their own working environment. As Vine et al. [32] concluded
in their study with office workers at offices with automatically controlled blinds and
lights, the workers were more satisfied in general when they could manually control
the conditions in their workspace. Bakker et al. [33] reached a similar conclusion ac-
cording to which users tended to judge the automatic system more favourably when
they had influence over it. In the same study, the users also noted that the frequent
readjustments of the shading device, no matter how smoothly they were applied,
were distracting. Instead, more seldom and discrete transitions in the facade config-
uration were preferred.
Such findings led to the development of user adaptive systems to improve user ac-
ceptance. Guillemin and Molteni [34] developed a control system for roller shades
which used genetic algorithms in order to adapt its function to the interactions of
the users while remaining energy efficient. The controller stored every interaction
of the user with the system and used them to adapt its process once per day based
on a method simulating the gene mutation and propagation process. Another user
adaptive controller for blinds and lights was developed and tested by Gunay et al.
[35] based on a ceiling-mounted photosensor. The developed system used a recur-
sive algorithm in order to develop discrete-time Markov logistic regression models
and predict the user behaviour.
Lindelöf [36] used a different approach based on Bayesian probabilities to develop
a user-adaptive system for small offices. The user adaptation was carried out by
using an algorithm to estimate the visual discomfort of the user in a probabilistic
manner. The algorithm used the illuminance distribution in the room before and
after the user interactions, under the assumption that the conditions were uncom-
fortable right before the user took action and the desired conditions were set right
after. In this way, the Bayesian algorithm inferred the probability of visual comfort
or discomfort at every given situation.

Commercial systems

At the available commercial shading devices one can find a wide variety of types and
shapes of shading systems for internal or external installation, residential or com-
mercial application. These systems are usually accompanied by some kind of au-
tomatic control that ensures comfort and energy efficiency. Moreover, wrapped up
to a user friendly interface, control systems are often available at the user’s mobile
phone to ensure user’s acceptance and satisfaction. Additionally, a variety of sen-
sors is available for supporting the shading control and monitoring the conditions
inside and outside the installation. A market review of the available commercial
shading control systems has been carried out with focus on the leading companies
in the field. The available control systems are summarised in Table 1.1 for the two
most popular shading devices; horizontal slat-type shades and roller shades. The
additional features of each system are also included for a more complete overview
of the automated system availability.



8 Chapter 1. Introduction

Feature Slat-type shades Roller shades
Programmed events
(time-based, season based, ✓ ✓
occupancy-based)
On-off depending on
sensor measurements ✓ ✓
(photo-sensors, irradiance,
temperature etc)
Controlled daylight
penetration depth ✓ ✓
(based on variable shade height)
Sun-tracking system ✓ -
(according to the solar profile angle)
Building surroundings information ✓
(taking into account major (combined with the sun -
obstructions around the building) tracking system)

TABLE 1.1: Available features in commercial shade control systems

Limitations

The literature review conducted above, in combination with the results of the market
research, offers a clear overview of the limitations of the existing automated shading
controls explained in the following paragraphs. As far as daylighting is concerned, a
lot of commercial systems use photosensors installed on the ceiling or on one of the
walls in order to adjust the shading device according to the light availability in the
room. Although such measurements offer an insight of the space illuminance, they
do not explicitly account for the workplace horizontal or vertical illuminance that
directly influences the visual comfort of the users. On the other hand, the placement
of sensors on the working surface might interfere with the tasks performed and in-
fluence the measurements or cause discomfort to the user. Moreover, the excessive
use of sensors reflects on the installation and maintenance cost and often interferes
with the aesthetics of the office space giving the impression of a test facility.
In general, commercial systems address glare by blocking direct radiation from reach-
ing the user. Although this approach would lead to a glare free environment the
majority of the times, the glare caused by diffuse radiation, not being explicitly ad-
dressed, can in occasion also cause visual discomfort. To add to this, even if there
are no direct light reflections, increased vertical illuminance on the computer screen
creates haze and inhibits the visibility causing further discomfort [37]. The use of
luminance meters or cameras to directly estimate glare conditions would be signifi-
cantly costly and might raise privacy issues due to the camera use in working areas.
As it has been already mentioned, the replacement of sensors with simulations has
been successfully carried out using DGP as the metric to express glare. A strong dis-
advantage in this case is the necessity of an exact sitting position of the user along
with one or more predetermined view directions which eventually limits the real life
applications.
Finally, it is essential to address the user satisfaction since any oversight in this area
might influence the user acceptance in a negative way leading to the rejection of the
system. Two of the most common reasons of dissatisfaction are the user disturbance
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due to frequent movements of the system and the repetition of unsatisfactory con-
troller actions that do not take into account the subjective sense of visual comfort
of the user. Furthermore, increased visual contact to the outside seems to have a
generally positive influence to the user acceptance

1.2 Objectives of the thesis and methods

Within the current doctoral work, a simulation-based, self-adapting, open-loop con-
troller applicable to various complex fenestration systems and electric lights has
been developed in order to address the aforementioned problems in the following
way:

• The sensors are replaced by daylight simulations to calculate horizontal and
vertical illuminance at areas of interest, such as the working surface, in order
to optimize the visual conditions in the room accounting for both glare and
daylight penetration.

• The glare protection strategy is based on the simplified DGP which is propor-
tional to the vertical illuminance. In this way, both glare from diffuse radiation
and vertical illuminance on the computer screen are taken into account.

• The virtual sensors required for the calculation of horizontal and vertical illu-
minance can be assigned in a flexible way depending on the available knowl-
edge of the room layout and the user’s sitting position. If no prior knowledge
of the room layout is available, the definition of the sensor grid can be based
on a number of assumptions to significantly simplify the commissioning of the
controller.

• Both the height of the shading device and the tilt angle of the slats are adjusted
so that, for every control action, only the necessary window area is covered in
order to favour view contact to the outside

• The controller calculates the optimal shade configuration internally before send-
ing the signal to the actuators decreasing the unnecessary movements that dis-
turb the occupants.

• Finally, the user interactions are used to adapt the controller reactions in accor-
dance to the user preferences.

It must be noted that the structure of the system was designed in such a way as
to remain transparent and to facilitate the monitoring and updating of the control
process.
This thesis aims primarily to the development of a proof of concept controller based
on real-time simulations and investigates the potential of an overall approach to vi-
sual comfort in a flexible and efficient way. Additional considerations of improved
view out and overheating prevention are included to enhance the system function-
ality. Within this work, the developed controller is assessed based on its algorithm,
its applicability as a real-life system and its total performance in order to determine
whether it can be a viable alternative to sensor based systems.
Two prototypes are presented; one in a test facility with no pre-existing control sys-
tem and one in a real life office with existing components. The objective of the for-
mer is to assess the algorithm and the simulation engine while the latter aims to the
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evaluation of the system performance outside laboratory conditions by a user unre-
lated to system development. To add to the information received from the testing of
the two prototypes, a series of simulations is used to determine the benefits of the
system over other widely used control strategies. Finally, a sensitivity analysis and
an evaluation of the developed glare control strategy are presented to identify the
weaknesses of the daylight simulations upon which the system is based.
The overall goal of this thesis is therefore to create a solid theoretical background and
a first application for the simulation-based control algorithm as a starting point for
further research and for the potential development of a commercial product in the
future. Based on the identified strengths, weaknesses and failing points within the
existing work, clear targets and focus points will be provided to support follow-up
projects in the future.

1.3 Thesis outline

In this section, the overall outline of the thesis is given chapter by chapter presenting
an overview of how the presented work has been organised.
In the beginning, the control software is explained. The controller’s architecture and
workflow is presented followed by a detailed description of the algorithm’s con-
stituents and theory behind them (Chapter 2: System description).
The controller is described from the hardware point of view through two prototype
installations built to test and evaluate the effectiveness of the control system, one in
a test facility room at the headquarters of Fraunhofer ISE in Freiburg, Germany, and
one in a real-life office in the same area (Chapter 3: Installation of two prototypes).
The results of the control installations are presented, organised in two sections. In
the first section, the evaluation of the controller’s features through measurements
in laboratory conditions is carried out. In the second section, the beta-testing of the
system by a user uninvolved in the system’s development is described based on the
questionnaires filled out by the user and on monitoring data collected during the
testing period (Chapter 4: Experimental evaluation).
A comparison of the system in relation to two control strategies through annual sim-
ulations is carried out. The developed system is compared to a sun-tracking (cut-off)
control and an on-off system based on global solar radiation on the building facade.
The three systems are evaluated in terms of daylight provision, glare protection, av-
erage window occlusion and energy demand for heating, cooling and lighting as
well as their ability to adjust to external factors such as obstructions at the site. Ad-
ditionally, a sensitivity analysis of the controller’s daylight simulations is presented
(Chapter 5: Case study: Energetic and comfort potential).
For the evaluation of the glare control strategy, developed within the scope of the
controller, a simulation-based comparison is carried out. Since the developed glare
control is based on vertical illuminance, the vertical illuminance-dependent simpli-
fied Daylight Glare Probability (DGPs) is used as an indicator of the controller’s per-
formance and is compared with the enhanced DGPs for two shading devices; a sim-
ple white venetian blind system and a perforated venetian blind system. Through
this comparison, the applicability of the glare control method is investigated and
possible limitations related to different shading devices are identified (Chapter 6:
Theoretical basis and evaluation of the developed glare control).
Closing, a general evaluation of the conducted work based on the previous chapters
is presented combined with an overview of the future potentials of an improved,
commercial version of the controller (Chapter 7: Conclusions).
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Chapter 2

System description

2.1 Overall structure of the control algorithm

The overall structure of the control algorithm is primarily divided into two branches
based on the occupancy status of the room. When the user is present the controller
prioritises visual comfort, while still retaining energy-efficiency considerations by
minimising the use of electric light. In situations when the threat of overheating is
imminent, the controller reacts proactively to block additional solar heat gains. This
action penalises view out without significantly affecting visual comfort. During the
users’ absence visual comfort is no longer important and the controller prioritises
energy efficiency by selectively accepting or rejecting solar heat gains depending
on the time of the day and the season of the year. A mid-season is additionally
introduced referring to the periods when both the probability of heating and cooling
demand exists. In the following bullet points the objectives of the controller are
summarised for the two occupancy conditions:

Occupancy

• Visual comfort by:

– Daylight maximization

– Glare protection from both direct and diffuse radiation

– Favouring view out

• Thermal comfort by:

– Prevention of overheating

• Energy efficiency by:

– Reduction of lighting and cooling energy demand by prevention of over-
heating

No occupancy

• Energy efficiency by:

– Reduction of heating and cooling energy demand

Finally, to improve the user acceptance the controller adapts to the user prefer-
ences of visual comfort and electric light requirements expressed through interac-
tions with the system.
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2.2 Algorithm

The basic structure of the algorithm consists of four major parts: input measure-
ments, rule-base algorithm, fuzzy logic based optimisation and output signals. The
user adaptation is taking place once per day and the process is independent from
the rest of the algorithm.
After receiving the inputs, the controller applies a set of rules to define the line of ac-
tion that should be followed. For an occupied room with no immediate risk of over-
heating, determined by the room temperature and the global solar radiation on the
facade, the tilt angle and height of the venetian blinds are defined based on the solar
profile angle to prevent direct solar radiation from entering the room (Appendix A).
The illuminance conditions in the room, under the defined window configuration
in the current time-step, are calculated through the daylight simulation. The result-
ing values are then filtered through the optimisation engine based on fuzzy logic to
evaluate the resulting visual comfort in the room. If the resulting illuminance is not
in agreement with the prescribed visual comfort conditions, the daylight simulation
is repeated for small variations of the blind configuration until the optimal position
is found.
The entire iteration process takes place internally and only the optimised configura-
tion is sent to the actuators to be applied on the shading device and lights. Through-
out the day the user can freely interact with the system and re-adjust the shades
or the light at any time. The newly defined conditions are indicative of the user’s
subjective sense of comfort. These interactions are saved and used in the adaptation
process to change the controller’s variables in order to better represent the user’s
preferences. The controller process is described in the form of a flow chart in Figure
2.1.

Inputs and outputs

As it has been already briefly discussed, the inputs of the controller consist of weather
data, room temperature and occupation status of the room. The interior tempera-
ture is monitored to avoid using a thermal model which would introduce additional
complexity and uncertainty at this early stage of the controller development.
The weather conditions include global and diffused irradiance on the horizontal
plane, external temperature and wind speed. Wind speed is only used for safety
purposes to avoid the damage of external shading devices if extreme weather phe-
nomena occur. The required measurements can be taken on site, if a weather station
is available, or can be downloaded from the nearest weather station. The outputs
of the controller consist of two control signals for the venetian blinds; one for the
extension length of the device, one for the tilt angle of the slats and one single signal
for the electric light.
It is worth mentioning that in principle no illuminance measurements inside the
room are necessary for the controller since they have been replaced by daylight sim-
ulations under the assumption that the accuracy of the simulated values is sufficient.
However, the probability of reduced accuracy due to commissioning errors should
not be ignored since it could reduce the effectiveness of the control and cause user
dissatisfaction. To avoid any modelling errors, a short time monitoring or measure-
ments on the spot could be used during the commissioning of the system.
On the other hand, a number of unaccounted external factors might also affect the
daylight simulation, further reducing the required accuracy. Such factors can be



2.2. Algorithm 13

FIGURE 2.1: Work flow of the controller’s process

weather related, e.g. intense snow cover increasing the ground albedo, or changes
at the surroundings of the installation site, like seasonal changes of the trees or a new
colour on the facade of the building across the street. Since such situations might oc-
cur after the commissioning of the system, it is useful to identify their effect on the
daylight simulations in advance by conducting a sensitivity analysis and provide the
possibility of further tuning for factors of high impact. Such a sensitivity analysis is
carried out in the case study described in Chapter 5.

Case A: Rule-base algorithm for absent user

As shown in the workflow in Figure 2.1, the first level of control algorithm is a set of
"if ... then..." rules dependent on room occupation, season of the year, time of the day,
direct radiation on the facade and room temperature. These rules are used to define
the current situation inside and outside the room in order to hierarchise the control
priorities and decide on the following line of action.For an unoccupied room visual
comfort is irrelevant so the energy efficiency of the building becomes first priority
and the available shade positions alternate between fully closed and fully retracted
blinds without any intermediate configuration. Initially, the controller defines the
period of the year based on the 24-hour average external temperature. According to
that, the year is separated into the heating period when the average temperature of
the previous 24 hours is equal to or less than 8 ◦C, the cooling period when the av-
erage temperature is equal to or higher than 18 ◦C and the mid-period in any other
case. This separation allows for a more effective rejection or acceptance of the solar
heat gains to reduce the heating and cooling energy demand of the building. Al-
though the temperatures used for the season definition can vary depending on the
climate zone, the values used in this study have been chosen based on the monthly
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mean temperature in Germany over the last 25 years (1991-2015), presented in Table
2.1. The prescribed temperature limits for the three seasons are defined based on the
assumption that the heating season in Central Europe usually takes place between
November and March while cooling is required during the summer months. In gen-
eral, the temperature set-points can be set accordingly to address different climatic
zones.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1 1.7 5.2 9.4 13.4 16.4 18.7 18.3 14.4 9.7 5.2 1.8

TABLE 2.1: Monthly mean historical temperature in Germany from
1991 to 2015 (source : sdwebx.worldbank.org/climateportal/)

After defining the season of the year, the daylight and non-daylight hours are
calculated. For the heating and cooling, period the acceptance or rejection of solar
heat gains is straightforward with fully retracted blinds in the heating period and
fully closed blinds in the cooling period. The configuration reverses for each case
during the nighttime in order to increase the insulation of the windows during the
winter or allow the room to cool down during the summer. For the mid period,
the behaviour of the controller needs to be flexible; therefore, the interior tempera-
ture is introduced as an additional condition in the rule-base algorithm. Under this
condition, for room temperatures below 25 ◦C, the controller reacts according to the
heating period settings, otherwise the cooling period settings are used. According to
DIN V 18599 [38], the cooling set-point temperature for the working time in an office
is 26 ◦C. Based on that, the criterion of 25 ◦C is used to signify that the probability
of the room temperature rising at a cooling level is high and that the controller must
block any additional solar heat gains to prevent any further temperature rise.

Case B: Rule-base algorithm for present user

When the room is occupied the comfort of the occupant becomes the controller’s
first priority and the optimisation process for the improvement of the interior visual
conditions is used. The thermal comfort of the room is addressed only by prevention
of overheating. The rule-base algorithm proceeds as above by defining the hour of
the day and the time of the year which in this case is reduced to only two periods by
merging the heating and the mid period. Since in this case the selective acceptance
of the solar heat gains is not the first objective, the necessity of a mid-period becomes
secondary. Instead, the cooling period is treated as a time of high overheating risk
which allows the controller to react in a proactive way when the room temperature
increases in the presence of high global radiation on the facade.
During the heating period, the overheating risk is low and the temperature indicat-
ing overheating is 26 ◦C according to the cooling set-point defined in DIN V 18599.
If the room temperature rises above this point, the controller reacts directly by fully
lowering the blinds and readjusting the tilt angle for optimal visual comfort. In
this way, the horizontal and vertical illuminance in the room is maintained within
comfort levels, while any direct radiation is prevented from entering the room in
expense to improved view to the outside. On the other hand, during the cooling pe-
riod the controller anticipates such situations as soon as the room temperature rises
above 24 ◦C at conditions of high solar irradiance (global radiation on the facade ex-
ceeding 500 W/m2) and reacts in the same way to prevent any further temperature
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rise. As mentioned in 2.2.1, the room temperature is a measured value and therefore
accounts for any influencing factors such as ventilation or internal gains which are
therefore not explicitly addressed.
For daytime hours with no risk of overheating, the controller calculates the mini-
mum height of the blinds to prevent direct radiation on the work surface and the
cut-off angle of the slats, and optimises the final position through the iterative pro-
cess described in detail in the following section. The full rule base of the controller
is summarised in the matrix included in Appendix B.

2.3 Daylight Simulations

The controller incorporates a simplified version of the Fener simulation platform
developed at Fraunhofer ISE by Bueno et al. [39]. Although one of the innovative
characteristics of Fener is the coupling of the daylight and thermal simulations in a
time step basis, for the needs of the controller, a version supporting only daylight
and glare analysis is used. However, the possibility of further developing the con-
troller in order to also take into account thermal variables remains open.
The model used in the daylight simulations is a rotatable, single-zone "shoebox" gen-
erated in a Radiance geometry format. The complexity of the scene inside the room
can be in principle minimised taking only the work station into account. The sur-
roundings of the building are also taken into account in the same geometry format
if they affect the direct radiation on the facade. The degree to which the obstructions
at the exterior of the building can influence the daylight simulations is discussed in
Chapter 5.
The daylight simulations use the Radiance-based Three-Phase-Method [40] to esti-
mate the solar transmission to the inside and the indoor illuminance. The Three-
Phase-Method separates the light transport between the sky and the illuminance
sensor points in the room into three phases, each of them simulated independently
and stored in a matrix form. These three phases are: the exterior transport, expressed
by the daylight matrix (D), the fenestration transmission, expressed by the transmis-
sion matrix (T) and the interior transport, expressed by the view matrix (V). At every
time step the illuminance inside the room is calculated by multiplying the three ma-
trices as expressed by the following Equation 2.1:

I = V TDs (2.1)

The last term s symbolizes the sky vector which for a given time and sky condi-
tion contains the average radiance of each sky patch (Figure 2.2).

The transmission through a fenestration system is expressed by a Bi-directional
Scattering Distribution Function (BSDF) dataset expressing the light scattering off
and through the investigated surface. The BSDF data can refer to either individual
fenestration layers or to the entire window system and is based on the method pro-
posed by Klems [41, 42] relating all incident light directions with reflected and trans-
mitted light by direction. The BSDF uses the Klems coordinate system that consists
of 145 patches arranged hemispherically in such a way that each patch corresponds
to almost the same cosine-weighted solid angle. Such a hemispherical formalisation
is considered for each side of the fenestration surface to express both the input and
output directions (Figure 2.3). The BSDF of a fenestration system can be generated
in various ways such as the Radiance tool genBSDF [43], the program Window, de-
veloped in Lawrence Berkeley National Laboratory (LBNL) or through photogonio-
metric measurements. The View matrix describes the light reaching each prescribed
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FIGURE 2.2: Three-Phase-Method schematic representation
(Source: McNeil, Radiance Workshop 2014, https://www.radiance-

online.org)

FIGURE 2.3: Schematic representation of a BSDF as two hemispheres
at each side of a window (left) and the Klems 145-patch hemispherical
basis with numbered subdivisions (right) .(Source: McNeil, Radiance

Workshop 2014, https://www.radiance-online.org)

view point in the room taking into account the contribution of each Klems’ patch of
the window and it has dimensions 145 x the number of virtual sensors.
The sky hemisphere is described by the sky vector and it is discretised according to
the Reinhart angle basis of 2305 divisions. The high resolution subdivision is pre-
ferred in order to reduce inaccuracies occurring when peaks of solar radiance are
spread over large solid angles [43]. The Daylight matrix describes the luminous flux
transfer from the sky divisions to the window at each incident direction defined by
the Klems’ patches and therefore, has dimensions 2305 x145 (Figure 2.4). The gen-
eration of the sky is based on the Perez all-weather-model [44]. The contribution of
the ground is also included as one coefficient of the Daylight matrix.

The Three-Phase-Method has been selected over other daylight simulation soft-
wares using DAYSIM [45] and classic Radiance [46] in the core engine due to its
capability of calculating the three daylight transmission phases separately. While
DAYSIM and classic Radiance calculate the light transfer from the exterior to the
interior in a single phase, the Three-Phase-Method allows the dynamic simulation
of the shade control in one time-step by alternating between different transmission
matrices. The pre-calculation of the BSDF, corresponding to various window con-
figurations, reduces the computational time of the simulations substantially. Ad-
ditionally, since the transmission matrices are produced during the commissioning
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FIGURE 2.4: Comparison of the sky luminance distribution for a dis-
cretization of 145 divisions (Tregenza sky) (left) and for a discretiza-
tion of 2305 divisions (Reinhart MF:4)(right) (Source: McNeil, Radi-

ance Workshop 2014, https://www.radiance-online.org)

process, they can be obtained experimentally maintaining all the complexity of the
fenestration system. In this way, the Three-Phase-Method allows the simulation of
complex fenestration systems which can not be easily simulated in classic Radiance.
Despite its benefits, there are situations where the Three-Phase-Method fails to accu-
rately predict the indoor illuminance. The Perez model, on which the daylight sim-
ulations rely, is based on the reproduction of the sky luminance distribution for dif-
ferent weather conditions. Although the Perez model is in general physically accu-
rate and recognised as an industry standard, its accuracy decreases for non-uniform
cloud patterns of overcast skies. In general, days with dynamically changing cloud
patterns are a common problem for automatic shading controls which must either
keep up with the frequent daylight changes risking the user discomfort due to the
frequent movements of the shading devices, or occasionally allow high glare condi-
tions in the room.
The simulation based control approaches the specific problem in two different ways.
First of all, on a level of simulation accuracy, the effect of small discrepancies be-
tween simulated and actual values is reduced due to the use of fuzzy logic at the
optimisation process as long as the illuminance values correspond to a similar per-
ception of comfort (see Section 2.4.2). Additionally, the irradiation measurements
can be averaged over a short time period of a few minutes to mitigate any sudden
changes caused by moving clouds. However, it must be noted that this can be the
case only when the irradiance measurements are received on time intervals shorter
than the time-step between the controller reactions.
Within the control algorithm the daylight simulations are used to calculate the in-
door horizontal and vertical illuminance for a prescribed virtual sensor grid. The
virtual sensors are characterised by their three dimensional position in the room and
their direction. The horizontal illuminance sensors look always upwards while the
vertical illuminance sensors can have any direction parallel to the plane on which
they are defined. This allows the sensors allocated for the calculation of vertical il-
luminance to refer to both the user’s eye level and the computer screen. Since the
view point height for both cases is fairly the same height and the view direction is
flexible, it is not necessary to specify the exact purpose of each vertical illuminance
sensor.
To evaluate the visual comfort in the room based on the horizontal and the vertical
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illuminance measurements at multiple positions, two conditions must be fulfilled;
the light in the room is sufficient and no position is highly affected by glare. More-
over, it is important to ensure that the representation of each position in the defined
conditions is equivalent. Therefore, instead of examining each position separately,
the average value of all the horizontal illuminance sensors and the maximum value
of all the vertical illuminance sensors are used. In this way, it is ensured that the
horizontal illuminance at positions away from the window does not become too low
and that at positions adjacent to the window it remains bellow uncomfortably high
values. Additionally, the maximum vertical illuminance ensures that the glare pro-
tection is effective at any position independently from its proximity to the window.
As mentioned in Chapter 1, a weakness of the control systems that explicitly ad-
dress glare is the requirement of detailed knowledge on the user’s sitting position
and looking direction. The controller offers a more flexible definition in the sense
that the virtual sensor grid can be specified based on a series of assumptions de-
pending on the room specifications, in the cases that no previous knowledge on the
user’s position in the room is available. Although there are no strict rules for these
assumptions, the basic idea lies on the identification of the most affected positions
in the room, provided that they can accommodate the work surface.
For example, in a large multi-person office one can assume a number of sitting po-
sitions and view directions in order to address the situations when the user faces
the window or is turned parallel to it. When areas of high interest are represented
in the sensor grid, for example sitting positions away from or adjacent to the win-
dow, the controller will act in order to maintain the areas of high glare risk below
disturbing limits while still allowing the daylight reach deeper into the room. Ad-
ditionally, by defining vertical illuminance sensor pairs of opposite facing directions
to also address glare on the computer screen every sitting position can refer to two
possible scenarios. For example, a user sitting at a work station in front of to the
window can be either directed towards it or have the back turned to it. In cases
when the desired vertical illuminance limits vary for different positions, the lowest
limit available would define the prescribed set-points leading to more conservative
controller reactions. In a similar way, in cases of limited knowledge of the room
the controller’s performance is also expected to be more conservative than in the
cases when more information is available. It is therefore evident that the controller
can perform to its full potential when a detailed knowledge of the room’s set-up is
available.

2.4 Fuzzy logic based optimisation

Fundamentals of fuzzy logic

While it is a common belief that most situations in the physical world can be pre-
cisely characterised by analytic functions or numerical values, one often encounters
systems where the ambiguity of the measurements or the imprecision of the defined
criteria makes their characterisation in a classical way difficult.
Consider, for example, having to separate a group of people based on their age in
two groups, young and old and set the age of 45 as the boundary between the two
categories. One can easily characterise a person of 90 years as old but following this
strictly defined criterion, an athletic person of 46 would also fall under the same
category. Therefore, such a categorisation is inadequate since it doesn’t really pro-
vide sufficient information about the population it characterises. In such cases, fuzzy



2.4. Fuzzy logic based optimisation 19

logic provides a framework that allows the definition of physical processes with con-
tinuous grades of membership rather than strictly defined values. The application
of fuzzy logic is especially useful in the two following cases:

1. Situations involving highly complex systems whose behaviour can not be fully
understood or whose large number of inputs and outputs cannot be conven-
tionally controlled

2. Situations where a rather fast and approximate solution is of more use than a
very precise and time consuming analysis.

Fuzzy sets and membership function

As mentioned above, classical sets are characterised by strictly defined (crisp) values
whereas; fuzzy sets are characterised by degrees of membership which indicate the
degree to which an element belongs to the set.
According to the definition that Zadeh introduced [47], if we consider X as a set of
generic elements and x ∈ X an element within the universe X, then for a fuzzy set
A within X there is a membership function which associates uniquely every x with
a real number within [0,1] indicating the degree that it belongs to A. The highest
degree of membership to the fuzzy set is expressed by 1 while the non-association is
indicated by 0. If the same definition is expanded to ordinary sets, the membership
function of an element can only have the value 0 or 1 belonging or not belonging
to the set. The membership function is the most important element in the theory of
fuzzy logic since it defines the relationship of each element in a space with the fuzzy
set. Different shapes of membership functions can be used according to the posed
problem, such as triagonal, trapezoidal, gaussian etc. Some examples are presented
in Figure 2.5.

Implementation of fuzzy systems

The implementation of a fuzzy system consists of three steps; the fuzzification, the
rule base definition and the defuzzification. The process of turning a crisp value into a
fuzzy one is called fuzzification. Values that are not clearly deterministic but instead
are characterised by an uncertainty that rises from ambiguity or vagueness can be
fuzzified. As soon as a variable is selected, it can be represented by two or more
membership functions attributed by a qualitative category; e.g. high, medium, low.
The Rule-base refers to a set of linguistic "if...then..." rules characterising the dynamic
behaviour of the fuzzy system. The number of membership functions defines the po-
tential number of rules in the rule base. The membership functions in combination
with the defined rules are also referred to as knowledge base of the fuzzy system. The
rules are in principle experiential and their outputs are also fuzzy sets which result
from applying logic operators on the fuzzified inputs corresponding to the defined
rules. Operators such as Union, Intersection, Complement and Containment, nor-
mally used for numerical sets, are also applicable on fuzzy sets. The resulting output
is an array of as many fuzzified output values as rules.
The reverse process of the fuzzification, in which a fuzzy quantity is reversed to a
single scalar quantity, is called defuzzification. Several methods have been proposed
in the literature depending on the shape of the output function. However, the most
popular way is the centroid method which calculates the centre of gravity of the out-
put fuzzy function and uses the horizontal coordinate as the single crisp output.
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(a)

(b)

(c)

FIGURE 2.5: Common shapes of fuzzy functions: (a) triagonal, (b)
trapezoidal, (c) gaussian
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Fuzzy logic in the controller

As mentioned above, after the controller has calculated the average horizontal and
maximum vertical illuminance for a specific window configuration, it evaluates them
in terms of visual comfort. The concept of visual comfort in the room in the pres-
ence of natural light is in principle rather difficult to pinpoint since it depends on
both vertical and horizontal illuminance; two interconnected and opposing quanti-
ties. As the controller acts in order to increase the daylight admission in the room,
expressed as horizontal illuminance, the vertical illuminance rises as well increasing
the glare probability. Since the application of strict rules on either value influences
the other in the opposite way compromising visual comfort, a fuzzy approach has
been developed instead.
The optimization system is characterized as "fuzzy-logic-based" because it borrows
the fundamental principles of fuzzy logic but the full process deviates substantially
from the classical fuzzy systems. Since the purpose of the developed process is the
evaluation of a specific window configuration as to the resulting glare and daylight
in the room and not the determination of a configuration from the scratch, the de-
fuzzification process can be omitted. Unlike the classical approach of a fuzzy sys-
tem, the controller only uses the rule-base outcome as a switch for the optimization
process. For every shading configuration introduced at the process, the output of
the rule-base gives the controller a signal to apply the configuration if it fulfils the
conditions of visual comfort or to continue testing alternative solutions that would
improve the daylight conditions.
The two variables under evaluation are the average horizontal illuminance on the
work surface and the maximum vertical illuminance at both the eye level of the user
and at the screen level to address both the glare at the eye level of the user and
the haze on the computer screen. Each of them is described by two membership
functions corresponding to the uncomfortable and the comfortable situation. Each
variable is characterized by three values; two constant ones, expressing the illumi-
nance for which the membership function of comfort and the membership function
of discomfort are equal with the unity, and an adjustable one for which both mem-
bership functions are equal to zero.
The fuzzy functions for the maximum vertical illuminance describe how the degree
of discomfort increases with the illuminance. Therefore, the membership function
expressing comfort is equal to 1 at 0 lux (xV,comf ) and decreases monotonically with
increasing illuminance values until the 2000 lux (xV,sp) where the function is equal
to zero. At the same point the membership function representing discomfort starts
increasing monotonically until 3000 lux (xV,uncomf ) to which point it becomes equal
to 1 and remains so.
Since the vertical illuminance refers to both the eye level and the computer screen,
the value of 2000 lux represents the transition point between comfort and discomfort
for both cases. According to Schierz et al. [37], the value that vertical illuminance
starts affecting the visibility of the computer monitor is about 1500 lux, depending
on the screen. On the other hand, Wienold [48] concluded through user surveys that
the users tended to prefer high illuminance levels of around 3000 lux and being al-
lowed to adjust their own shading device, an average vertical illuminance of about
2500 lux at the eye level was measured. In order to express both situations, 2000 lux
has been chosen as the mean value. The point where the membership function rep-
resenting discomfort becomes equal to 1 has been set again to 3000 lux. According
to Schierz et al., this is the threshold at which the vertical illuminance produces haze
at the computer screen and compromises the visibility on the computer monitor.
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In the case of the average horizontal illuminance, the degree of comfort is assumed
to increase with the amount of light. The discomfort membership function becomes
equal to 1 for 0 lux (xH,uncomf ) and decreases monotonically until it becomes 0 at 500
lux (xH,sp) at which point the comfort membership function begins. This value has
been chosen according to EN-12464-1 [49] where 500 lux is the recommended value
of horizontal illuminance at the work area. As mentioned earlier, user surveys have
shown that office workers in a sunlit office prefer to work under high illuminance
levels and would, in average, start experiencing glare problems for work plane il-
luminance above 3000 lux [48]. According to this assumption and given that the
membership function of comfort begins at 500 lux, the illuminance value for which
the comfort function becomes and remains equal to 1 (xH,comf ) has been set at 1000
lux. In this way, the comfort membership function remains within the acceptable
limits and is still considerably flexible to daylight changes. It is worth noting that
no upper limit has been assigned to the horizontal illuminance although very high
values of average horizontal illuminance would in fact lead to glary situations. Un-
der the assumption that such a case would be prevented by the application of a high
limit on the vertical illuminance, for the sake of simplicity, the upper limits of the
horizontal illuminance have been omitted.
The shared point representing the transition between comfort and discomfort can
be reset according to the user’s subjective sense of comfort. In both the case of hor-
izontal and vertical illuminance, one membership function has a triangular shape
and one a trapezoidal, as shown in the examples given in Figure 2.6. To simplify
the procedure and preserve the transparency of the system actions, no overlapping
between the comfortable and uncomfortable functions of each element was allowed.
Since only the basic principles of fuzzy logic are applied in the described method
and no de-fuzzification takes place, this simplification has no significant impact on
the optimisation results. To avoid unequal value representation, the normalised val-
ues of illuminance are used instead of the actual values. In the normalised axes the
xH,uncomf and the xV,comf , corresponding to the lowest illuminance values of both
cases, are equal to zero while the xH,comf and the xV,uncomf , corresponding in turn
to the highest limits, are equal to one. The xV,sp and the xH,sp can be readjusted by
the users to better fit their subjective sense of visual comfort and are calculated by
the following formulas:

xH =
EHor − xH,uncomf

xH,comf − xH,uncomf
(2.2)

xV =
EV er − xV,comf

xV,uncomf − xH,comf
(2.3)
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FIGURE 2.6: Fuzzy functions of horizontal (up) and vertical (down)
illuminance. For a more even representation of the two functions, the

x-axis of the illuminance has been normalised.
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Fuzzy rules and evaluation of visual comfort

The rules based on which the algorithm evaluates the visual conditions that occur
from a specific window configuration are based on two sets of fuzzy functions. The
set of functions corresponding to horizontal illuminance is annotated with (FHor)
and is comprised of the (fHoruncomf

) and the (fHoruncomf
). The vertical illuminance

set, annotated as (FV er), is comprised of (fV ercomf
) and (fV eruncomf

). It is reminded
here that, for the sake of simplicity, both functions characterising a value can not be
at the same time larger than zero. The entire set of rules is summarised bellow.

1. If FV ert is completely uncomfortable and FHor is not completely uncomfortable
then blinds close one step

2. If FV ert is uncomfortable and FHor is comfortable
then blinds close one step

3. If FV ert is not completely uncomfortable and FHor is completely uncomfortable
then blinds open one step

4. If FV ert is comfortable and FHor is uncomfortable
then blinds open one step

5. If FV ert is uncomfortable and FHor is uncomfortable then:

(a) If fV ertuncomf
is larger than fHoruncomf

then blinds close one step

(b) If fHoruncomf
is larger than fV ertuncomf

then blinds open one step

In any other case, the configuration is considered appropriate and applied to the
shading device in the room.
The characterisation ’completely’ for comfortable or uncomfortable situations refers
to the corresponding fuzzy functions being equal to one, while the characterisation
’not completely’ refers to every case excluding only the area where the corresponding
functions equals one.

2.5 Electric light control

The electric light control is activated when two conditions are fulfilled:

1. The room is occupied

2. The average horizontal illuminance of all the specified virtual sensors is re-
duced below the prescribed set-point and the blinds have been completely re-
tracted.

As in the case of the shading control, the current illuminance levels in the room are
calculated with the daylight simulations; however, the workflow of the electric light
control is considerably simpler with no additional processes. If the available elec-
tric light supports a dimming function, the controller requires three variables; the
switch-on set-point, the switch-off set point and the required illuminance level, all of which
refer to the average horizontal illuminance on the work surface. As soon as the av-
erage horizontal illuminance due to daylight falls bellow the switch-on set-point the
controller switches the lights on and dims the system to the point that the total il-
luminance due to both daylight and artificial light reaches the required illuminance
level. If the user leaves the room or the illuminance due to only daylight reaches
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the switch-off set-point, the electric light will automatically switch off on grounds of
energy efficiency. For traditional on-off lighting systems, the required illuminance
level is omitted since the user has no control over the light output and the control
signal is limited between the values 0 and 1, to simply indicate the status of the elec-
tric light as on or off.
The switch-on set-point of the system as well as the required illuminance level are flexi-
ble variables and can be eventually adjusted to the users’ preferences. On the other
hand, the switch-off set-point is constant and will not be affected by any user interac-
tion. The prescribed value of 500 lux is based on EN 12464-1 as explained at the pre-
vious section. The default values of the two adjustable variables of the system have
been chosen, like in the case of the shading control, so that the controller will address
both visual comfort and energy efficiency. For the default switch-on set-point, a very
low value has been chosen in order to prevent unnecessary energy consumption.
Since the user’s interactions with the lights will eventually influence the switch-on
value, 100 lux has been arbitrarily chosen as a starting point. The required illuminance
level is by default also set to 500 lux for the same reasons as the switch-off set-point;
however, this value is expected to rise since the users working under high daylight
levels tend to also require higher illuminance levels by artificial light sources [50].

2.6 User adaptation

Shade control adaptation

Recognising the reasons that cause the user to interact with the system is very im-
portant for the adaptation of the shading control algorithm. Since the controller
already acts in an energy-efficient manner, it is assumed the user interventions are
motivated by visual comfort, the need for view to the outside, or other exceptional
circumstances (e.g. a presentation, privacy etc). As the last case cannot be accounted
for in an analytical manner, the controller excludes actions leading to radical shade
positions that result to extremely high vertical or extremely low horizontal illumi-
nance. User interventions resulting to more open shade configurations are treated
as being motivated by the need for additional daylight adapting the fuzzy function
set-points to higher values. Although the actual motivation of a user uncovering the
window is often the need for increased view out, when higher illuminance values
are allowed more open window configurations are applied which indirectly improve
the visual contact to the outside as well.
When the user interacts with the controller there are four values that need to be in-
vestigated; the average horizontal and maximum vertical illuminance preceding the
user interaction and the corresponding values following the adjustment of the shad-
ing device. For every interaction, the controller calculates the four values and uses
them to re-adjust the fuzzy functions.
The user adaptation takes place once per day at midnight. It readjusts the values
for which both comfort and discomfort membership functions become zero for the
vertical and the horizontal illuminance. The adjusted xH,sp and xV,sp remain always
at the area between the non-adjustable points for which the two fuzzy functions be-
come equal to 1. This adjustment essentially changes the perception of the controller
concerning desirable and undesirable situations.
For example, if the user acts in such a way that the horizontal illuminance on the
work plane increases above a value that before the interaction was considered com-
fortable, the controller assumes that the user requires more light and moves the xH,sp

to a higher illuminance value, as shown in Figure 2.7. As a result of the user opening
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the blinds, the vertical illuminance will also increase. If the new value belongs to the
uncomfortable membership function, the xV,sp is also expected to move to the right
signifying that the user is willing to accept conditions of higher glare in exchange to
additional daylight in the room.
On the other hand, a user sensitive to intense daylight is expected to react to in-
creased vertical illuminance at the eye level by lowering the venetian blinds. In this
case, xV,sp is expected to move to the left towards lower illuminance values (Figure
2.8). If the reduction of the horizontal illuminance is not too large, the set-point will
remain unchanged. However, if the value after the user interaction falls under the
uncomfortable horizontal illuminance fuzzy function, the xH,sp will also move to the
left.
To avoid that the controller learns extreme or random values which do not really
represent the average visual comfort of the user, the horizontal and vertical illumi-
nance values are aggregated before the adaptation. For every interaction, the stored
values before and after the user interaction are compared to clarify the motivation
behind the action and to decide on their usability. The registered user wishes of a
day are discarded in the following cases:

1. The interaction is leading to changes lower than 5% of the interior illuminance.

2. Multiple interactions are taking place within a time frame of five minutes. In
this case the intermediate interactions are assumed to be part of a single action
with its beginning before the first input and its end after the last.

After the data has been sorted out, the remaining pairs of illuminance values before
and after the user’s input are averaged per interaction, leading to two 1-D arrays
of average horizontal and maximum vertical illuminance values with as many ele-
ments as valid user interactions. The mean value of each array is finally used for the
adaptation of the xH,sp and the xV,sp.
If the resulting values correspond to the areas in which the fuzzy functions are equal
to one, the applied value corresponds to a 10% increase of the current configuration.
This condition is applied in order to avoid that the system learns non representative
values. In this manner, randomly occurring, very high vertical illuminance values
can not significantly influence the fuzzy functions. For this reason, 10% has been
asigned to express a very small change. However, if this is an explicit user prefer-
ence, the xV,sp will continue increasing until it reaches the desired levels.
At this point, it is worth taking a more critical look at the adaptation process used
in the controller. As the main purpose of such a function is to enhance the user
satisfaction, the preferences of the users introduced through their interactions with
the system are evaluated and used to readjust the controller’s perception of visual
comfort. However, the history of these preferences is not explicitly used for cross-
reference and is only reflected on the current set-point values of the fuzzy functions.
The reason for that is on the one hand to allow a new occupant to readjust the sys-
tem’s behaviour in a simple and effective manner. On the other hand, it is assumed
that the user preferences are not static over time and a correlation between the season
of the year and the daylight requirements of the users might be possible. However,
this assumption is not investigated further within this thesis.

Electric light adaptation

For the electric light control, the adaptation also takes place once per day at the same
time as the blind control adaptation and is also based on stored user interactions
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FIGURE 2.7: Adaptation of the horizontal illuminance fuzzy function
for a user who requires additional light. The set-point of the horizon-

tal illuminance is moving towards a higher value.

FIGURE 2.8: Adaptation of the vertical illuminance fuzzy function for
a user sensitive to glare. The set-point of the vertical illuminance is

moving towards a lower value.
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from the previous day. The new switch-on set-point can never exceed the switch-off
set-point and is adapted based on the value of the average horizontal illuminance on
the work surface at the moment that the user switched on the lights. If such an action
occurs more than once in the day, the average value of all horizontal illuminances is
used instead. If this value exceeds the switch-off set point, it is not taken into account.
For example, if the user switches the lights on manually when the average horizon-
tal illuminance on the work surface reaches 200 lux, after the adaptation process, the
controller will automatically switch the lights on as soon as the illuminance reaches
this value.
For the adaptation of the dim level, all actions collected during the day are aver-
aged and compared with the value. If the average preferred value is lower than the
current one, it is directly set as the new dim level. In the opposite case, the per-
cent difference of the existing dim level with the preferred value is calculated. If
the increase remains below 25%, the averaged value is directly used; otherwise, the
current value is increased per 25%. This quota is used to prevent the controller from
learning wasteful wishes which would lead to very high energy consumption. Con-
tinuous requests for higher lighting output will eventually raise the dim level to the
maximum value available.
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Chapter 3

Installation of two prototypes

3.1 Laboratory testing

The daylight laboratory

The first controller prototype was installed in the daylight laboratory (Figure 3.1),
an office-like facility which consisted of two identical rooms, located at the roof of
Fraunhofer ISE in Freiburg, Germany (latitude 48.01◦ N, longitude 7.84◦ E). The lab-
oratory was sited on a platform that allowed it to fully rotate to re-orient the facade
at will. For the needs of the controller testing the facade orientation was facing south
during the entire testing period.
Each room had dimensions 3.65 m x 4.6 m, with a suspended ceiling 3 m above the
ground and its facade was fully covered with solar control glazing of 54% visible
light transmission, SHGC (or g-value) of 29% and a U-value of 1.1 W/(m2K). Iden-
tical luminaires and white, internal venetian blinds, 80 mm wide, were installed in
both rooms.
During the testing period, all installed components were controlled with simultane-
ous control signals in order to both maintain the same interior conditions. One room
served as an office in the centre of which a single work station with a computer was
set up to simulate real life conditions for debugging and testing the controller. The
other room accommodated an illuminance measurement setup for monitoring and
validation purposes. Hereafter, the room serving as an office will be referred to as
"the test room" while the other one will be referred to as "the measurement room".
About 13 meters away from the east side of the daylight laboratory an obstructing
building rose higher than the ceiling of the test facility. Additionally, an obstacle
was found 7 meters away from the facade with about half the height of the labo-
ratory when mounted on the rotation platform. This external geometry was also
included in the simulation model.

Inputs

The weather data required for the operation of the controller was received from the
Fraunhofer ISE weather station located beside the daylight laboratory, providing
measurement values through the ISE network with a 5-second time-step. The in-
coming data consisted of: global and diffuse horizontal illuminance measured with
an SPN1 sunshine pyranometer (Delta-T devices, UK). The received data was aver-
aged within the controller over three minutes to avoid false controller reactions due
to sudden irradiation changes. The outdoor temperature was measured and aver-
aged over 24 hours within the control algorithm. Finally, although not necessary in
this case, the wind speed was also included in the weather data.
The updated values were saved in a data-logger at the test facility along with the
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FIGURE 3.1: The daylight laboratory

interior measurements of temperature (Pt100) and occupancy monitored by an in-
frared presence detector at the centre of the room.

Hardware set-up and system architecture

The controller prototype installation was based on an industrial network which
was chosen over commercial automation systems such as KNX and LonWorks on
grounds of modularity, flexibility and cost (Figure 3.2).
The fieldbus is in principle a two-way communication link between a controller and
the analogue or digital inputs and outputs and it serves as a Local Area Network
(LAN) for high speed automations. An important benefit of such a system is the
easy maintenance and monitoring of all modules connected.
The main computer in the test installation worked on Linux environment and served
as both a controller and a data logger. The measurements and signals within the
room and from the ISE weather station were stored in the computer during the day.
The control algorithm was written in Python and was based on the Fener simula-
tion platform [39]. The communication between the controller and the hardware
was managed by a script written in C. The computer was connected to the fieldbus
while also being connected to the Fraunhofer ISE network at all times via two inde-
pendent Ethernet connections.
The motors used for the setting of the venetian blinds were compatible with the
Standard Motor Interface (SMI) which allowed the positioning of both the height
and angle of the venetian blinds. The SMI allowed the bilateral communication be-
tween the controller and the actuator and reported back the position status of the
shading device. The SMI interface remained connected to the computer hosting the
controller via a serial port and reported back to the system about the current height
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of the shading device and the tilt angle applied on the slats at the previous time-step
which was used by the controller to calculate internally the current tilt angle.
Independently from the controller configuration, the venetian blinds could always
be reset manually through two switches; one corresponding to the height of the
shading device and one corresponding to the tilt angle of the slats. The user interac-
tions were stored in the data logger and were used later for the adaptation process.

Electric light

The lighting system of the first prototype was installed particularly for the needs
of the testing. It was designed in order to contribute to the visual comfort of the
test room under the notion that the installation should simulate an average office
space with a work station and a visual display unit (VDU). The installed pendant
luminaire was direct/indirect (75/25) with louvre optic and two T5 lamps with a
total nominal power of 98W and a colour temperature of 4000K. The lights were
installed at the centre of each room and could be dimmed using 1-10V ballasts. In
both rooms, the systems were connected with a Hager light actuator compatible
with the dimming system which applied the control signal simultaneously to both
luminaires. Just as in the case of the shading control, the user could always intervene
by adjusting the illumination in the room manually according to his/her subjective
sense of visual comfort. The interactions with the system were stored in the data
logger and were used later by the user adaptation algorithm.

Dimming curve

To accurately evaluate the illumination in the room without the use of sensors, it was
necessary to correctly simulate the dimming of the electric light. In order to do that,
an array of illuminance sensors was placed on the work surface, right underneath
the luminaire, to measure the dimming of the electric light before the testing of the
installation began. Based on the actual horizontal illuminance measurements, the
output illumination on the working surface was represented by a dimming curve
expressing the relationship of applied voltage with light output.
The measurements took place overnight to avoid any interference from external
light. The illuminance sensors used were specified for the measurement of the in-
stalled light source. The applied voltage increased per 0.5 Volt every half an hour
via a signal generated by a short computer script and the illuminance sensors took
a measurement every 10 seconds. The dimming steps were kept relatively small, to
0.5 Volts or to the 5% control input, to provide a better resolution to the dimming
curve. The time between the dimming steps was 30 minutes to allow for the elec-
tric light to stabilise at each applied voltage and the frequent measurements during
this time prevented errors due to unforeseen events such as external lights. The ex-
act procedure was repeated for three consequent nights. Since no large deviations
were observed between the three datasets, the measurements of each time step were
averaged over the three nights. Finally, the measurements corresponding to each
dimming step were also averaged to give an estimation of the illuminance output
for every voltage.
In Figure 3.3, the dimming curves of two sensors are presented to correlate the hori-
zontal illuminance output and the voltage signal at the luminaire. Only two sensors
are examined on grounds of relevance and to avoid repetition. The upper illumi-
nance curve corresponds to the illuminance sensor number 1 at the centre of the
room and the lower curve corresponds to the illuminance sensor number 2, placed
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FIGURE 3.2: Schematic representation of the component set-up of the
first prototype (up), the electric installation box of the first prototype

(down)
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1.5m further, closer to the window as shown in Figure 3.4. The dimming curve of
the light output in respect to the applied voltage increases linearly until 6 Volt and
then the light output is saturated to the maximum. The curve was fitted using the
least square method as shown in Figure 3.5. The fitting was made only for Sensor
1 since it was directly under the luminaire and closer to the user’s sitting position.
The resulting Equation 3.1 was then incorporated in the control algorithm for the
prediction of the electric light output.

Ehorizontal(lux) = 317.08 · V (V )− 456.91 (3.1)

FIGURE 3.3: Correlation between input voltage and horizontal illu-
minance for two measurement positions. The green line corresponds
to Sensor 1, positioned directly under the luminaire and the blue line
corresponds to Sensor 2, positioned closer to the window as can be

seen in Fig. 3.4.
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FIGURE 3.4: Illumuminance sensor layout. The array is positioned
directly under the luminaire for the monitoring of the light dimming

process

FIGURE 3.5: Linear fit of the illuminance output in relation to the
applied voltage
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3.2 The second prototype installation

The office

The second prototype of the controller was installed at a real-life office to allow the
evaluation of the system by a real user who had not been previously involved in
the development of the controller (Figure 3.6). The office was located on the fourth
floor of a commercial building located at Berliner Allee in Freiburg, very close to the
location of the first test installation, but not associated with Fraunhofer ISE in any
way other than locality. The building facade was facing south-east and the office was
occupied by one or occasionally two people, working on VDUs looking at opposite
directions. The facade of the office was 50 % covered by with low-E double glazing
of 80% light transmission, U-Value of 1.4 W/(m2K) and a SHGC of 60%.
The shading device installed at the office was an external, white venetian blind sys-
tem, with 80mm-wide slats and 70mm distance between them, very similar to the
one used at the first installation. In this system, the tilting of the slats was not uni-
formly applied. Instead, the blinds at the upper part of the window remained more
open than the blinds at the lower part in order to increase the daylight admission
in the room. The default angle difference between the two parts was 35◦, as shown
in Equation 3.2, although the system allowed the blinds of the upper part to also
completely close, provided that the slats of the lower partition were also fully tilted.
When the blinds of the lower part of the window were completely horizontal the
blinds of the top part were tilted to their minimum position at -35◦.

tilt angletop = tilt anglebottom − 35◦ (3.2)

For the positioning of the shading device, the conventional motors installed at the
windows were used and, unlike the SMI motors used at the first prototype instal-
lation, allowed no bi-lateral communication with the system. Therefore, they could
not account for the current positioning of the shading device. The shading device
in the room was initially controlled by a centralised system which was de-activated
for the needs of the second prototype testing. During the summer period the cen-
tralised on-off venetian blind control, based on global solar irradiance, was activated
while the rest of the year the system remained entirely under local manual control.
The electric light installation of the office consisted of three luminaires with simple
on-off manual control.

Position sensors and control signals

As identified above, the two important limitations of the second installation was the
inability of the already installed motors to report back to the system about the cur-
rent status of the shading device and the coupling of the control signals concerning
the tilt angle of the slats. Additionally, unlike the case of the first installation where
a universal actuator was installed for the exact adjustment of the height and the tilt
angle of the venetian blinds, both signals sent to the shading device were applied
through a common switch differentiating only as to their duration.
The first problem was addressed by installing a laser distance sensor and an inclina-
tion sensor for the monitoring of the blind configuration. The laser distance sensor
was fixed at the top of the window and an aluminum plate was fixed at the lowest
slat (Figure 3.7). A laser beam was emitted downwards from the sensor and was
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FIGURE 3.6: The real-life office hosting the second prototype installa-
tion

reflected diffusely frem the plate at the bottom of the system. The position of the
received light spot defined the received angle which corresponded to the distance
of the reflection point. By measuring the produced voltage, the exact position of the
venetian blinds was calculated as a linear function of the output current of the sensor
in mA in relation to the distance. For the calibration of the sensor, measurements at
different positions were carried out and the conversion formula was calculated with
the least square method, as shown in Figure 3.8.

For the measurement of the tilt angle an inclination sensor (Figure 3.9) was placed
under one of the top slats. The sensor itself did not affect the position of the slat due
to its small size and light weight. Additionally, by placing the sensor on the side of
the slat the connection cable did not interfere with the blind movement. The out-
put of the sensor was given in Volts and was converted to degrees according to the
following formula (3.3) provided by the manufacturer:

angle = arcsin(
Vout −Offset

Sensitivity
) (3.3)

Where: offset refers to the output of the device at 0◦ inclination and sensitivity
refers to the sensitivity of the device in V/◦.
Possible deviations at the positioning of the slats were not corrected at the same
time-step to avoid frequent movements of the blinds. However, the actual position
would be updated at the beginning of every new controller action in order to avoid
mistakes in the following calculations due to any previous time-step deviations.
Both the tilt angle and the height were adjusted using the same switch. The two
signals were differentiated based on the duration of the manual pressure applied on
the up and down buttons; with short, discrete pushes re-adjusting the tilt angle and
prolonged pressure moving the blinds up and down. To imitate the short duration
of the manual signals, two time relays were used, one for each direction. The dura-
tion of the signal was shortened to the smallest interval possible; 0.1 second. Due to
the short time of every signal and the very small resolution of the angle changes, the
uncertainty of slat tilting was rather large. To approximate the average tilt angle the
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FIGURE 3.7: The top (up) and the bottom (down) part of the laser
position sensor.

FIGURE 3.8: Correlation between measurements of current output of
the laser distance sensor in mA and measured distance in cm.

blinds were tilted from vertical to horizontal position repeatedly and the tilt steps
were measured. The measured angles at each adjustment varied between 6 and 13
degrees with larger deviations observed near the extreme positions. The average
value of all tilt angle measurements at the course of a full movement of the blind
between open and closed position was found for all cases between 9◦ and 10◦. Ac-
cording to that, the minimum angle step defined in the controller was 10◦ under the
notion that a positioning error of up to 30% could occur.
To set the shading device at a specific height, the time required for lowering or re-
tracting the blinds to discrete intervals was repeatedly measured. By limiting the
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FIGURE 3.9: The inclination sensor

signal duration to eight seconds with a short shell script, the blinds would move by
30 cm step at the top and bottom partitions of the window and a 25 cm step at the
intermediate heights.
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Inputs

Similar to the first installation, a temperature sensor was installed in the room to
monitor the interior temperature and force the sensor to take additional measures in
the case of overheating. A Pt100 was connected directly at the controller’s electric
installation box and was placed next to the door on the room’s thermostat. Addi-
tionally, a presence sensor was installed next to the door and parallel to the working
stations in order to monitor the room occupation. As soon as the user entered the
room, the controller was forced to take action outside its prescribed time intervals in
order to readjust the room conditions according to the new occupation status.
The weather input necessary for the controller was downloaded from the same
weather station at Fraunhofer ISE which was considered the best choice due to its
proximity to the second installation site across the street. Although the data acquisi-
tion was characterised by a small time delay of a few seconds, the irradiance values
were averaged over a three-minute period compensating for the delay, any miss-
ing values or any sudden changes in the irradiance levels such as passing clouds.
The measurement data used was the same as in the case of the first prototype with
the addition of the measured wind speed. Since the shading device of the second
prototype was external, an alert signal would retract it in the case of strong winds
exceeding 13.5 m/s.

Hardware set-up

The second prototype installation was created over an already existing system the
characteristics of which were explained above. Since the signals of the original in-
stallation were based in principle on the signals introduced manually by the user,
the controller hardware was installed over the existing switches in order to override
the existing system’s signals and at the same time allow manual interactions. The
electric installation was enclosed in a box for aesthetic and safety reasons (Figure
3.11) and the switches were moved forward over the installation box. Within this
box all the components composing the second prototype were assembled.

As in the case of the first prototype, a fieldbus was used as a communication
link and all the input and output modules were connected to it. Unlike the first
installation, no special actuators were used for the shading device or for the lights.
Instead, a combination of digital inputs and outputs was used to change the position
of the venetian blinds and to register any user interactions. A simple digital input
was used for the electric lights which in this case were just on-off; switching on
automatically when the light in the occupied room was insufficient.
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FIGURE 3.10: Schematic representation of the component set-up of
the second prototype installed in a real life office

(a) (b)

FIGURE 3.11: The box containing the controller’s electric installation,
open (a), closed (b)
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3.3 Monitoring

In order to keep track of the controller process and to remotely monitor both sys-
tems, a large amount of information was written at every second in files generated
daily and stored for future reference. For both installations, the monitoring process
was very similar. The stored data was separated in three major categories; measure-
ments, controller outputs and hardware signals. The hardware signals refer to the
feedback sent back from the controlled devices and to the registered user interac-
tions. The measurements and hardware signals were synchronised and saved in the
same file with a single second time step. On the other hand, the controller outputs
were updated every time the controller was activated. The activation time was set
to intervals of few minutes except for the case of manual input when the controller
went to a sleep mode for 40 minutes to avoid interfering with the user’s interac-
tion. Since at the beginning of the testing period the control time-step was set to 20
minutes, the sleep mode was set to double the time-step period and remained un-
changed for the rest of the time. The sleep mode was renewed every time the user
interacted with the switches.
In the case of the first installation, the actuator of the venetian blinds and the elec-
tric light dimmer sent back information about the height of the blinds and the status
of the luminaires and the user interactions were also stored. The tilt angle changes
were given in the form of independent stepped signals allowing to calculate the final
tilting position of the slats.
In the case of the second prototype, the position of the blinds was measured at every
second by the position sensors and the only information extracted from the switches
was the time and the duration of the interaction. The controller outputs were re-
sumed every time the controller was activated and consisted of the applied shading
configuration, the calculated solar angles, the simulated maximum vertical and av-
erage horizontal illuminance at the work plane, the internally calculated average
global and diffused irradiance, the internally calculated average 24-hour outdoor
temperature, the calculated direct radiation on the facade and the adaptable fuzzy
function and electric light variables.
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Experimental Evaluation

4.1 Measuerment set-up

In order to assess the capability of the daylight simulations to replace the illumi-
nance sensors in the room, the agreement between the simulated and the measured
illuminance values was investigated. For this purpose, a number of illuminance sen-
sors was installed at the measurement room of the Daylight laboratory. It must be
noted that the vertical and horizontal illuminance values measured on the work sta-
tion were used only for monitoring and validation purposes and they were not used
by the controller.
The work station at the centre of the measurement room was identical with the one
in the test room and it held a measurement set-up for the horizontal and the vertical
illuminance at positions of high interest. Under the assumption that the user could
be sitting on either side of the working station, the horizontal illuminance measure-
ments were carried out by an array of six sensors facing upwards, distributed evenly
on the work surface, 0.8 meters above the floor.
For the vertical illuminance measurements, six sensors were used in pairs facing at
opposite directions parallel to the window. The pairs were placed on three wooden
constructions, positioned in a row in the middle of the table and perpendicular to the
window, with distances 2, 2.5 and 3 meters from it. Each construction had a height of
0.4 meters keeping the sensors at a total height of 1.1 meter above the floor. In Figure
4.1, a diagram of the sensor positions on the work surface is presented including the
distances of the sensors from each other and from the wall. In Figure 4.2, an actual
picture of the measurement set-up is given.
The measurements of the illuminance sensors were taken at a five second step through-
out the entire day and they were stored in the data logger for monitoring purposes.
The aggregated measurements are used in the following sections represented by the
mean value in the case of the horizontal illuminance and by the maximum value in
the case of the vertical illuminance.

4.2 Simulation set-up

The simulation set-up is considered to be the most important step in the system’s
function since the effectiveness of the controller depends entirely on the accuracy of
the simulation model definition. For setting up the simulation model, the geometry
of the room, the work surface and the building surroundings were reproduced in
a Radiance formalism. All the surfaces included in the simulation model, including
walls, ceiling and floor, external surfaces and work surface, were investigated in or-
der to determine the optical properties of their materials which were used for the
material definition in Radiance.
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FIGURE 4.1: Positions of the illuminance sensors for measurement of
horizontal and vertical illuminance on the work station in the mea-

surement room

To calculate the reflectance of each material, the illuminance received by a surface
was measured simultaneously with the luminance reflected from it. According to
its definition, the luminance (LV ) is the illuminance (EV ) per solid angle . Based
on this and under the assumption that the investigated surfaces were Lambertian
and therefore their luminance was isotropic, the reflectance (R) was calculated us-
ing Equation 4.1. The luminance was measured with a portable luminance meter
(MINOLTA LS-110) and the illuminance was measured with a portable illuminance
meter (MINOLTA T-1H). This procedure was repeated for all simulated surfaces at
every commissioning process carried out throughout this project. The reflectances
of all surfaces within the daylight laboratory, including the external obstruction, are
summarized in Table 4.1.

R = π
LV

EV
(4.1)

For the description of the light transfer through the fenestration system includ-
ing the venetian blinds, a BSDF was generated with the Radiance ray-tracing tool,
genBSDF [51]. To model the venetian blinds, a single slat was modelled using its
vertical section expressed as a set of x-y coordinates and extended at a prescribed
length at the z-axis. The single slat was rotated to the given tilt angle and multiplied
over the entire window height. The glazing was generated as a polygon in front or
behind the blinds depending on whether the shades were internal or external. The
entire system was saved in a Radiance geometry file and was used for the BSDF gen-
eration.
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FIGURE 4.2: Measurement set-up

The optical properties of the venetian blind material were provided by the manu-
facturer and they were included within a Radiance material definition. The specifica-
tions of the glazing were also provided by the manufacturer; however, to simulate
its angular dependent optical properties, the Roos model [52] was used. The model
was introduced to the Radiance material definition via a function file along with the
values of visual and solar transmittance of the glazing at normal incidence, its front
and back reflectance, the number of panes and the calibration coefficient of the Roos
model (q), depending on the coatings of the glazing unit.

Surface Reflectance
Walls 0.521

Ceiling 0.800
Floor 0.223
Table 0.601

Venetian blind 0.810
External obstruction 0.546

TABLE 4.1: List of reflectances corresponding to the surfaces included
in the simulation model used at the first prototype in the daylight

laboratory at Fraunhofer ISE, in Freiburg
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4.3 Results

Evaluation for static blinds

In order to evaluate the ability of the simulation model to predict the daylight condi-
tions in the room, measurements were carried out for several days and for different
positions of the venetian blinds. Using the weather data collected during the mea-
surement days, the horizontal and the vertical illuminance at the sensor positions
on the work surface were simulated for the corresponding window configuration
and they were compared with the measured values. As explained in Chapter 2, the
controller does not address each sensor independently since the shade configuration
aims at improving the overall visual comfort in the room. Therefore, instead of com-
paring the values at each individual sensor, the average horizontal and maximum
vertical illuminance were used to better represent the optimisation factors.
Figure 4.3 shows the comparison between simulations and measurements for four
different configurations of the facade system: no solar control (blinds retracted),
fully closed blinds, and extended blinds at two intermediate tilted positions. Al-
though the actual measurements had a five second time-step, in the following graphs
they have been averaged over five minutes. To correspond to the averaged measure-
ments, the simulated values were calculated using measured horizontal global and
diffuse irradiance, also averaged over five minutes. The simulations were performed
for the time between 06:00 and 20:00 to cover all daylight hours in a day. A first look
at the graphic comparison between the measurements and the simulations reveals a
general agreement of the datasets and no large deviations occur.
Table 4.2 shows the Mean Bias Error (MBE), the Root Mean Square Error (RMSE)
and their relative values as well as the average values of each measurement over all
daylight hours. RMSE and MBE are commonly used in the daylighting literature in
order to evaluate the agreement between two data series. The RMSE provides in-
formation on the deviation between the data series and the MBE indicates to which
extend one data series tends to be larger or smaller than another. In this case, the
two statistical quantities are used to evaluate the errors between the simulated and
actual illuminance values.
According to Reinhart and Breton [53], the results of a simulation can be consid-
ered reliable if the MBErel remains below 15% and the RMSErel remains below 35%.
Based on this definition, the accuracy of the daylight calculations used in the con-
troller can be considered acceptable since the RMSErel remains below 25% for three
out of four cases and in no case exceeds 27%, while the largest calculated MBErel is
14%. At a more detailed analysis, the highest values of the RMSErel are observed for
the case of the fully tilt angles which can be also attributed to the overall lower illu-
minance values. The highest MBErel value is observed for the unshaded window on
a cloudy day in March. In this case, the daylight simulations appear to over-predict
both horizontal and vertical illuminance. However, since both positive and negative
MBErel values appear Table 4.2 no systematic error is observed.
For the case of fully tilted blinds, the mismatch between the measurements and the
simulations is more evident. Although the configuration was investigated over dif-
ferent days, both overcast and sunny, and small variations of one degree of the sim-
ulated tilt angle were tested to eliminate the possibility of positioning errors, there
was no apparent improvement. To explain these discrepancies different assump-
tions are made. To begin with, the edge effects of the venetian blinds might become
more prominent for large tilt angles significantly blocking the solar radiation. Ad-
ditionally, the error margin always existing between simulations and reality due to
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small irregularities of the actual material or geometry could lead to errors in large
tilt angles. Moreover, the tilting of the blinds is not in reality as uniform as in the
simulation model. Individual slats might be deviating from the defined tilt angle.
To verify this claim, the angle of a sample of 10 slats was measured after a fully tilt
angle was applied on the system and their average deviation from the prescribed
angle was found ±5◦. In the cases of direct sunlight on the facade, small errors in
positioning could allow direct radiation in the room and result to more noticeable
discrepancies.
In general, the overall agreement between simulations and measurements is satisfac-
tory leading to the conclusion that the simulation model is in fact able to replace the
illuminance sensors or luminance cameras which are normally necessary to predict
the visual conditions in the room.

Configuration MBE RMSE RMSErel MBErel Mean
(Illuminance) (lux) (lux) (%) (%) (lux)

Glazing -58.39 78.37 20 -14 355.74
(Horizontal)

Glazing -30.55 52.93 19 -8.4 332.97
(Vertical)

5◦ tilt -8 137.27 21.8 -1.3 633.36
(Horizontal)

5◦ tilt 52.21 154.41 24 8 693.86
(Vertical)

40◦ tilt -3.25 27.04 8 -1.5 210.40
(Horizontal)

40◦ tilt -15.80 31.54 9.7 7.3 233.23
(Vertical)

70◦ tilt -24.66 59.82 26 -10 214.00
(Horizontal)

70◦ tilt 10.10 57.88 27 4.8 219.22
(Vertical)

TABLE 4.2: Statistical errors for the comparison of simulated and
measured illuminance values over an entire day, for different win-

dow configurations
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIGURE 4.3: Comparison of simulations and measurements for a con-
stant window configuration in relation to the global horizontal illumi-
nance. (a) Average horizontal illuminance for uncovered window (25
March), (b) Maximum vertical illuminance for uncovered window (25
March), (c) Average horizontal illuminance for 5◦ tilt angle (14 June),
(d) Maximum vertical illuminance for 5◦ tilt angle (14 June), (e) Av-
erage horizontal illuminance for 40◦ tilt angle (1 April), (f) Maximum
vertical illuminance for 40◦ tilt angle (1 April), (g) Average horizontal
illuminance for fully tilt angle (18 June), (h) Maximum vertical illu-

minance for fully tilt angle (18 June)
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Evaluation for dynamically changing tilt angles

It has been shown already that the simulation model is able to satisfactorily predict
the daylight conditions in the room for slat positions that are static over time. How-
ever, during the dynamic operation of the controller the positioning of the shading
system relies only on the accuracy of the actuator since the received feedback func-
tions correctively for the initial position of the blind at the beginning of the following
time step. For the installed shading system, the adjustment of the height is very pre-
cise due to the use of the SMI motors; however, the tilting of the slats appears to
be influenced by the weight of the suspended system. For the same applied sig-
nal, the average actuated angle when the shades are fully extended has been found
to be up to 20% smaller than the average actuated tilt angle for half-way extended
shades. Such errors in the positioning of the blinds become more prominent in the
case of older shading systems and they affect the accuracy of the daylight simula-
tions. Although such positioning errors can be in general mitigated with the use of
newer and better calibrated shading systems, they cannot be entirely corrected and
they require a substantial effort to be included in the simulation model. However,
by tuning the fuzzy functions of the optimisation method accordingly, the influence
of systematic positioning errors can be reduced without a significant impact on the
controller’s operation.
In this section the dynamic performance of the controller is evaluated under the as-
sumption that the positioning of the venetian blinds might not be as accurate as in
the static case. For this purpose, the ongoing illuminance measurements were com-
pared with the simulated values that the controller anticipated after the setting of
the optimum shading configuration. The default set-points of the fuzzy functions
given in Chapter 2 were applied during the testing period.
In Figure 4.4, the comparison between measurements and simulations is presented
for five days of sunny weather in summer and for five sunny days in winter. The
days represented in the graphs are not consequent but are all within a short period
of time. This is done to exclude overcast days with low solar radiation when the
blinds remain retracted. The individual values calculated by the controller every 10
minutes in summer and 8 minutes in winter are represented by green dots while the
blue line represents the continuous illuminance measurements in the room. The con-
troller time-step was set to 8 minutes in winter due to the generally rapidly chang-
ing weather conditions. In summer, for continuously sunny weather conditions, a
slightly longer time-step was applied to reduce the disturbance of the frequent blind
movements.
As mentioned above, the controller was activated every few minutes and took cor-
rective measures when the calculated illuminance values in the room did not com-
ply with the visual comfort criteria. A visually comfortable situation, as defined
in Chapter 2, was achieved when both the horizontal and the vertical illuminance
values were found under the comfortable area of the corresponding membership
functions. Since a range of values for both vertical and horizontal illuminance could
fulfil the comfort condition, statistical errors such as MBE and RMSE were not con-
sidered relevant for the evaluation of the controllers operation. Instead, its main fo-
cus moved to the overall controller performance rather than the simulation accuracy.
To evaluate the controller performance, two aspects need to be investigated; to which
extend the positioning errors influence the the ability of the controller to estimate the
visual conditions in the room, and what is the actual visual comfort offered by the
controller. The first point is addressed by calculating the amount of time during
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which the simulated illuminance values are at the same comfort level as the corre-
sponding measurements. The second point is addressed by calculating the amount
of time when the controller fails to prevent glare or to provide sufficient daylight in
the room.
The fuzzy functions of the controller optimization correspond to the three areas sep-
arated by the red lines in each graph of Figure 4.4. The continuous red lines represent
the xV,uncomf in the case of maximum vertical illuminance and the xH,sp in the case of
the average horizontal illuminance. The dotted lines, in turn, represent the xH,comf

for the horizontal illuminance and the xV,sp for the vertical. The degree of comfort
declines as the horizontal illuminance values become smaller while the other way
round applies in the case of vertical illuminance.
In summer, the simulated values and the measurements of the horizontal illumi-
nance are found at the same comfort areas as defined by the fuzzy set-points at 88%
of the occupied time. The corresponding percentage for the vertical illuminance is
79%. In winter, the illuminance measurements are found at the same comfort area as
the simulated values at 78% of the occupied time in the case of the average horizontal
illuminance and at 80% in the case of the maximum vertical illuminance. By exam-
ining the overall performance, one can see that the measured vertical illuminance
remains within the acceptable limits for 98% of the controller actions in summer and
for over 80% in winter. Additionally, the daylight provision is satisfactory through-
out the entire day.
In the winter graphs, intense peaks at both the horizontal and the vertical illumi-
nance values occur in the middle of the day. These peaks correspond to the periods
when the user is absent and the controller retracts the blinds completely. As soon
as no occupant is detected in the room, the controller prioritises energy efficiency
and fully accepts the solar heat gains to reduce the heating demand. The opposite
case applies in summer when during the user’s absence the window remains fully
shaded to maintain the room cooler.
By closely examining the graphs corresponding to summer measurements, the reader
can observe a systematic under-prediction of both the horizontal and vertical illumi-
nance, mainly during the afternoon hours. By examining the data collected during
these days, it can be concluded that due to the elevated interior temperature, the
control algorithm, in an attempt to avoid overheating, lowers the blinds fully vary-
ing only the tilt angle. As previously mentioned, the extension height of the blind
can affect the applied tilt angle which tends to be smaller for fully extended blinds.
Therefore, the slats remain in reality less tilted than the controller assumes resulting
to a systematic under-prediction of the interior illuminance.
Another behaviour observed in the graphs for the winter measurements is that in the
afternoon, after the horizontal illuminance values decrease below comfort level, they
present an even increase for a short time. These values correspond to the automatic
response of the electric light which is switched on when the daylight is insufficient
and illuminates the room for the remaining work hours.
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(a)

(b)

(c)

(d)

FIGURE 4.4: Comparison between simulations and measurements for
dynamic movement of the Venetian blinds. The blue line represents
the measured illuminance values and the green dots represent the
simulated illuminance at every control action. The continuous red
lines represent the xV,uncomf in the case of maximum vertical illumi-
nance and xH,sp for the case of the average horizontal illuminance.
The dotted red lines represent xH,comf for the horizontal illuminance
and xV,sp for the vertical. (a) Average horizontal illuminance for five
days between September 7 and September 13, (b) Maximum vertical
illuminance for five days September 7 and September 13, (c) Average
horizontal illuminance for five days between November 29 and De-
cember 8, (b) Maximum vertical illuminance for five days between

November 29 and December 8
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4.4 Test of the adaptation function in laboratory settings

After evaluating the simulation model and the decision process of the system, the
adaptation function of the controller was tested in laboratory conditions. For the
needs of the testing, the results of the two possible interactions (opening or closing
the blinds) were tested separately under predefined and controlled scenarios. By
testing the two situations separately, the adaptation results are evaluated based on
the anticipated values. As it has already been explained in the algorithm descrip-
tion, user actions resulting to more open window configurations are perceived as at-
tempts to increase daylight in the room leading to increased horizontal and vertical
illuminance set-points. In this way, view out is also indirectly addressed. Under this
assumption, the two scenarios defined in order to simulate the effects of the users’
interactions with the system; hereafter referred to as user profiles, are summarized in
the following basic situations; need for additional daylight and glare sensitivity.
To simulate the user profiles, a researcher; hereafter referred to as a test user, oc-
cupied the room at normal office hours interacting with the system in a prescribed
manner according to the current illuminance measurements. Each user profile was
tested over a two-weeks period and each profile testing period started with the de-
fault controller values. During those periods the test user readjusted the venetian
blinds to adapt the visual conditions according to the tested profiles. The adaptation
of the electric light was also tested, without applying any specific profile.

User Profile 1: User sensitive to glare

According to the first scenario, a user with high sensitivity to glare is expected to
increase the window occlusion in order to create a more shaded environment. Fol-
lowing this principle, the test user tended to lower the blinds in order to reduce the
vertical illuminance without compromising the daylight in the room.
As the test user had access to the illuminance measurements taken in the measure-
ment room of the daylight laboratory at all times, the adaptation results could be
evaluated based on the visual conditions that the test user applied in the room. Un-
der this assumption, the test user took action as soon as the maximum vertical illu-
minance exceeded 2000 lux and adjusted the blinds in order to reduce the vertical
illuminance while maintaining the average horizontal illuminance above 500 lux.
As can be seen in Figure 4.5, the vertical illuminance set-point decreases slowly for
five days before saturating at 1300 lux. During the rest of the adaptation period,
small fluctuations of maximum 50 lux occur without any significant changes. The
weekends are not included in the graph since they do not contribute to the adap-
tation. The horizontal illuminance graph is not included since the set-point values
present no change throughout the entire period. This is a reasonable situation since
the controller did not identify any interaction as an attempt to receive additional
daylight and the test user preserved the horizontal illuminance levels above 500 lux.
The results of both adaptation profiles are summarised in Table 4.3 in comparison to
the initial fuzzy logic set-points.

User Profile 2: User requiring additional daylight

This scenario refers to a users who prefers to frequently open the blinds. Although
the controller cannot evaluate whether this action is taken in order to allow more
light or more view to the outside, the adaptation of the fuzzy function set-points to
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FIGURE 4.5: Adaptated xV,sp for a user sensitive to glare (User Profile:
1)

higher values is assumed to increase the uncovered window, addressing both situa-
tions.
In this case, the test user reacted by retracting the blinds as soon as the average hor-
izontal illuminance measured by the sensors of the test installation dropped below
1000 lux and the maximum vertical illuminance did not exceed the 3000 lux after
the adjustment. As before, the weekends were omitted from the graphs since no
adaptation took place during these days. The new set-points are also summarized
in Table 4.3. In Figures 4.6 and 4.7, the adapted values of both vertical and horizon-
tal illuminance are presented. In the case of the vertical illuminance, the set-point
increases slowly and after 5 days saturates at 3000 lux which is the highest value
allowed. The horizontal illuminance set-point also increases for 6 days before also
getting saturated at 1000 lux which is also the highest adaptation point possible.
The saturation at the highest set-points of horizontal and vertical illuminance is an
anticipated outcome for the case of a user who, in general, tends to retract the shades.
It must be noted that the upper limits applied on the adapted values are a necessary
restriction in order to avoid extreme scenarios and ensure visual comfort. For ex-
ample, the adaptation of the horizontal illuminance set-point to a very large value
would prevent the algorithm from realistically evaluating the visual comfort and
would result to situations of high glare in an attempt to increase the daylight in the
room to the desired levels.
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FIGURE 4.6: Adaptated xV,sp for user requiring more daylight (User
Profile :2)

FIGURE 4.7: Adaptated xH,sp for user requiring more daylight (User
Profile: 2)
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Variable Default Adapted Values Adapted Values
Value User Profile 1 User Profile 2

Vertical Illuminance xV,comf (lux) 0 0 0
xV,sp(lux) 2000 1359 3000
xV,uncomf (lux) 3000 3000 3000

Horizontal Illuminance xH,uncomf (lux) 0 0 0
xH,sp(lux) 500 500 1000
xH,comf (lux) 1000 1000 1000

TABLE 4.3: Adapted horizontal and vertical illuminance set-points
for the two user profiles. The Default values refer to the initial set-
points of the fuzzy functions of the controller and the Adapted val-
ues of the two user profiles refer to the set-points at the end of the

adaptation period.
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Electric light adaptation

As mentioned above, for the evaluation of the light adaptation no specific user pro-
file was used, as the adaptation process of the electric lights is not based on fuzzy
logic like in the case of the shades. The test user interacted freely with the system
to increase the switch on set-point and the required illuminance level. The adaptation
process for each of the two adjustable variables can be investigated in detail for each
individual interaction.
As before, the test user interacted with the system based on actual illuminance mea-
surements in the room. The default values used for the light control, as given in
Chapter 2, were; 100 lux for the switch-on point and 500 lux for the desired illuminance
level. It must be reminded that the desired illuminance level corresponds to the average
horizontal illuminance due to both natural and artificial light on the workplane.
For the evaluation of the dimming control, four adaptation days were examined for
a single user action per day. For each action, a detail account of all parameters is
presented. The four day pattern is summarized bellow:

• Day 1: The user switches on the lights before the controller takes action and
dims the lights to the level considered comfortable.

• Day 2: The lights are switched on automatically when the average horizontal
illuminance falls below the new set-point and some moments later the user
reacts to increase the dim level

• Day 3: Similar as Day 2

• Day 4: The user switches the lights on before the controller takes action and
adjusts them to the desirable level.

In Table 4.4 the adaptation for each day is represented by six different values;
two referring to the values the controller used at the specific day annotated with
current, the test-user actions annotated with user and the values after the adaptation
annotated with adapt. The values involved are presented in detail demonstrating
that although the user dimmed the lights to a high level, the controller adjusted
the set points in small steps. This is due to the fact that the system avoids to learn
random wishes that will potentially lead to unnecessarily high energy consumption

Switch-on Dim level Switch-on Dim level Switch-on Dim level
level (current) level (user) level (adapt)

(current) (lux) (user) (lux) (adapt) (lux)
(lux) (lux) (lux)

Day 1 100 500 193 1099 193 625
Day 2 193 625 - 1222 193 781
Day 3 193 781 - 1189 193 976
Day 4 193 976 414 1050 414 1000

TABLE 4.4: Artificial light adaptation. The first column refers to the
day of adaptation, the second and third column to the variables used
by the controller that day, the fourth and fifth column to the values
requested by the user and the two last columns refer to the adapted

values
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4.5 Evaluation of real office installation

In the previous section, the core elements of the controller such as the simulations
and the algorithm were evaluated in a laboratory environment. In the current sec-
tion, the results of the testing of the second prototype are presented. The second
installation was built in a real life office in order to evaluate the acceptance of users
unfamiliar to the control algorithm and to identify problems occurring during nor-
mal operation that hadn’t been identified at the testing period. Based on the assump-
tion that the simulations can predict the illuminance levels satisfactorily and due to
many similarities between the two installations, no illuminance measurements were
carried out. By not installing any illuminance sensors on the user’s working surface,
any further disturbance in the working environment was avoided.
The user input was received in both written form and through a series of short in-
terviews. Two questionnaires were filled out by the user; one at the beginning of the
testing period, to identify the problems the user was facing due to the previously
installed control system and to understand the user’s expectations of the prototype
controller, and one at the end of the testing period, to evaluate the overall system
performance. The interviews were carried out every two weeks in order to locate
mistakes or problems at the system, fine-tune the controller variables and ensure the
overall good function of the installation.
The testing of the second installation was carried out from May to October covering
the entire summer and early fall. By monitoring the system and the user interactions
with it, several conclusions about the performance of the controller could be drawn.
The frequency of the user’s interactions as well as the deviations from the system
defined configurations allowed an estimation of the user satisfaction. Frequent in-
teractions leading to radical shading position changes functioned as indicators of
function errors or system crashes. Finally, the adapted set-points of the horizontal
and vertical illuminance as well as the electric light were used to evaluate the adap-
tation process under real-life conditions and for a real-life user.
It must be noted that the office was only occasionally occupied by two people. For
this reason only the regular user contributed to the evaluation through question-
naires.

User questionnaire at the beginning of the testing

At the beginning of the testing period, the occupant of the second installation was
asked to describe his expectations of the newly installed controller and the problems
he faced with the existing centralised shading control. The user appeared rather
dissatisfied with the existing system due to delays in the system reactions which did
not always correspond to the current solar conditions. The reasons for the actions
of the system were not always clear to the user and the visual conditions were often
considered uncomfortable mainly due to poor glare control. On the other hand, the
daylight levels as well as the solar heat gain control were considered appropriate.
When asked about his expectations of the prototype system the user stated that he
expected more efficient glare protection as well as quick system reactions against
increasing solar radiation. The entire questionnaire is included in Appendix C.1.
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Error and problems arising during the testing period

The bugs and errors of the system were discovered through the user’s input pro-
vided through frequent discussions and by investigating the corresponding mon-
itoring data saved at the data logger. These problems can be mainly categorized
under; software bugs, hardware problems and tuning issues.
Although at the time the controller software had already been tested in the daylight
laboratory, some bugs mainly relevant to thermal comfort had gone unnoticed dur-
ing the testing period and became more prominent during the hot summer months
leading to issues related with the overheating prevention. These issues were identi-
fied when the controller failed to provide comfortable conditions and the monitored
system behaviour did not agree with the function principles of the controller.
Concerning the tuning of the controller variables, the time allocated between the
controller actions became an issue during the testing period. During the first weeks
of the installation the user stated that in the early morning of sunny days the 20-
minute time-step originally set between the controller’s actions was very long. That
would prevent the controller from sufficiently blocking the direct radiation between
the actions and as a result uncomfortable visual conditions occurred. A shorter pe-
riod of 10 minutes was tested for two more weeks without completely solving the
problem. After communication with the user, the controller reaction time was set
to 5 minutes for a testing period of three weeks. At the end of this period, the user
reported that although in the early morning the glare protection was indeed im-
proved, the disturbance due to such frequent movements during the rest of the day
was substantial. For lack of a better solution in the current time, a compromise was
reached when the time step was set to 8 minutes.
Hardware problems were observed since the second prototype installation had some
fundamental differences from the first one. These differences were a result of the var-
ious limitations imposed at the installation site, strongly connected to the already
existing components and to restrictions related to any invasive procedures in the
building. A number of changes made to the original set-up concerned the switches,
the position sensors and the location of the occupancy sensor. These changes led
to some malfunctions during the testing period. However, such issues were fairly
straightforward and easy to correct as soon as they were reported.
Finally, one of the major problems that compromised the function of the system was
the unstable internet connection that inhibited the timely reception of weather data
as well as the accessibility of the system remotely. This problem occurred at a fre-
quency of about once per week causing discomfort to the users and preventing the
controller’s smooth function, despite the fact that the communication between the
weather station and the controller was in general recovered quickly due to the easy
access to the installation site. The communications were improved during the last
weeks of testing by introducing an independent and more stable internet connec-
tion.
It is evident that the communication between the controller and any available source
of weather data is of the highest importance to the installation and requires exten-
sive planning to guarantee a reliable and quick connection.

User adaptation

As a significant amount of time during the second prototype testing period was
dedicated in beta-testing and fine-tuning of the system, it was not until the final
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weeks that the adaptation was tested. As in the case of the prototype, the testing
period addressed both the shading system and the electric light control. The default
set-points, as defined in Chapter 2, were also set as starting values for the controller;
however, the electric light adaptation concerned only the switch-on set-point since
the existing luminaires supported no light dimming.

Shade control

In the days of the adaptation period, the illuminance set-points were adjusted ac-
cording to the user preferences. By a closer look at the adapted values, it can be
inferred that the user’s behaviour matches better the profile of a user sensitive to
glare since the vertical illuminance set-point is eventually reduced with only some
minor fluctuations. More specifically, the vertical illuminance set-point decreases to
about 1400 lux and then after very small fluctuations increases to around 1600 lux
(Figure 4.8). The horizontal illuminance set-point also presents a gradual increase of
more than 100 lux due to these fluctuations (Figure 4.9).

FIGURE 4.8: Adapted xV,sp after a three week testing period of the
real office installation
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FIGURE 4.9: Adapted xH,sp after a three week testing period of the
real office installation

Light control

The adaptation of the switch-on set-point of the electric light was considered less suc-
cessful due to the following reasons. Since the controller’s reaction to the change
of occupancy status required a few seconds, the occupant did not allow the neces-
sary time for the system to react according to the switch-on set-point upon arrival at
the office very early in the morning. Instead, if the illuminance was low, he would
immediately switch on the light upon entering the room resulting to irregular adap-
tation values (Figure 4.10).
The real-life testing of the electric light control and its adaptation algorithm revealed
two weak points of the controller. To begin with, the long reaction time of the deci-
sion making and actualisation reduces the effectiveness of the controller especially
when the user enters the space at hours of low daylight. The second issue lies at
the adaptation process itself. As can be seen at the adapted values, the switch-on
set-point adapts directly to higher or lower values depending on the user’s action on
the previous day instead of adapting for only increasing illuminance values in order
to avoid irregular fluctuations.

Final user evaluation

At the end of the testing period the user was asked to fill out a second questionnaire
(Appendix C.2), similar with the first one but oriented exclusively to the evaluation
of the simulation-based control system. According to that, the user stated a general
satisfaction with the prototype controller which was considered an improvement
in relation to the previous centralized control system. The glare control was rather
satisfying; however, it was noted that further room for improvement existed con-
cerning the reaction time of the system. No big changes were observed concerning
the thermal comfort since no complaints were formed for the previous system ei-
ther. Finally, no comments were formed concerning the electric control, the function
of which went mainly unnoticed by the user.
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FIGURE 4.10: Adapted switch-on set point for the electric light after
three weeks of testing of the real office installation

4.6 Discussion

From the evaluation of the two prototypes certain conclusions can be drawn. To
begin with, the first indications suggest potential benefits due to the use of the con-
troller concerning both visual comfort and energy savings from the electric light
consumption. Additionally, the overall positive behaviour of the second prototype
supports the claim that the system can be actually combined with already installed
devices.
On the other hand, one must keep in mind that both prototypes were built for test-
ing purposes. First of all, certain flexibility in the amount of sensors installed for the
monitoring of the controller’s operation was allowed. Specifically, although the use
of position sensors allowed a very detailed understanding of the blind movement,
it also created the impression of a test facility. At commercial installations, a large
number of measurement devices can cause the discomfort of the user and eventually
lead to poor acceptance. However, the use of sensors should be considered during
the commissioning process for both modelling accuracy and error detection. In the
current study, the two installations shared many similarities, therefore the valida-
tion of the simulations was only carried out for the first prototype. Nevertheless, a
validation procedure could be established in future projects. The use of an industrial
type installation was also preferred for testing purposes; however, any future ver-
sion of the controller should be designed based on standard commercial components
to fully take advantage of any already installed components in office buildings and
reduce the communication time between the controller and the actuators. Finally, as
far as the user evaluation is concerned, it is evident that further system assessment
is necessary in order to acquire a clearer picture concerning the user acceptance and
improve the controller performance.
Some points of the controller require further investigation and several issues not
yet addressed are worth mentioned for future reference. The reaction time of the
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controller, currently set to specific time intervals, should be further investigated es-
pecially for hours of high risk depending on the facade orientation. Moreover, the
efficiency of the system concerning the reduction of energy consumption as well as
the energy consumption of the system itself, neither included in this thesis, should
be investigated. Finally, the development of a user interface could provide a sig-
nificant improvement in future testing installations since it would help the user to
accept the system easier and potentially provide real time feedback.
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Chapter 5

Case study: Energetic and comfort
potential

In the previous chapters, the controller was evaluated as to its algorithm and func-
tion. In this chapter, the performance of the controller is assessed as to its energy
saving and visual comfort potential through a number of annual simulations and
is compared with two common shade control strategies. Moreover, a sensitivity
analysis of the daylight simulations of the controller is presented to investigate the
influence of the exterior scene on the system’s performance.

5.1 The case study

The building model

The annual simulations were carried out on the Fener simulation platform for a deep
shoebox space with one external wall. A single window covered around 50% of the
facade and was positioned 0.9 meters over the floor. The shading device used was
the white venetian blind of the test installation described in Chapter 3 which could
move between 0◦ and 65◦ by angle steps of 5◦. Additionally, the lighting system
assumed was also modelled according to the system described in Chapter 3. A ren-
dering of the building is presented in Figure 5.1 and the input parameters of the
simulations are summarised in Table 5.1.
Two facade orientations were investigated, south and south-west. The annual weather
data used in the simulations was acquired from Meteonorm 7 and was based on
20-year measurements (from 1991 to 2010) for the area of Freiburg, Germany. The
occupancy of the room was defined as extended office hours from 08:00 to 18:00 and
from Monday to Friday. The default set-points of the fuzzy logic functions defined
in Chapter 2 were used for the simulation-based control.
The surroundings of the building varied according to the needs of the simulations.
For the comparison of the three systems, no obstructions were considered. Instead,
only the surrounding ground with an albedo of 0.2 was included. To examine the re-
sponse of the three systems to an obstruction near the building, an exterior construc-
tion was generated in front of the south-oriented facade. This construction served
as an obstructing building, a floor higher than the investigated office. The adjacent
building was located on the other side of a two lane street at a distance of 10 meters,
shifted 1 meter to the east in relation to the office’s west wall. Its walls were made
of grey concrete with a reflectance of 0.35 and no windows were included. The total
width of the building was 7.6 meters and its height was 6.5 meters in order to ap-
proximate an additional floor in relation to the room of the case study.
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To investigate the sensitivity of the controller simulations to changes of the sur-
roundings, a number of variations was applied at the scenery. Firstly, the effect of a
snow covered ground to the simulated illuminance was investigated by increasing
the ground albedo from 0.2 to 0.85. Furthermore, the influence of model inaccuracies
of the surroundings was assessed by comparing different variations of the obstruc-
tions’ size and material. These changes focused on three parameters; the obstruction
height, the distance between the obstruction and the building, and the obstruction
reflectance.

FIGURE 5.1: Illustration of the shoebox building used in the simula-
tions

Daylight and thermal simulations

For all daylight simulations two sensor grids were defined; one for the calculation of
the horizontal and one for the calculation of the vertical illuminance. The horizontal
illuminance was allocated 32 sensors, distributed evenly over the entire room at a
height of 0.8 meters over the floor and a distance of 0.5 meters from each wall. For
the vertical illuminance, six sensors divided in three pairs were defined at a height
of 1.2 meters over the floor. The sensor pairs were located in a row in the middle of
the room, at distances of 1, 1.5 and 2 meters away from the window, each facing at
opposite orientations parallel to it (Figure 5.2).
For the assessment of the annual cooling and heating energy demand, the thermal
model of Fener was used [39]. According to this model, a sensible heat balance at
the indoor air was solved. The heat balance was composed by the convective heat
flux from indoor surfaces, the convective fraction of the internal heat gains, and the
infiltration and ventilation sensible heat flux when the air was at the set-point tem-
perature. The energy balances of the internal and external surfaces were also solved
providing the boundary conditions of the conduction equation at every time step.
Additionally, the thermal calculations concerning the fenestration systems in Fener
were based on Directional Heat Gain Coefficients (DHGC), or directional g-values,
and on BSDF to better describe the thermal impact of the three dimensional struc-
tures such as venetian blinds [54].
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FIGURE 5.2: Sensor positions inside the shoebox geometry. The red
dots correspond to the position of the horizontal illuminance sensors,
0.8 m over the floor. The green dots correspond to the positions of
the vertical illuminance sensors. The arrows on the front vertical and
horizontal illuminance sensors are indicative of the view directions of

all corresponding measurements.

For the calculation of the lighting energy demand, according to the occupancy sched-
ule mentioned above, the electric light dimming curve of Chapter 3 was used. In the
case of the simulation-based control, the light was activated based on the average
horizontal illuminance in the room. For the light control used with two other sys-
tems, the readings of an illuminance sensor at the centre of the room were used
instead. For all three systems, the switch-on set point coincided with the required
dim level and was set to 500 lux in order to fulfil the EN-12464-1 standard [17]. Both
electric light controls allowed for a continuous dimming in order to adjust the light
output. It must be noted that, according to the light dimming Equation (eq. 3.1), for
an illuminance output of 500 lux the electric light did not function to its full power.
The two solar control strategies compared with the simulation-based control are the
solar-tracking (or cut-off) strategy (see 5.2.1) and the radiation on the facade control
strategy (see 5.2.2). Both systems took the occupation status of the room into account
and reacted to accept or reject solar heat gains when the room was unoccupied based
on the season to decrease the total energy demand for heating and cooling. Addi-
tionally, two different sets of heating and cooling set-points have been assigned; one
for the working hours and one for the no-occupancy time.
The time step of all simulations was set to one hour.
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Room width (interior) 3.6 m
Room length (interior) 8.05 m
Room height (interior) 2.8 m
Sky view factor 0.5
Ground albedo 0.2
Wall reflectance 0.5
Ceiling reflectance 0.7
Floor reflectance 0.2
Worktime schedule 8-18 LT
Infiltration/ventilation 0.5 ACH
Equipment heat gain 8.0 W m−2 (worktime)
Occupation 1 person (worktime)
People radiant fraction 0.5
Sensible activity level 63.72 W person−1

Light installed power 10.1 W m−2

Light radiant fraction 0.72
Illuminance set-point 500 lux
Heating thermostat set-point 20 C◦ (worktime)

15 C◦ (rest)
(according to DIN 18599)
Cooling thermostat set-point 26 C◦ (worktime)

30 C◦ (rest)
(according to DIN 18599)
Opaque surface construction Exterior finish (1 cm)

λ = 0.25Wm−1 K−1

Insulation (5cm)
λ = 0.03Wm−1 K−1

Massive material (8 cm)
λ = 2.3Wm−1 K−1

ρc = 2.3 e6 J m−3 K−1

Interior finish (1cm)
λ = 0.25Wm−1 K−1

Window dimentions 3.6 m x 1.95 m
Window U-value 1.1 W m−2 K−1

Window SHGC (without shading device) 0.29
Window visible transmittance (without 0.54
shading device)
Shading device External white Venetian blinds

Width of the slats:
80 mm
Distance between the slats:
72 mm
Reflectance:
0.8

TABLE 5.1: Input parameters for the annual simulations
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5.2 Reference systems

Cut-off control

During occupation time, the cut-off control system extended the venetian blinds
over the entire window and tilted the slats to an angle which was re-calculated at
every time step according to the solar altitude, azimuth and building orientation
in order to block the direct solar radiation (see Appendix A). The system benefit in
this case was that the blinds only blocked the direct radiation component, which is
mainly responsible for glare and overheating, while it allowed the diffuse radiation
to increase the daylight in the room.
To avoid high shading configurations that would penalise daylight in the room, the
system recognised overcast conditions by the global horizontal irradiance values
and adjusted its operation accordingly. That would simulate a situation where a
pyranometer was installed at the roof of the building. The irradiance threshold was
set to 200 W/m2 and the values were extracted directly from the weather file to be
used as a weather indication, independently from the building orientation. Under
the assumption that the average solar radiation on a summer mid-day in Germany
is 1000 W/m2, the threshold of 200 W/m2 has been prescribed to address overcast
days in summer and in winter.
If such a controller is combined with venetian blind systems that allow the slats to
rotate around 180◦, the solar-tracking algorithm can also address the negative cal-
culated cut-off angles improving the visual conditions further. Different variations
of the solar-tracking control are available in the market; however, little information
concerning the source code of commercial control algorithms is available. For this
reason, a simple version was used instead combined with a very common venetian
blind system which allowed the slats to move from 0◦ to 65 ◦ with a tilt angle step of
5 ◦. In the case of negative cut-off angles, the slats were set to the horizontal position
serving as the closest tilt angle available.
As commercial systems offer the option to program predefined reactions to speci-
fied situations, seasonal variations are possible in the control systems often sepa-
rated into two seasons; heating and cooling. The switching between the two modes
is commonly applied manually based on the user’s perception of the seasons. Since
such an experiential response is difficult to simulate, the average 24-hour external
temperature was used as an indicator of the season and the set-point was set to 18
◦C, as explained in Chapter 2. For the winter period the shading device was fully
retracted to accept all the available solar heat gains; whereas, for the summer period
the window remained fully covered during the entire day for the opposite reason.

Direct radiation control

The direct radiation control was structured as an on-off system that fully extended
the shading device when the total solar irradiance on the window exceeded 150
W/m2, leaving the window uncovered the rest of the time. The threshold of 150
W/m2 has been defined according to previous studies such as the work of Wienold
[48].
Although such strategies tend to significantly block the view contact to the outside
and to often penalise the daylight admission due to the drastic movements of the
system, they are widely used commercially as they only require a single sensor on
the facade and they prevent glare effectively. Depending on the system, the tilt angle
of the activated venetian blinds might vary. In the current case study, the extreme
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case of totally closed blinds was chosen to demonstrate a scenario of high glare pro-
tection and reduced daylight. As in the case of the cut-off control, the direct radia-
tion control was only applied when the room was occupied and for the rest of the
time the blinds remained extended or retracted according to the season as explained
above.

Behaviour of the compared systems for unoccupied room

To provide a clear overview for the comparison of all three systems for the case of no
occupancy, the conditions and reactions of each system are summarised in a concise
matrix in Table 5.2.

Case Occup. Day. Temp. out. Temp. out. Indoor air Pos.
>18 ◦C <8 ◦C temp.

Controller 1 0 0 1 0 Any Open
Controller 2 0 0 0 1 Any Closed
Controller 3 0 0 0 0 >25◦C Open
Controller 4 0 0 0 0 <25◦C Closed
Controller 5 0 1 1 0 Any Closed
Controller 6 0 1 0 1 Any Open
Controller 7 0 1 0 0 >25◦C Closed
Controller 8 0 0 0 0 <25◦C Open

Cut-off control 1 0 0 1 - Any Closed
Cut-off control 2 0 0 0 - Any Open

Radiation control 1 0 0 1 - Any Closed
Radiation control 2 0 0 0 - Any Open

TABLE 5.2: Decision matrix for an unoccupied room for the simu-
lation based control (Controller), the Cut-off control and the Radia-
tion control. The first column indicates a numbered situations un-
der a specific control strategy, the second column refers to the occu-
pancy status of the room, the third column to whether it is daytime
or not, the fourth and fifth to the average 24-hour outdoor tempera-
ture which when higher than 18 ◦C corresponds to the summer and
when lower than 8 ◦C to winter, the sixth column refers to the current
indoor air temperature and the last column refers to the position of
the blinds. From columns 2 to 5, the indication 0 corresponds to NOT
TRUE situations, the indication 1 corresponds to TRUE situations and
the indication - means that the option in question is irrelevant. The
indications in the sixth column refer to the indoor temperatures and
the indications Open and Closed in the last column refer to fully open

or fully closed venetian blinds at the entire window surface.

5.3 Simulation results

In the comparison of the three control systems the visual comfort is evaluated through
two criteria; daylight admission and glare protection. The daylight admission in the
room is expressed by the Daylight Autonomy (DA). DA refers to the spatial distri-
bution of the annual percentage of daylight that exceeds 300 lux during occupied
time. Three different values of DA are calculated; the maximum value, referring to
the front of the room which is closest to the window, the minimum value, referring
to the back of the room and the average value referring to the distribution over the
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entire room.
The glare protection, expressed by the simplified DGP (DGPs), is investigated over
the entire year calculated at every time step of the simulation. The DGPs is intro-
duced for the presentation of this case study due to its dependence on the maximum
vertical illuminance at eye level and at the computer screen which is used by the
simulation-based control. Its purpose is to offer a comprehensible means of com-
parison for the three different scenarios, although it is not used within the actual
control algorithm. The DGPs can be used instead of the full DGP in the case of vene-
tian blinds since their agreement is good and their RMSErel is 8% [48]. To better
interpret the DGPs values during occupation hours in the room, two important val-
ues are calculated; the 95 percentile, referring to the value below which the DGPs
remains during 95% of the time and the total time in a year during which the DGPs
exceeds 0.45 indicating high probability of disturbing glare [55].
By examining the estimated DA values (Table 5.3), the controller exhibits the high-
est maximum DA value in comparison to all three systems at both orientations due
to its ability to control the height to which the shading device is extended. By al-
lowing the lowest window area to remain uncovered, the light contribution at the
area of the room closest to the window is higher in the case of the controller. As
far as the south-west orientation is concerned, the mean DA of the cut-off control
outperforms the controller by 8% absolute difference and the radiation control by
11%. The minimum DA referring to the back of the room remains below 10% for all
three cases with very similar values for the controller and the radiation control while
the corresponding value for the cut-off control is roughly double in relation to the
other two systems. At the south orientation, the DA values of the simulation-based
control and the cut-off control present only small deviations from one another with
the cut-off control exhibiting slightly higher values. Both systems appear to perform
significantly better than the radiation control.
The evaluation of the annual glare levels in the room requires a more careful inves-
tigation since the results might be highly divergent depending on the investigated
sensor position and view direction. Although for both orientations a quick overview
of all the sensor positions is included, the temporal map and the presented results
concern only the sensor position which is most affected by glare. This sensor cor-
responds to the position of maximum vertical illuminance used in the controller
algorithm.
In the case of the south-west orientation, five out of six sensors present low glare
within the acceptable levels. No hours of DGPs higher than 0.45 are observed and
the 95 percentile of annual DGPs remains bellow 0.35 for all three systems. However,
the sensor located at a distance of 2 meters away from the window, with a view direc-
tion parallel to the window and towards south-east appears to be highly affected by
glare leading to very different results. By closer investigation of this particular posi-
tion, the controller performs better than the other two systems with a 95 percentile
of 0.36 and no hours of disturbing glare. The radiation control performs slightly
worse with a 95 percentile of 0.41 and 65 hours annually when the DGPs exceeds
0.45 corresponding to 3% of the total occupied time. Finally, the performance of the
cut-off control for the south-west orientation is rather lower with a 95 percentile of
0.59 and the percentage of occupied hours when disturbing glare occurs for the spe-
cific illuminance sensor being 25% of the total time. For the south orientation, the
glare levels are lower for all three systems with lower 95 percentile values and sig-
nificantly less hours of disturbing glare. The sensor most affected by glare is in this
case located one meter away from the window and has a view direction parallel to
the window, towards east. The lowest 95 percentile value is observed for the case
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of the radiation control with a value of 0.26 and no hours of disturbing glare while
the controller follows with also no hours of disturbing glare and a 95 percentile of
0.30, remaining within the visual comfort standards. For the cut-off control, the cor-
responding value is 0.32 and only 3 hours of disturbing glare is anticipated annually
(Table 5.4). By carefully examining these results, the correlation between the DGPs
values and the previously reported DA values is evident; with a positive relation-
ship observed between improved daylight in the room and increased glare levels.

Simulation-based control Cut-off control Radiation control
DAmax(SW ) 88.7% 84.6% 86.8%
DAmean(SW ) 36.0% 43.07% 32.1%
DAmin(SW ) 3.2% 7.0% 3.6%
DAmax(S) 87.8% 87.5% 86.9%
DAmean(S) 44.0% 46.9% 29.9%
DAmin(S) 2.8% 6.1% 5.9%

TABLE 5.3: DA results for the three compared control systems:
simulation-based control, cut-off control, radiation control, for south

and south-west orientation

Simulation-based control Cut-off control Radiation control
DGPs95percentile(SW ) 0.36 0.59 0.41
DGPs > 0.45 (hours/year) (SW) 0 664 65
DGPs95percentile(S) 0.30 0.32 0.26
DGPs > 0.45 (hours/year) (S) 0 3 0

TABLE 5.4: DGP results for three compared control systems:
simulation-based control, cut-off control, radiation control, for south

and south-west orientation
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(a) (b)

(c) (d)

(e) (f)

FIGURE 5.3: Temporal map of DGPs. (a) Simulation-based control
(South-west orientation), (b) Simulation-based control (South orienta-
tion)), (c) Cut-off control (South-west orientation), (d) Cut-off control
(South orientation),(e) Direct radiation control (South-west orienta-

tion), (f) Direct radiation control (South orientation)

In terms of the annual energy demand, it is evident that the controller performs
better than the other two systems regardless of the building orientation (Figure 5.4).
In general, at the south orientation the total energy demand appears reduced for all
three systems over the south-west orientation. More specifically, at the south-west
orientation the simulation-based control presents a total energy demand 10% lower
than the cut-off control and 13% lower than the radiation control while the corre-
sponding values for the south orientation are 17% and 24%. By looking at the two
orientations in more detail the reader can observe that, despite the similar values
of the three systems, the heating energy demand for the south-west orientation is
slightly higher for the case of the simulation-based control. This is a result of the
reduced admission of solar radiation in order to improve the glare protection in the
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room. This increase in heating energy demand is compensated by a substantial re-
duction of the cooling energy demand in comparison to the other two systems. This
reduction of the cooling energy demand for the controller depends strongly on the
cooling activated during the no-occupancy period, combined with the selective re-
jection of solar heat gains in the mid-season.
The radiation control follows second and the cut-off control exhibits the highest cool-
ing energy demand. Finally, the lighting energy demand presents only a minor dif-
ference between the controller and the cut-off control and a roughly 35% reduction
over the radiation control. At the south orientation, the energy demand of the three
systems follow a very similar distribution over heating, cooling and lighting energy,
with the controller outperforming the other two systems. The energy demand val-
ues are summarised in Table 5.5.
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FIGURE 5.4: Energy demand comparison for the three control sys-
tems. (up) South-west orientation, (down) South orientation

As far as the view out is concerned, the calculated window occlusion is used for
lack of a better expression. The window occlusion is the percentage of the geometri-
cally calculated projection of the blinds on the window over the entire window area
as given in Equation 5.1; where A refers to the covered area, θ refers to the tilt angle
of the blind, xslat refers to the width of the slat, N refers to the number of released
slats and hwindow refers to the total height of the window.

occlusion =

N∑
i
xslat · sin(θi)

hwindow
(5.1)

For the visual representation of the comparison, six temporal maps for the entire
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Simulation-based control Cut-off control Radiation control
South-west orientation
Heating (kW m−2year−1) 10.8 10.1 10.3
Cooling (kW m−2year−1) 7.5 10.7 8.8
Lighting (kW m−2year−1) 4.9 5.0 7.6
Total 23.2 25.8 26.7
South orientation
Heating (kW m−2year−1) 9.6 9.5 9.8
Cooling (kW m−2year−1) 7.5 10.0 8.1
Lighting (kW m−2year−1) 2.4 4.1 7.8
Total 19.5 23.6 25.7

TABLE 5.5: Energy demand for three compared control systems

year are included, one for each system and orientation, illustrating the geometri-
cally calculated occlusion percentage of the window and taking into account the
height and tilt angle of the blinds (Figure 5.5). To illustrate the behaviour of the
control systems during the occupied hours more clearly, the occlusion percentages
during no-occupancy periods are not taken into account in these graphs. For fur-
ther interpretation, the mean occlusion percentages were calculated for all the oc-
cupied hours in a year and were narrowed down further for two seasons, summer
(May-September) and winter (October-April) and for the morning and afternoon
working hours at each season. In this way, the behaviour of the two systems can
be investigated under different insolation conditions. All the calculated values are
summarised in Table 5.6.
For the south-west orientation, as expected by the results referring to the DA and
the glare control, the mean annual occlusion for the controller appears to be higher
than the cut-off control by an absolute difference of 15% and lower than the radia-
tion control by 6%. Through a closer examination of the calculated values of win-
dow occlusion, the simulation-based control appears to cover in general a slightly
larger window aperture in relation to the cut-off control systems. The radiation con-
trol presents the highest occlusion of all three cases. The differences between the
simulation-based and the cut-off control become especially prominent during the
afternoon hours for both the winter and the summer months when the occlusion
due to the cut-off control is very low as one can also observe in Figure 5.4. During
the afternoon hours, the average covered window aperture due to radiation con-
trol remains above 50% in both winter and summer months; exceeding the other
two systems at all times. The average window occlusion is rather even for all three
systems during the morning hours in the winter with absolute differences within a
10% range. Finally, one can observe that during the morning hours in summer the
lowest average occlusion corresponds to the radiation control without significant
deviations from the other two systems.
Looking at the south orientation, the average uncovered window apertures for the
case of the controller and the cut-off control present only minor absolute differences
of 1-2% and slightly more (6% absolute difference) during the morning hours in the
summer months, with the cut-off control always presenting slightly lower values.
On the other hand, the radiation control presents at all times throughout the year
a substantially higher average window occlusion than the other two systems, espe-
cially in the case of the summer months.
To address the feature of the controller to vary the extension length of the shading
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system, the average uncovered aperture at the lower part of the window at both ori-
entations does not exceed 10% corresponding to an area of about 0.3 meters height.
Since the window is located at less than one meter over the floor, the uncovered
lower part of the window is positioned around the eye level of the user and there-
fore contributes only to the small degree at the unobstructed visual contact to the
outside.

Simulation-based control Cut-off control Radiation control
South-west orientation

Average annual occlusion 42% 27% 48%

Average winter occlusion 33% 23% 40%

Average winter height 90% 100% 100%
occlusion
Average winter occlusion 24% 20% 30%
(morning)
Average winter occlusion 42% 26% 50%
(afternoon)
Average summer occlusion 56% 33% 60%

Average summer height 93% 100% 100%
occlusion
Average summer occlusion 51% 49% 44%
(morning)
Average summer occlusion 61% 17% 75%
(afternoon)

South orientation
Average annual occlusion 20% 19% 56%

Average winter occlusion 22% 21% 54%

Average winter height 82% 100% 100%
occlusion
Average winter occlusion 22% 21% 49%
(morning)
Average winter occlusion 23% 21% 44%
(afternoon)
Average summer occlusion 17% 14% 68%

Average summer height 89% 100% 100%
occlusion
Average summer occlusion 17% 11% 78%
(morning)
Average summer occlusion 16% 17% 59%
(afternoon)

TABLE 5.6: Geometrically calculated percentage of window occlusion
during occupation hours for the simulation-based control, the cut-off

control and the radiation control
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(a) (b)

(c) (d)

(e) (f)

FIGURE 5.5: Average window occlusion. (a) Simulation-based control
(South-west orientation), (b) Simulation-based control (South orien-
tation),(c) Cut-off control (South-west orientation), (d) Cut-off control
(South orientation),(e) Radiation control (South-west orientation), (f)
Radiation control (South orientation). The occlusion percentages dur-
ing no-occupancy periods are not taken into account in these graphs.

Finally, the performance of the three systems in the presence of an obstruction
at the area adjacent to the south-oriented building is compared in a similar manner.
As expected, the average annual occlusion due to the simulation-based control de-
creases by 4% absolute difference by including the building surroundings in the sim-
ulation model. The radiation control also presents a very similar reduction since its
function depends on the values of the total irradiance on the facade which accounts
for changes in the building surroundings. On the other hand, the cut-off control’s
reactions remain unaltered since the tilt angle applied by the system depends only
on the solar position.
Although no significant changes are observed in the glare conditions of the room for
any of the three systems, the DA presents a higher reduction for the cut-off control
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Simulation-based control Cut-off control Radiation control
Average annual occlusion 16% 19% 52%
Maximum DA 87.8% 87.2% 85.2%
Mean DA 38.7% 38% 26.6%
Minimum DA 0.2% 0.2% 0.2%
Heating energy demand 10.7 10.6 10.5
(kW m−2year−1)
Cooling energy demand 7.0 9.2 7.9
(kW m−2year−1)
Lighting energy demand 2.7 5.1 8.5
(kW m−2year−1)
Total 20.4 24.9 26.9

TABLE 5.7: Summarized performance results for the simulation-
based control, the cut-off control and the radiation control, at south

orientation with the addition of an obstructing building.

in comparison to the corresponding effects of the simulation-based control and the
radiation control. Despite the fact that only minimal changes occur in the maximum
DA of all three systems, as far as the mean DA is concerned, a reduction of about 9%
is observed for the cut-off control; whereas the corresponding reduction for the other
two systems is calculated to around 5% for the simulation-based control and 3% for
the radiation control. Finally, no useful conclusions can be drawn for the minimum
DA value since a strong reduction is observed for all three systems, whose value
falls below 1%.
As far as the energy demand is concerned, the results are quite similar for all three
systems. A small increase of the total energy demand is observed and the controller
outperforms the other two systems, like in the previous cases. At a closer look, the
total energy demand increase corresponds to a small increase of the heating energy
demand, a reduction of the cooling energy demand and another small increase of
the lighting energy demand. The results for the three systems under comparison are
summarised in Table 5.7.
Based on this comparison, it can be inferred that by including the building surround-
ings within the simulation model of the controller the visual comfort is improved
not only by maintaining the daylight levels in the room higher but also by avoid-
ing unnecessary window occlusion. These visual comfort benefits of the controller
can eventually lead to an improvement of the user acceptance in comparison to sys-
tems such as the ones described. Finally, regarding the comparison of the energy
demand for the three systems, the changes occurring, although in agreement with
the reduced radiation reaching the building, do not reveal any additional advantage
of the controller over the other two systems that can be specifically attributed to the
implementation of the building surroundings in the simulation model. However, it
is reasonable to assume that in cases of large scale installations the energetic effects
due to the implementation of the simulation-based control could potentially sum up
leading to more prominent differences.



5.4. Sensitivity of the simulation to the building surroundings 77

5.4 Sensitivity of the simulation to the building surround-
ings

The assessment of the influence that the different parameters describing the sur-
roundings of the model geometry have on the daylight simulations is necessary
to identify the controller’s susceptibility to commissioning errors or unexpected
changes of scenery. The parameters investigated within this work are; the ground
albedo, the distance between an obstruction and the facade, the height and the ma-
terial reflectance of the obstruction. The effect of the changes in the height and the
reflectance is further investigated in relation to the obstruction’s distance from the
simulated building. The building model used was the south-oriented geometry with
the model parameters of Table 5.1 and the corresponding vertical and horizontal il-
luminance sensor grid described in the previous section. No shade control was used
in the simulations to directly evaluate the effect of the investigated parameters.
In the case of the ground reflectance, no obstruction was included in the simulation.
The reference value of 0.2 corresponding to the average ground albedo at a residen-
tial area was compared with the case of the ground being covered with fresh snow,
corresponding to an albedo value of 0.85. In the remaining cases, a construction di-
rectly in front of the building’s facade, very similar to the one used in the previous
section, was included in the simulation model. The construction represented an ob-
structing building, longer and a floor higher than the simulation building, with no
windows included. Two reference cases, denominated Reference A and Reference
B, were defined to address the different comparison scenarios of an obstruction at
10 and at 5 meters from the building’s facade respectively. Reference A construction
was used to evaluate the effect of a variable distance between the facade and the
obstruction and for the comparison of variable obstruction heights and reflectances.
Reference B was used to further examine the correlation of the effects of the obstruc-
tion’s height and reflectance with its distance from the facade. The parameters of
the reference obstructions are included in Table 5.8. In Table 5.9 the different cases
under investigation are summarized.
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Reference A Reference B
Floor Dimentions 8.5 m x 7 m 8.5 m x 7 m
Height 6.5 m 6.5 m
Reflectance 0.35 0.35 m
Distance from the building 10 m 5 m

TABLE 5.8: Parameters of the reference constructions obstructing the
south facade.

Parameter Value
Distance from • 8 m
the building • 12 m

Height • 4.5 m
• 8.5 m

Reflectance • 0.5
• 0.65

TABLE 5.9: Parameter variations of the construction obstructing the
south facade.

To evaluate the effect that the parameters describing the obstruction have on the
controller’s daylight simulation, the horizontal and the vertical illuminance of each
case was calculated. As before, the average horizontal and the maximum vertical
illuminance were used instead of the values from individual illuminance sensors to
better represent the controller operation. Their deviations from the reference case
are expressed in terms of RMSErel and MBErel which are summarised in Table 5.10
for the case of variable ground albedo and in Table 5.11 for the cases where an ob-
struction is included in the simulation model. The results in Table 5.10 correspond to
a sunny day in the beginning of February, while the results in Table 5.11 correspond
to sunny day in late May.
Upon close examination of the results concerning the ground albedo, a substantial
increase is observed in both the average horizontal and the maximum vertical il-
luminance. As the RMSErel and MBErel values indicate, the snow coverage of the
building surroundings can result to an increase of almost 15% of the calculated ver-
tical illuminance in the room and an even higher value of the average horizontal il-
luminance. Although situations of such intensity are normally limited to a few days
per year, depending on the climate, the impact of the ground albedo on the daylight
simulations must be taken into consideration during the commissioning process.
In the presence of an obstruction in front of the facade, small changes in the mod-
elling parameters seem to also have a strong influence on the daylight simulations.
To begin with, by reducing the distance between the obstruction and the facade by
two meters, a reduction of over 18% is observed in the calculated illuminances. On
the other hand, by increasing the distance of the reference case by the same interval
the observed illuminance is increased at a lower rate, by 13% for the horizontal il-
luminance and slightly over 10% for the vertical. The obstruction height appears to
have the strongest influence on the daylight simulations. By reducing the obstruc-
tion height by two meters, the impact on the horizontal illuminance is substantially
higher than on the vertical illuminance. Additionally, no strong correlation between
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the effect of the obstruction height and the distance between the facade and the ob-
struction is observed. When increasing the obstruction height by two meters, the
effect on the illuminance values is significantly lower; however, the average horizon-
tal illuminance presents a larger reduction than the maximum vertical illuminance.
As before, no correlation with the distance of the obstruction from the building is
observed.
The calculated illuminances appear to increase with the material reflectance, al-
though its impact is smaller than the impact of the geometrical characteristics. How-
ever, a strong relation with the distance from the obstruction is observed. More
specifically, a 15% increase of the reflectance in absolute value results to a three times
higher increase of the calculated illuminance when the distance between the obstruc-
tion and the facade is reduced to half. It must be noted that the investigated material
was assumed to be a Lambertian diffuser and no specularity was taken into account.

Horizontal Illuminance Vertical Illuminance
RMSErel 16.9 % 14.7 %
MBErel -10.6 % -9%

TABLE 5.10: Statistical difference of the average horizontal and the
maximum vertical illuminances for a ground albedo of 0.2 and a

ground albedo of 0.85.

Horizontal Illuminance Vertical Illuminance
Parameter Reference case RMSErel MBErel RMSErel MBErel
Distance (8 m) Reference A 18.5% 20.5% 18.9% 18.3%
Distance (12 m) Reference A 13.0% -15.8% 10.4% -10.8%
Height (4.5 m) & Reference A 25.3% -33.4% 14.9% -15.5%
Distance (10 m)
Height (4.5 m) & Reference B 28.5% -32.1% 10.9% -9.9%
Distance (5 m)
Height (8.5 m) & Reference A 14.8% 16.9% 4.7% 4.4%
Distance (10 m)
Height (8.5 m) & Reference B 14,6% 15,3% 3.7% 3.8%
Distance (5 m)
Reflectance (0.5) & Reference A 1.9% -1.5% 1.1% -0.8%
Distance (10 m)
Reflectance (0.5) & Reference B 6.4% -5.5% 2.2% -1.9%
Distance (5 m)
Reflectance (0.65) & Reference A 3.6% -2.6% 1.2% -0.7%
Distance (10 m)
Reflectance (0.65) & Reference B 12.1% -10.6% 4.8% -4.0%
Distance (5 m)

TABLE 5.11: Statistical differences of the average horizontal illumi-
nances and the maximum vertical illuminances between the reference
cases and cases where one model parameter has been changed. The
variable parameter is given in the first column and the reference case

for the specific comparison is defined in the second one.
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5.5 Discussion

Looking at the comparison of the simulation-based control with the other two ref-
erence systems, it can be concluded that significant benefits are to be expected by
its implementation regarding both the visual comfort and the building energy per-
formance. It must be noted that the versions of the two reference systems used for
the comparison are not very elaborated but are representative of older control sys-
tems that are commonly found in commercial buildings. The set-points defined for
the operation of both reference systems in the case study were selected according to
literature references; however, their exact impact on the performance of the corre-
sponding systems was not further investigated within this work.
The performance of the controller appeared slightly lower in comparison to the cut-
off control when the aspects of daylight and window occlusion were independently
examined but exceeded the performance of the radiation control in both situations.
The controller performed substantially better than the cut-off control regarding glare
protection despite the tilt angle limitations (no negative angles) of the assumed vene-
tian blind system. Additionally, the overall energy demand in the case of the con-
troller presented a substantial reduction over the two reference systems at both ori-
entations. At large, each aspect presented a promising performance with daylight
admission remaining within the standards of commonly used shading controls, re-
liable glare protection and energy efficiency. Another benefit of the controller was
its ability to maintain its high performance independently of the obstructions sur-
rounding the installation site. That was achieved by including them in the simu-
lation model to adjust the controller operation accordingly, without unnecessarily
penalising the energy demand and daylighting of the space.
By examining the effect that different modelling parameters of the building sur-
roundings have on the controller’s simulations, the geometrical characteristics of
the nearby obstructions were found to have the strongest influence. The impact of
the obstruction’s optical properties was increased with their proximity to the build-
ing facade. Additionally, radical changes in the ground albedo were found to also
have a strong impact on the simulated illuminance in the room. This analysis was
carried out by assuming no specular reflections in the surroundings that could even-
tually compromise the controller operation. A closer look at the results suggests that
the average horizontal illuminance tended to be more susceptible to changes in the
building surroundings. It is worth noting that although the values of individual il-
luminance sensors might present larger deviations, only the average horizontal and
maximum vertical illuminances are relevant for the controller. Additionally, small
deviations as an effect of model inaccuracies can be mitigated with the use of the
fuzzy logic optimisation.
Closing, the simulation-based comparison can only offer a rough estimation of the
performance of the three systems. Despite the uncertainty related to simulation
models that leads to rather unrealistic comparison results (due to the assumption
of ideal conditions and perfectly operating systems), it can be still assumed that the
real-life performance of the developed system remains promising. It is therefore
reasonable to conclude that the controller concept can not only enhance energy ef-
ficiency but also improve the visual conditions with minimum disturbance to the
working space due to the reduced use of sensors for the visual conditions.
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Chapter 6

Theoretical basis and evaluation of
the developed glare control

According to the control algorithm description in Chapter 2, the glare protection is
designed based on two aspects; the prevention of direct radiation on the work sur-
face and the control of the vertical illuminance values on the computer screen and
at the eyes of the observer. The developed method is inspired by the DGPs which
strongly depends on the vertical illuminance (EV ) at the eye level. In order to inves-
tigate the reliability and the limitations of this glare control method, the DGPs was
calculated over an entire year and the results during occupation hours were com-
pared with the calculated Enhanced simplified DGP. The comparison was carried
out for two shading systems; the simple white, aluminum venetian blind used in
Chapter 5 and a grey, perforated venetian blind system.

6.1 Theoretical background

The Simplified DGP and the Enhanced simplified DGP

According to the definition by Wienold and Christoffersen [55], the DGP function
consists of two terms; one referring to the vertical eye illuminance (Term 1) and the
other to individual glare sources (Term 2), according to the Equation 6.1.

DGP = c1 · EV  
Term 1

+ c2 · log(1 +
∑
i

L2
s,i · ωs,i

Ec4
V · P 2

i

) + c3  
Term 2

Where: c1 = 5.87 · 10−5

c2 = 9.18 · 10−2

c3 = 0.16

c4 = 1.87

(6.1)

Where: EV refers to the vertical illuminance, Ls,i to the luminance of the indi-
vidual sources, ωs to the solid angle of the source and P to the position index.

To calculate the DGP value within the current framework, a picture of the scene
under investigation is generated for a specific moment and view direction, and is
evaluated using Evalglare [56]. To reduce the long computational time required for
the picture generation, the Enhanced simplified DGP can be used instead. In this
simplified variation, only a simplified image is generated taking into account the
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contribution of the main individual glare sources without calculating the exact lu-
minance distribution within the room by reducing the ambient calculations in Radi-
ance. The largest calculation time reductions can be achieved by leaving the ambient
calculation completely out by setting the -ab option to 0. Although this option can
be applied to non-scattering materials, such as venetian blinds, it might create com-
plications for scattering materials such as fabrics [48].
The DGPs, which functions as the basis of the developed glare control strategy, re-
duces the computational time further by completely omitting the image generation
and take only the vertical illuminance contribution into account. The simplified met-
ric can be applied on each virtual sensor positioned at a view point of interest, pro-
vided that no direct radiation or specular reflections of sunlight reach the sensor
(Equation 6.2).
In the case of the controller, all sensors are positioned on the working surface. Ac-
cording to the control algorithm, all direct radiation is prevented from reaching the
work surface and specular reflections from the floor or other surfaces in the room
are neglected. Although the simplified version of the DGP works satisfactorily on
normal venetian blinds, it might fail in the case of more complicated systems such as
specular or perforated blinds which cannot block the direct radiation or its specular
reflections entirely.

DGPs = 6.22 · 10−5 · EV + 0.184 (6.2)

6.2 The simulation set-up

The shading systems

In the current comparison two shading systems have been used; a plain white vene-
tian blind, modelled after the shading system described in Chapter 5, and a grey
perforated venetian blind. The first system has already been extensively tested theo-
retically and experimentally and has performed satisfactorily under the simulation-
based control. The perforated system, although similar as to the shape and the size
of the slats, presents a more challenging subject. Due to the perforations the direct
radiation is not entirely blocked coming into conflict with the "no-direct-radiation"
condition necessary for the effectiveness of the glare control.
For the calculation of the DGPs for each shading system, a set of BSDFs for the en-
tire fenestration system including the glazing was generated. Each set consisted
of fourteen BSDFs, one per tilt angle from 0◦ to 65◦ with an angle step of 5◦, plus
one additional BSDF for the uncovered window. The BSDFs were generated using
genBSDF as explained in Chapter 4. For generating the images necessary for the
calculation of the Enhanced simplified DGP a set of Radiance geometries was gener-
ated, each representing the entire fenestration system for a specific tilt angle. Since
the slat geometry of the two shading systems was the same, the only change made
for the simulation of the Enhanced simplified DGP of the two systems was the Radi-
ance material definition.
The material used for the white venetian blind was the same as described in the
previous chapters. The perforated material of the second shading system was mod-
elled with a Radiance mixfunc material as a mixture of air and Radiance plastic. The
perforations were described by their dimensions, diameter and material thickness,
and by the density of their distribution on the slat surface. The inter-reflections
within the material depended on the ratio of the material thickness to the perfora-
tion diameter; however, for the described material the ratio was equal to one and the
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Width (mm) 80
Thickness (mm) 0.05
Color grey
Reflectance 0.62
Specularity 0.02
Perforated area (%) 8
Perforation diameter (mm) 0.05

TABLE 6.1: Perforated venetian blind parameters

inter-reflections were neglected. The angular dependency of the light transmission
through the perforations was calculated trigonometrically taking into account the
angle of incidence with a .cal file used within the material definition. The material
properties of the perforated blinds are summarised in Table 6.1.

The simplified images used for the calculation of the Enhanced simplified DGP
were generated with the rpict command in Radiance. The rendering parameters
used are summarised in Table 6.2. Since the effect of excluding the ambient calcu-
lation was not clear in the case of the perforated venetian blinds, the influence of
two different values of the -ab rendering parameter was investigated. The annual
values of the Enhanced simplified DGP were calculated on the one hand using sim-
plified images generated with no ambient calculation and on the other hand using
images generated with the -ab value set to 1. The simulation model used the south-
oriented shoebox geometry of Chapter 5 and a single virtual sensor in the middle of
the room and 2 meters away for the window, positioned 1.2 meters over the floor,
with view direction oriented towards south-west. The simulation time-step was set
to one hour. The calculated Enhanced simplified DGP values for the two cases pre-
sented negligible differences for six time-steps over an entire year. Since no signifi-
cant impact was observed by increased ambient bounces, -ab 0 was also used for the
calculations related to the perforated venetian blinds.

Ambient bounces (-ab) 0
Direct jitter (-dj) 0

Relays for secondary sources (-dr) 2
Limit reflection (-lr) 4
Limit weight (-lw) 0.000001

Specular threshold (-st) 0.15
Pixel sample spacing (-ps) 0

Pixel sample jitter (-pj) 0
View type (-vt) a (angular fisheye view)

View vertical size (-vv) 180
View horizontal size (-vh) 180

View up vector (-vu) 0 0 1
View shift (-vs) 0
View lift (-vl) 0

TABLE 6.2: Rendering parameters for the picture generation used for
the calculation of the Enhanced simplified DGP calculation
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The simulation model

As mentioned above, the simulation model used for this comparison is the same
as the model described in Chapter 5. The building facade was south oriented and
no surroundings were taken into account. No furniture was included in the room
model. The view point was positioned in the middle of the room, 2 meters away
from the window and 1.2 meters over the floor. For this view point, four different
view directions were defined; two parallel to the window facing east and west and
two more at 45◦ degrees towards the window facing south-east and south-west. The
four view directions were used for the calculation of the vertical illuminance and for
the generation of the 180◦ - HDR image.
For the calculation of the vertical illuminance two annual simulations were carried
out; one for each shading system under the simulations parameters defined in Chap-
ter 5. Based on the calculated vertical illuminances, the DGPs of each view direction
was calculated for every time-step over the entire year. The corresponding Enhanced
simplified DGP values were calculated using the vertical illuminance values of each
view direction. The Radiance geometry used for the generation of the simplified im-
ages was defined by the controller at each time-step.

6.3 Simulation results

For the interpretation of the simulation results, the calculated values of the four vir-
tual sensors representing the four assigned view directions are analysed for both
shading systems in a way similar to the comparison of glare protection in Chapter
5. In this case, the values above the limit of 0.35 are additionally included, address-
ing the threshold of noticeable glare in order to express the differences between the
values of the Enhanced simplified DGP and the DGPs in more detail. In Table 6.3
the total occupied hours annually that both metrics exceed 0.35 and 0.45 are sum-
marised for both systems.
The 95 percentile used in Chapter 5 is calculated again for the evaluation of the oc-
curring glare situations. However, it is used as the value of the enhanced simplified
DGP and DGPs exceeded 5% of the time. The point of this is to underline the situa-
tions where the direct solar component is not properly blocked and the glare control
fails. Such cases are mostly anticipated for the perforated venetian blind system
which occasionally allows direct radiation to enter the room through the perfora-
tions. To better understand how the two shading systems affect the performance of
the controller, the results of the two metrics are summarised in Table 6.4 for the four
defined view directions
By a closer look at the results of both shading systems a number of observations
concerning the set-up and the performance of the two systems is made. In Figure
6.1 and in Figure 6.2 the graphs present the comparison of the annual DGPs and
Enhanced simplified DGP for the two most affected view directions, South-east and
South-west, for the two investigated shading devices. It is evident that the perfor-
mance of the controller is substantially better when the white venetian blinds are
used. In this case, the percentage of occupied hours annually when the Enhanced
simplified DGP values exceed 0.35 is 3% for the East and West oriented view sensors
and increases by about 10% absolute value for the South-east and South-west view
directions. The percentage of occupied hours affected by disturbing glare, or the
Enhanced simplified DGP values exceeding 0.45, remains at a maximum of 4% at all
view directions.
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White venetian blinds
East West South-east South-West

Simplified 0% 0% 9% 9%
DGP ≥ 0.35

Simplified 0% 0% 0% 0%
DGP ≥ 0.45

Enhanced simplified 3% 2% 12% 13%
DGP ≥ 0.35

Enhanced simplified 2.5% 2% 4% 4%
DGP ≥ 0.45

Perforated venetian blinds
East West South-east South-West

Simplified 0% 0% 15% 15%
DGP ≥ 0.35

Simplified 0% 0% 0% 0%
DGP ≥ 0.45

Enhanced simplified 14% 13% 44% 44%
DGP ≥ 0.35

Enhanced simplified 8% 7% 21% 22%
DGP ≥ 0.45

TABLE 6.3: Percentage of occupation hours annually when the calcu-
lated Enhanced simplified DGP exceeds 0.35 and 0.45 for white vene-
tian blinds and for perforated venetian blinds. The view sensor is
positioned in the middle of the room, 2 meters away from the win-
dow and the four view directions are oriented towards East, West,

South-east and South-west.

White venetian blinds
East West South-east South-West

Enhanced simplified DGP 0.25 0.25 0.38 0.37
exceeded 5% of the time
Simplified DGP 0.25 0.24 0.38 0.37
exceeded 5% of the occupation time

Perforated venetian blinds
East West South-east South-West

Enhanced simplified DGP 0.49 0.48 0.61 0.59
exceeded 5% of the occupation time
Simplified DGP 0.25 0.25 0.38 0.37
exceeded 5% of the occupation time

TABLE 6.4: Values of Enhanced simplified DGP and DGPs exceeded
during 5% of the occupancy hours, for white venetian blinds and per-
forated venetian blinds. The view sensor is positioned in the middle
of the room, 2 m away from the window and the four view directions

are oriented towards East, West, South-east and South-west.
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For the perforated blinds the controller performance is lower with substantially
more hours of Enhanced simplified DGP values exceeding 0.35; 13% of the total oc-
cupation time at the least affected view directions and up to 44% for the South-east
and South-west oriented sensors. Although these percentages drop to half for En-
hanced simplified DGP values exceeding 0.45 at all orientations, they remain signifi-
cantly higher than the corresponding values under the white venetian blind system.
As far as the South-east and South-west oriented view directions are concerned, the
results suggest that by using perforated blinds disturbing glare conditions are ex-
pected in the room for more than 20% of the occupied time.
By directly comparing the values in Table 6.4 corresponding to the highest 5% range
of the DGPs and Enhanced simplified DGP, a large mismatch is observed in the case
of the perforated blinds. This deviation is significant since it indicates that the con-
troller fails to perceive situations of disturbing glare where the Enhanced simplified
DGP exceeds the disturbing glare threshold of 0.45. In these situations, the corre-
sponding DGPs values are only 0.25. On the other hand, the values of the DGPs and
the Enhanced simplified DGP agree very well for the white venetian blinds.
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(a)

(b)

FIGURE 6.1: Comparison of DGPs and Enhanced simplified DGP for
a virtual sensor located in the middle of the room and 2 m away from
the window and view direction towards South-east for (a) a white

venetian blind and (b) a grey perforated blind
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(a)

(b)

FIGURE 6.2: Comparison of DGPs and Enhanced simplified DGP for
a virtual sensor located in the middle of the room and 2 m away from
the window and view direction towards South-west for (a) a white

venetian blind and (b) a grey perforated blind
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6.4 Discussion

According to the simulation results, it can be concluded that the DGPs can suffi-
ciently predict the glare conditions in the room when simple blinds are used. On the
other hand, in the case of the perforated blinds a substantial mismatch between the
Enhanced simplified DGP and the DGPs is observed, with the DGPs significantly
under-predicting the glare conditions in the room. These deviations are a result of
the inability of the DGPs to accurately predict the glare conditions when direct sun
is found in the field of view since it only takes vertical illuminance into account.
This assumption is in order with the findings of Konstantzos et al. [24] who, as men-
tioned in Chapter 1, investigated the correlation between DGP and vertical illumi-
nance along with the applicability of DGP and DGPs for different shading devices.
As they state in their work, the probability of glare occurring under the influence
of even small amounts of direct radiation is high even for low vertical illuminance
values due to the contrast term of DGP which substantially increases in the presence
of glare sources such as the sun. As the DGPs is directly correlated to the vertical
illuminance, the glare protection method designed for the controller is expected to
fail for a perforated system.
For more common shading devices such as venetian blinds, the agreement between
the DGPs and the Enhanced simplified DGP is very satisfactory. The results pre-
sented above suggest that the metric developed for the glare control algorithm of
the controller is very promising for maintaining a comfortable visual environment
within the room, with the DGP values remaining within the acceptable limits.
Closing, it is worth mentioning that the applicability of less common designs of
shading devices is a rather complex matter that often requires individual photogo-
niometric measurements to investigate the light scattering properties of the device
in question. Therefore, it is difficult to apply a general rule at this stage leaving open
questions for further research.
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Chapter 7

Conclusions

7.1 Overview

A simulation-based controller for venetian blinds and electric lights, adaptive to the
user wishes was developed to address daylighting, glare protection and energy effi-
ciency. Considerations such as thermal comfort and flexibility of the commissioning
process were taken into account and the need of the user to maintain view contact
to the outside and to influence the system’s function was addressed. In this way, the
controller aimed at providing solutions for the identified weaknesses of the existing
control systems and at increasing the overall user acceptance. The structure of the
system was designed to remain transparent in order to facilitate the monitoring and
updating of the control process.
The daylight simulations were evaluated experimentally with a first prototype un-
der laboratory conditions. The evaluation included situations of blinds at fixed tilt
angles and of blinds at dynamically changing positions where both the system’s ex-
tension length and tilt angle was adjusted during the controller’s normal operation.
In the first case, the agreement between the simulated and the measured illuminance
for four different shade configurations was satisfactory according to the standards
defined in literature, with the relative RMSE values remaining below 26% for the
horizontal illuminance and 27% for the vertical. In the second case, five days in
summer and five days in winter were examined. The agreement between the sim-
ulation results and the measurements was less accurate mainly due to imprecisions
of the positioning of the venetian blinds resulting from the installed shading sys-
tem. Nevertheless, the measured and the calculated values were found around 80%
of the testing time within the same fuzzy areas defined in the optimisation process.
Through this qualitative interpretation, the results were considered satisfactory for
a first prototype operation. This analysis was considered more appropriate for the
evaluation of comfort, the ambiguous nature of which can not be clearly expressed
through absolute values. The deviations observed during the dynamic controller
operation could be mitigated by using a newer and more accurate shading system.
A second prototype of the controller was installed at a real life office over an ex-
isting installation. The system was tested by a user uninvolved in the controller’s
development in order to provide an unbiased assessment. At the final evaluation
questionnaire the user offered a positive feedback noting that the system was an
improvement in comparison to the previously installed control system. However,
it was stated that further improvements were possible in particular regarding the
management of the activation time of the controller.
The potential benefits of the simulation-based control were investigated through its
comparison with two popular shading control strategies. The comparison was based
on annual simulations of a shoebox office in Germany operating as a typical office
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in mid-European climate. Two orientations of high interest for this location were in-
vestigated; south and south-west. According to the simulation results, the controller
performed better regarding glare protection at both orientations in comparison to
the other two systems having only a small impact on the daylight admission. The
view out was evaluated by comparing the geometrically-calculated window occlu-
sion under different seasons of the year and times of the day. The average window
occlusion was found slightly higher for the controller in comparison to the cut-off
control, with the difference remaining in general below 5% at the south orientation
and slightly higher at the south west. Larger deviations were only observed dur-
ing the afternoon hours in the summer months. Regarding the energy demand, the
controller presented a small increase of heating energy demand over the two other
systems compensating with an important reduction of cooling and lighting energy
demand. As a result, an overall reduction of the total annual energy demand was
observed for the controller.
The three systems were further investigated in the presence of an obstruction in
front of the building’s facade assuming that the simulation model of the controller
included the site surroundings. The simulation-based control and the radiation con-
trol reacted to the existence of the obstruction by reducing the window occlusion. As
a result, both systems improved their daylight admission as opposing to the cut-off
control that did not account for the obstruction.
To identify how the different model parameters describing the building surround-
ings impact the calculated illuminance in the building, an additional study was
carried out for the south oriented facade. The horizontal and the vertical illumi-
nance in the room were calculated under different parameter variations referring
to the ground albedo, the obstruction geometry and position, and the obstruction
reflectance. According to the difference between the resulting illuminance values
and the reference case, the impact of the ground albedo on the daylight simulations
was substantial and strongly dependent on the site and the climate of the simulated
building. The geometry of the obstruction as well as its distance from the facade
were found to have the highest influence on the calculated illuminance values. The
influence of the optical properties of the obstruction was highly dependent on the
obstruction’s distance from the facade increasing rapidly with the proximity.
Finally, to evaluate the developed glare control method and to identify its limita-
tions, the DGPs and the Enhanced simplified DGP for two shading devices were
calculated and compared. The DGPs was used as an indicator of the controller-
calculated glare conditions based on the vertical illuminance at a view point. The
Enhanced simplified DGP acted as a reference case to identify the situations where
the DGPs failed. According to this comparison, the developed glare control strategy
worked reliably for simple venetian blinds but failed to adequately block glare for a
perforated device. Therefore, it was concluded that the controller failed to prevent
glare in the cases when the direct solar radiation was allowed in the field of view
since its function took only vertical illuminance into account.

7.2 Potential of an optimised system

Shortly before closing, it is worth discussing the possible impact of the implemen-
tation of an optimised simulation-based control in commercial buildings. As pre-
sented in Chapter 5, for a central European climate the reduction of heating, cooling
and lighting energy demand due to the controller in comparison to a cut-off and a
radiation control strategy could reach up to 10% annually depending on the facade
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orientation. Additionally, the ability of the simulation-based control to include the
building surroundings and obstructions in the simulation model allowed it to adjust
its operation and maintain its advantage over other control strategies as far as the
visual comfort and the reduced energy demand were concerned. Although within
the scope of this work only a single room with simplified surroundings and a single
obstruction was investigated, one can estimate the corresponding effects of the con-
troller applied on a larger scale at similar climatic conditions.
As an example, let us assume a multi-storey building with several offices in differ-
ent orientations which encounter different surroundings, with a varying number of
obstructions depending on the floor they are. Since the controller reactions are de-
signed to apply individualised signals to every room, the shading configurations
will differ depending on the orientation and the surroundings of the rooms to in-
corporate the corresponding effects. In this way, the overall solar heat gains and
daylight are expected to be utilised in full at every part of the building increasing its
overall efficiency.
For large scale applications, the installation of small weather stations providing
weather data fast and reliably in real time for the entire building can significantly
simplify the system commissioning. Since no additional sensors are required at the
exterior of the building, an important material and cost reduction can be promised
and any cabling interacting with the facade aesthetics can be avoided. As a direct
result of the above, the maintenance of the installed system can be significantly sim-
plified since all the sensors are localised at the weather station and only commonly
used measurement devices remain inside the building.
It must be emphasised that the calculated energy corresponds to the demand of the
controlled space and not to the energy consumption itself. It is therefore important to
combine the simulation-based control with a HVAC control system in order to take
full advantage of the offered energy reductions. As this assumption is only based on
the case study carried out for a specific climate, one needs to further investigate the
corresponding effects under different environmental conditions to fully understand
the influence of the proposed system to the total energy demand.
Finally, the improved comfort conditions that the system promises due to the con-
troller’s adaptation, glare protection and improved view contact to the outside, even
in the presence of external obstructions, is an important contribution to any appli-
cation independently of its size. The significance of improving the indoor light con-
ditions and personalising the controller’s function to correspond to the user prefer-
ences is great since it enhances the user satisfaction. The satisfaction of the occupants
reflects on their health and productivity and can be practically observed on the fre-
quency and nature of their interaction with the system; satisfied users are less likely
to deactivate or override the system.

7.3 Limitations

Having discussed about the benefits of the developed controller, it is necessary to
also mention the limitations of the system. A major issue identified lies on the as-
sumptions of the glare control which takes into account only the vertical illuminance
at the eye level of the user and on the computer screen, under the condition that
no direct sunlight or its specular reflections enter the view field. Although this as-
sumption functions very well with simple venetian blinds, an incompatibility with a
number of complex shading devices may occur if they fail to meet the no-direct-light
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condition. For example, as has been shown in Chapter 6, by using a perforated vene-
tian blind system the direct light at the view point can not be completely eliminated.
Although for normally shaped slats the controller would act in the prescribed way,
the effectiveness of the system would be compromised by the perforations of the
material. Similar problems would be expected for blinds with redirecting properties
when a specular surface is included. In this case, the controller algorithm would
react incorrectly due to the inability of the system to include specular reflections
within the field of view and evaluate glare accurately. Moreover, any light redirec-
tion properties of the system would not be taken into account leading to reduced
daylight admission.
The answer to the question "At which systems can the controller be applied?" is rather
complicated since it largely depends on the characteristics of each system. There-
fore, to specify these limitations in a more definite way, further testing based on
actual shading devices is necessary. It must be noted that using complex shading
devices requires an accurate representation of the light transmission in the form of
a BSDF which should be acquired through careful modelling or by the photogonio-
metric measurement of the system.
Another limitation of the system is the user adaptation which would be significantly
complicated by increasing the number of interacting users. The exact number limi-
tation can not be immediately specified due to the lack of testing references and the
large number of parameters involved. Although the complexity introduced by mul-
tiple users might be reduced when their preferences converge, one should remain
cautious when dealing with prediction of human behaviour.
Moreover, the applicability of the controller as a centralised system in large scale
installations remains an open question. That limitation lies on the fact that the effec-
tiveness of the controller depends on the accuracy of the model created for each indi-
vidual space. Although the simulation set-up can be scaled up to account for open-
plane offices with multiple windows, the uniform applicability of the simulation-
based control on multiple spaces is opposing to its operation principles.
Last but not least, the inability of the system to detect operation errors due to the
lack of light sensors in the room must be considered. As shown within this work,
by building an accurate and detailed simulation model the daylight simulations can
sufficiently predict the illuminance in the room providing a comfortable visual en-
vironment. However, possible changes of the installation site and its surroundings
along with the degradation of the shading system after a long operation period have
been also found to substantially affect the simulation accuracy. Therefore, in the
absence of any light sensors in the room, calculation errors can not be detected com-
promising the system’s effectiveness and raising a maintenance issue.

7.4 Discussion

The basic objectives of this thesis, as defined in Chapter 1, have been fulfilled. A
simulation-based control algorithm was developed and assessed. The glare control
was addressed in a simple, flexible and effective way taking into account both glare
at the eyes of the user and haze at the computer screen. This method was proven ad-
equate for simple venetian blinds; however, more complex shading systems require
further investigation. The applicability of the system in real life was demonstrated
by two prototype installations and its potential over existing systems was presented
through a case study. The sensitivity, limitations and weaknesses of the system were
identified, creating a solid theoretical background for future follow-ups.
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Closing, it is important to mention a number of open questions regarding the im-
provement of the control algorithm and installation that would be worth investi-
gating in the future. To begin with, while the visual comfort has been assessed in
detail within this doctoral thesis, the thermal effects of the controller have not yet
been addressed. The concept of overheating prevention included in the control al-
gorithm should be investigated in comparison to other rooms with different shading
control strategies in order to realistically assess the assumed benefits. Additionally,
the energy efficiency potential of the controller during low occupancy periods must
be assessed in combination with the monitoring of the lighting energy consumption
and the consumption of the system itself throughout a year.
As stated by the test user of the second prototype, the current system can be fur-
ther improved especially regarding its prescribed activation time during hours when
the daylight conditions change rapidly, such as early morning and afternoon hours
around sunset. To address this issue, hours of higher occurrence could be defined
during which a different activation time-step or a more conservative tilt angle could
be applied in advance to act preventively to the evolution of the solar position. Fi-
nally, the user adaptation requires further testing since there is no evidence that the
user preferences would remain constant over different seasons. It would be interest-
ing to observe whether the glare acceptance of the user is affected by the seasonal
variations and in such a case, to consider the establishment of two separate sets of
fuzzy set-points alternating between the winter and the summer period.
It is important to mention that a wider user assessment is necessary including users
from different age ranges and backgrounds in order to investigate how different
influences might affect the assessment of the system. A necessary condition for a
large scale testing is the re-designing and standardisation of the electric installation.
Such an installation should include widely available commercial components to in-
crease its compatibility with any already installed systems. Moreover, a validation
method applied during the commissioning process should be developed combined
with an error detection scheme for the long term use of the system. Regarding the
user acceptance, the development of a user friendly interface would be an important
contribution to the system making the user interactions easier and act as a two-way
communication to provide instant feedback of the user preferences.
Finally, an interesting possibility is to investigate the controller’s behaviour in cases
of large rooms or open plane offices. Such a test case would provide the opportu-
nity to evaluate the assumption of a flexible illuminance sensor grid definition and
identify its limitations. Moreover, by installing the controller in open plane spaces
the independent control over different windows for the optimisation of the visual
conditions could be also tested.
It is evident that this work is only the first step on a very interesting and promis-
ing application of daylight simulations. Much work still remains to be done and
only extensive testing through longer time periods can answer the open questions
formulated above. Nevertheless, this work functions as a proof of concept provid-
ing a theoretical background for the implementation of daylight simulations in a
real-time controller and an alternative approach of glare control and visual comfort.
Therefore, this work can function as a stepping stone in the future aiming at the
development of a commercial building automation.
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Appendix A

Venetian blind position based on
the solar angles

A.1 Cut-off angle

Both the simulation-based control and the cut-off control introduced in Chapter 5 are
using the cut-off angle to define the tilt angle of the venetian blind; although, in the
case of the simulation-based control the tilt angle might be afterwards re-adjusted to
improve the visual comfort in the room. The idea behind the cut-off control is to cal-
culate the minimum tilting of the slats depending on the solar azimuth and altitude
to only block the direct solar radiation from entering the room (Figure A.1).

FIGURE A.1: Side view of two slats tilted at the cut-off angle.
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The cut-off angle of the slats depends at a specific moment in time on the solar
profile angle. The profile angle is defined as the angular difference between the hor-
izontal plane perpendicular to the window and the plane tilted about the horizontal
axis in order to include the sun (Figure A.2). The profile angle (β) is calculated
through the Equation A.1.

β = arctan(
tanα

cos(γ − δ)
) (A.1)

Where: α refers to the solar altitude, γ to the solar azimuth and δ to the surface
azimuth angle.

FIGURE A.2: Representation of solar angles in respect to a vertical
surface with a south orientation

The cut-off angle (θ) is calculated as a function of the blind width, the distance
between two blinds and the solar profile through Equation A.2:

θ = arcsin(y · cosβ
x

)− β (A.2)

Where: y is the distance between two blinds, x is the width of the slats and β is
the solar profile angle as calculated in Equation A.1.

A.2 Minimum height shading device

The minimum height of the shading device refers to the distance to which the de-
vice must be extended to prevent any direct radiation from reaching the work sur-
face (Figure A.3). To calculate this distance, a simple geometric formula is extracted
based on the room and furniture characteristics and on the solar profile angle. In the
following expression (Equation A.3), H refers to the height the blind needs to be ex-
tended, hwindow to the height of the window, hwall to the height of the window over
the floor, hws to the height of the working surface over the floor, l to the distance of
the working surface from the window and β to the profile angle calculated above.
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H = hwall + hwindow − hws − l · tanβ (A.3)

FIGURE A.3: Minimum distance that the shading device must be ex-
tended to prevent direct radiation from reaching the working surface
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Appendix B

Rule-based algorithm matrix

Case Occupancy Daytime Ext. temp. Ext. temp. Indoor Global rad. Pos.
>18 ◦C <8 ◦C temp. >500 W/m2

1 1 0 1 0 Any 0 Open
2 1 0 0 1 Any 0 Open
3 1 0 0 0 Any 0 Open
4 1 1 1 0 < 24◦C Either Tilt blinds

Variable height
5 1 1 1 0 > 24◦C 0 Tilt blinds

Variable height
6 1 1 1 0 > 24◦C 1 Tilt blinds

Fully extended
7 1 1 0 Either > 26◦C 1 Tilt blinds

Fully extended
8 1 1 0 Either > 26◦C 0 Tilt blinds

Variable height
9 1 1 0 Either < 26◦C Either Tilt blinds

Variable height
10 0 0 1 0 Any 0 Open
11 0 0 0 1 Any 0 Closed
12 0 0 0 0 > 25◦C 0 Open
13 0 0 0 0 < 25◦C 0 Closed
14 0 1 1 0 Any Either Closed
15 0 1 0 1 Any Either Open
16 0 1 0 0 > 25◦C Either Closed
17 0 1 0 0 < 25◦C Either Open

TABLE B.1: Control algorithm decision matrix
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Appendix C

User Questionnaires

C.1 First questionnaire - Beginning of the testing period

1. How satisfied are you from the current shading control in your office?

□ Very satisfied

□ Somewhat satisfied

□ Neutral

□ Somewhat dissatisfied

□ Very dissatisfied

2. In case of dissatisfaction, could you give specific reasons?

3. How satisfied were you by the daylight in the room due to the current shad-
ing control?

□ Very satisfied

□ Somewhat satisfied

□ Neutral

□ Somewhat dissatisfied

□ Very dissatisfied

4. How satisfied were you by the glare protection due to the current shading
control?

□ Very satisfied

□ Somewhat satisfied

□ Neutral

□ Somewhat dissatisfied
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□ Very dissatisfied

5. Do you consider the room temperature uncomfortably high during summer?

□ No

□ Yes

6. How would you characterize the frequency the current control adjusts the
shading device?

□ Too often

□ Just fine

□ Not often enough

7. When the current control adjusts the shading system, is the reason obvious
to you?

□ Yes

□ Sometimes

□ Not at all

8. Do you believe that the actions of the current control contribute to the im-
provement of the conditions in the room?

□ Yes

□ Sometimes

□ Not at all

9. What would you expect from the prototype controller?
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C.2 Second questionnaire - End of the testing period

1. How satisfied were you by the daylight in the room due to the prototype
shading control?

□ Very satisfied

□ Somewhat satisfied

□ Neutral

□ Somewhat dissatisfied

□ Very dissatisfied

2. How satisfied were you by the glare protection due to the prototype shading
control?

□ Very satisfied

□ Somewhat satisfied

□ Neutral

□ Somewhat dissatisfied

□ Very dissatisfied

3. How satisfied were you by the thermal comfort due to the prototype shading
control?

□ Very satisfied

□ Somewhat satisfied

□ Neutral

□ Somewhat dissatisfied

□ Very dissatisfied

4. Do you consider the room temperature uncomfortably high during summer?

□ No

□ Yes

5. How would you characterize the frequency the prototype controller adjusts
the shading device?

□ Too often

□ Just fine

□ Not often enough

6. How would you characterize the performance of the prototype controller in
comparison to the previous system?

□ Better

□ Same

□ Worse

7. Which improvements of the prototype system would you propose?
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